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WELCOME

The 11th European Conference on Radar in Meteorolo-
gy and Hydrology known by the abbreviation ERAD 
was scheduled to take place in Switzerland in Septem-
ber 2020. The deadline of the abstract submission fell 
in the midst of the rapid spreading of Covid-19, a mo-
ment of high uncertainty and confusion around the 
globe. Many countries were under a lockdown. Nobody 
knew how the pandemic would evolve and what would 
happen with ERAD 2020. We were expecting to receive 
50, maybe 100 submissions from the most dauntless 
ERAD warriors and faithful supporters. Never would 
we have expected to go beyond 200. We were absolutely 
overwhelmed when the number of submissions reached 
292. Alongside the many scientists who submitted an 
abstract and were ready to defy the virus, we also got 
many requests from the radar industry to book a booth 
in the exhibition hall. 

This was a strong signal from the community that kept 
us going with the planning despite the obvious risks 
posed by the spreading of the corona virus. You wanted 
to attend ERAD in Switzerland and we were commit-
ted to do our best to organize a memorable event. 

We went through all the abstracts with the support of 
the program committee and created oral sessions with 
a selection of many promising papers. Fortunately, the 
abstract review process was only marginally affected by 
the virus. However, everything else was becoming in-
creasingly complicated because of Covid-19 and we had 
to continuously rearrange our plans … On June 19 we 
decided to postpone the 11th edition of ERAD to 2022. 
It was time to take a decision, and we had no other 
choice given the situation of the pandemic around the 
world. 

The conference has been postponed to 2022 … but the 
attempt to organize ERAD in 2020 left a heritage. The 
collection of abstracts, which you hold in your hands, 
is an impressive testimony to the scientific depth, the 
diversity and the link to practical applications of the 
ongoing activities in the field of radar meteorology and 
hydrology. ERAD is known for its tradition to build 
a bridge between academia, industry and the national 
meteorological and hydrological services. It brings to-
gether the universities' scientific excellence, the man-
ufacturers' knowledge about building radars and the 
operational perspective from the national services and 
users. This makes it a perfect breeding ground for ex-
change and innovation as demonstrated in the previous 
editions of ERAD. 

We would like to thank you all for the positive signal 
you sent us in a moment of highest uncertainty, like a 
well-maintained radar, which never stops sending sig-
nals even in the midst of a most unpredictable storm!

See you in Switzerland in 2022!

Dear members of the weather radar community

The Swiss local organization team 

Urs Germann, Alexis Berne, Marco Gabella, Franziska Keller and Jessica Curato
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Ground-based weather radar measurements from 17 
C-band radars of the German national meteorological 
service (DWD) and the Dual-Pol X-band radar (BoX-
Pol) operated by the University of Bonn are investigat-
ed together with space-based observations (Ku-band, 
Ka-band) by the dual-frequency precipitation radar 
(DPR) of the Global Precipitation Measurement Core 
Satellite (GPM). This contribution focuses on three dif-
ferent applications, namely:
i) Consistency of national rainfall maps with DPR’s 
near surface product (DPRns): Different scan geome-
tries and inconsistencies between assumed hydromete-
or phases lead to large differences when directly com-
paring DPRns with the national precipitation product 
RY. The use of an adjusted DPR near surface product 
(DPRans) extracted from the DPR vertical profiles, that 
fits to the scan height and beam width of the ground-ra-
dar observations and filtering the data with a scan ge-
ometry-adjusted hydrometeor phase classification 
(aHPC) to distinguish between liquid, solid, and mixed 
hydrometeors increases the correlation and decreases 
the RMSD between between space- and ground-base 
observations significantly.
ii) Calibration of BoXPol: The satellite-based Ka-band 
radar reflectivity measurements (SR) obtained from 
the DPR are exploited for an absolute calibration of 
the ground-based radar (GR) BoXPol. This calibration 
technique was initially developed for use with the Trop-
ical Rainfall Measuring Mission (TRMM) but now 
extended to the GPM mission and applied to generate 

a calibration time series for BoXPol since 2014 (launch 
of the GPM satellite which provides coverage of Ger-
many). In addition , an alternative relative calibration 
adjustment (RCA) technique is also applied using sta-
tistics generated from local stable ground radar clutter. 
This technique is used to determine time periods with 
potential changes in radar calibration and to provide 
a daily relative calibration value that can be combined 
with the SR calibration to provide daily absolute cali-
bration values. We found that the RCA time series is re-
lated to seasonal temperature and humidity variations 
influencing the reflectivity offsets of BoXPol. Similarly, 
absolute offsets are determined for the national C-band 
radar network of DWD using SR as a reference.
iii) DPR based hydrometeor classification (HMC): 
Based on an agglomerative hierarchical clustering 
(AHC) approach a hydrometeor classification is per-
formed using DPR’s reflectivity at Ku-, Ka-band, the 
Dual-Frequency-Ratio (DFR) and temperature pro-
files. For evaluation purposes the AHC hydrometeor 
classification approach is compared with state-of-the art 
HMC based on BoXPol’s polarimetric observations.

Velibor Pejcic1, Pablo Saavedra2, Kai Mühlbauer1, Joshua Soderholm3, Silke Trömel1, Clemens Simmer1

SPACE-BORNE AND GROUND-
BASED RADAR OBSERVATIONS FOR 
CALIBRATION, RAINFALL EVALUATION 
AND HYDROMETEOR CLASSIFICATION

1Institute for Geosciences, University of Bonn, Germany; 2Geophysical Institute, University of Bergen, Norway; 
3Australian Bureau of Meteorology, Australia

While the idea that downdraft vertical velocity is influ-
enced by thermodynamic stability may seem obvious, 
there remains a gap in the scientific literature surround-
ing the interaction between downdrafts and stable layers 
and a number of questions remain unanswered. Chief 
among these: can a stable layer stop the downward 
progression of a downdraft or merely slow its velocity? 
Related to this question: can a stable layer prevent the 
injection of low entropy air into the boundary layer?

The present study aims to answer these two questions 
using a combination of high-altitude airborne Ku/Ka-
band radar and dropsonde observations, both collected 
within four tropical cyclones (Gaston, Hermine, Karl, 
and Matthew) during the 2016 NOAA SHOUT field 
campaign, as well as idealized simulations of tropical 
deep convection. Preliminary results suggest that pre-
cipitation-free downdrafts can be blocked by a stable 
layer while precipitation-laden downdrafts are weak-
ened, but not stopped, by the presence of a stable layer. 
This presentation will primarily focus on the precipi-
tation-laden downdrafts that can be observed via the 
airborne radar.

Charles Helms1,2, Stephen Guimond1,3, Gerald Heymsfield1

THE IMPACT OF STABLE LAYERS ON 
DOWNDRAFTS IN TROPICAL DEEP 
CONVECTION

1NASA Goddard Space Flight Center, United States; 2USRA, United States ; 3University of Maryland Baltimore 
County/JCET, United States
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Northeastern U.S. snowstorms impact large popula-
tions in major urban corridors, and cause major disrup-
tions to transportation, commerce, and public safety. 
Snowfall within these storms is frequently organized 
in multi-scale banded structures that are poorly under-
stood and poorly predicted by current numerical fore-
cast models. Despite this, no major study of U.S. East 
Coast snowstorms has taken place in over 30 years. To 
address these needs, NASA funded the 5-year Investi-
gation of Microphysics and Precipitation for Atlantic 
Coast-Threatening Snowstorms (IMPACTS) field cam-
paign with field campaigns during the winters of 2020 
– 2022 to sample a range of East Coast snowstorms 
using airborne remote sensing and in situ instrumen-
tation. Two aircraft are participating to accomplish the 
IMPACTS objectives: the high-altitude ER-2 for re-
mote sensing and the lower altitude P-3 for in situ meas-
urements. The ER-2 was instrumented with a suite of 
remote sensing instruments including cloud and pre-
cipitation radars (HIWRAP, CRS, EXRAD), the CPL 
lidar, and the CoSMIR and AMPR passive microwave 
radiometers to simulate satellite-borne instrumenta-
tion. These airborne measurements were supplement-
ed with ground-based measurements from rawinsondes 
launched from mobile sounding systems and a mobile 
X-band radar. With this extensive suite of instrumenta-
tion, IMPACTS observations are focused on the under-
standing of the dynamical and thermodynamical mech-
anisms of snowband formation, their organization and 
evolution, and the microphysical characteristics and 

processes associated with the snowbands.
The first season of IMPACTS in January-February 2020 
covered a variety of storms in the Northeast Central 
U.S. - winter storms covering occluded warm fronts, 
ocean frontal systems, snow bands in rapidly deepen-
ing and occluded cyclones, etc. The ER-2 and P-3 air-
craft flew 6 coordinated science flights; each aircraft flew 
separately on a few more flights. The focus of this pres-
entation is on highlights from IMPACTS nadir-point-
ing ER-2 radar measurements covering 4 frequencies 
from X- to W-band. These radars provide reflectivity, 
Doppler, and polarimetric (LDR at W to Ku band) 
measurements. There were many interesting features 
in the observations that covered both shallow and deep 
systems, snow and rain at the surface, over ocean and 
land backgrounds. Snow generating cells were common 
during a number of the flights. Examples will be pre-
sented from a few of the IMPACTS flights. These radar 
measurments along with other ER-2 and P-3 in situ ob-
servations will form the basis for future microphysical 
retrievals that will help answer some of the IMPACTS 
science questions.

Gerald Heymsfield1, Lynn McMurdie2, Matthew McLinden1, Lihua Li1

HIGHLIGHTS OF AIRBORNE RADAR 
MEASUREMENTS DURING THE FIRST 
YEAR OF IMPACTS

1Goddard Space Flight Center, United States; 2University of Washington, United States

The Atmospheric Radiation Measurement (ARM) re-
search facility strategically deploys and operates a wide 
variety of instrumentation around the world to better 
understand atmospheric processes. As a part of the 
instrument suite, radar systems provide the ability to 
observe cloud and precipitation particles over a broad 
region at a high temporal and spatial resolution. The 
ARM radar group operates several scanning and verti-
cally pointing polarimetric radars at multiple frequen-
cies across the globe that are designed to observe clouds 
and precipitation in marine, continental, and arctic en-
vironments at fixed and mobile sites. A mobile facility 
was recently deployed near Andenes, Norway for the 
Cold-Air Outbreaks in the Marine Boundary Layer 
Experiment (COMBLE). Observations of cloud and 
precipitation dynamics and microphysical properties in 
the high-latitude marine boundary layer during cold-
air outbreaks are a primary focus of the radars for this 
campaign. A significant effort has gone into the charac-
terization and calibration of the scanning and vertically 
pointing cloud radars at the site. This work will sum-
marize the cloud radar characterization and calibration 
efforts at the site, discuss the COMBLE campaign, and 
showcase recent data collected with the cloud radar sys-
tems.

Bradley Isom1, Iosif Lindenmaier1

ARM CLOUD RADARS DEPLOYED 
FOR THE COLD-AIR OUTBREAKS 
IN THE MARINE BOUNDARY LAYER 
EXPERIMENT ( COMBLE)

1Pacific Northwest National Laboratory, United States
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A major achievement of CloudSat has been to provide 
the first global observations of light and moderate rain-
fall over the oceans. These data have had a high impact, 
leading, for example, to a suggested modification in the 
Earth’s radiation balance. Estimating rainfall rates from 
space with a 94GHz radar is not trivial and presents a 
challenge. CloudSat’s rain product relies on the path 
integrated attenuation (PIA) derived from the drop in 
the radar return of the ocean surface. The total attenua-
tion has components due to the melting layer, the cloud 
water content (CWC) and the rain. We address two of 
the uncertainties. Firstly, the assumption that the CWC 
attenuation is equivalent to an extra rainfall 0.5mm/hr 
for rain rates close to zero rising to 0.75mm/hr for a true 
rain rate of 5mm/hr. Secondly, the raindrop drop size 
distribution (DSD) is assumed to be Marshall-Palmer 
with No = 8000/m3/mm

To examine the sensitivity of the retrieved rain to these 
two uncertainties, we have analysed the vertical profiles 
of radar reflectivity in rain and find them to be remark-
ably linear when observed by both CloudSat and by a 
ground-based 94GHz radar. We hypothesise that this is 
not a coincidence but reflects the constancy of both rain 
rate and any CWC with height. This is supported by the 
finding that, for the ground-based radar, the best agree-
ment between the retrieved rain rate and that measured 
by a co-located rapid response rain gauge, is achieved 
by using half the assumed CloudSat value for CWC at-
tenuation and a coefficient of 1.67dB/km (2-way atten-
uation) per mm/hr of rainfall proposed by Matrosov, 

based on many disdrometer observations, rather than 
the constant No assumption. When this is done, the 
closeness of the agreement is also consistent with the 
error in the radar estimated rainfall as indicated by the 
goodness of fit of the vertical profiles to a straight line. 
As an illustration of the sensitivity, we have compared 
the standard CloudSat rain product for 3.2 million 
CloudSat profiles from echoes 3km deep and extending 
a distance of > 20km along track with the rain rates de-
rived from the reflectivity gradients using the Matrosov 
coefficients and an attenuation using half the cloud wa-
ter content assumed in the CloudSat product. We find 
that the peak pdf of rain rate is close to 1mm/hr rather 
than 2mm/hr, and that the total rain volume is reduced 
by about 45%.

Anthony Illingworth1, John Nicol2

RAINFALL FROM A SPACEBORNE 
94GHZ RADAR: THE EFFECT OF 
CHANGES IN RAINDROP SIZE SPECTRA 
AND CLOUD LIQUID WATER

1University of Reading, United Kingdom; 2Weather Radar New Zealand, New Zealand

Arctic sea ice has been declining faster than forecasted, 
indicating that there are still numerous deficiencies in 
the numerical models. To improve Arctic climate mod-
els, a better understanding of the coupled processes 
between the atmosphere and sea ice is necessary. This 
is not possible without well targeted multidisciplinary 
measurements within the central Arctic sea ice environ-
ment. For this reason, an icebreaker-based observatory 
was set up to be frozen into and drifted with the Arctic 
sea ice for a full annual cycle, while measurements in 
the atmosphere, sea ice, upper ocean, and biosphere are 
performed. The largest polar expedition in history: The 
Multidisciplinary Observatory for the Study of Arctic 
Climate (MOSAiC) is hosted by the German icebreaker 
Polarstern, and it is the result of a major international 
consortium. The United States Department of Energy 
deployed the Atmospheric Radiation Measurement 
(ARM) Climate Research Mobile Facility AMF2 on 
Polarstern. Due to the important role that clouds rep-
resent in the Arctic’s energy budget, retrievals of cloud 
macroscopic properties as well as cloud microphysics is 
desirable. For the spatial and temporal observation of 
the clouds, AMF2 includes three millimeter-wavelength 
cloud profiling and scanning radars: a Ka and a W band 
profiling, and a Ka band scanning radar. This is an on-
going experiment, as Polarstern’s journey was scheduled 
for September 2019 - September 2020. This work dis-
cusses preliminary cloud property measurements from 
the MOSAiC expedition.

Iosif Andrei Lindenmaier1, Nitin Bharadwaj2, Joseph Hardin1

CHARACTERIZATION OF CLOUDS AND 
PRECIPITATION WITH MILLIMETER 
WAVE RADARS AT THE NORTH POLE

1Pacific Northwest National Laboratory, United States; 2FORTEM Technologies, United States
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Two products from the Global Precipitation Meas-
urement (GPM) Dual-frequency Precipitation Radar 
(DPR) algorithms, a flag of intense solid precipitation 
above the -10 degC height ("flagHeavyIcePrecip"), and 
a classification of precipitation type ("typePrecip") 
were validated quantitatively from the viewpoint of 
microphysics using ground-based in-situ hydrometeor 
measurements and X-band multi-parameter (X-MP) 
radar observations of snow clouds that occurred on 4 
February 2018. The distribution of the "flagHeavyIce-
Precip" footprints was in good agreement with that of 
the graupel-dominant pixels classified by the X-MP ra-
dar hydrometeor classification. In addition, the vertical 
profiles of X-MP radar reflectivity exhibited significant 
differences between footprints flagged and unflagged 
by "flagHeavyPrecip". We confirmed the effectiveness of 
"flagHeavyIcePrecip", which is built into "typePrecip" 
algorithm, for detecting intense ice precipitation and 
concluded that "flagHeavyIcePrecip" is appropriate to 
useful for determining convective clouds.
It is well known that the lightning activity is closely 
related to the convection. We examined the lightning 
activity using GPM DPR product "flagHeavyIcePre-
cip" that indicates the existence of graupel in the upper 
cloud. On 20 June 2016, we experienced heavy rain with 
active lightning during Baiu monsoon rainy season, 
while the GPM DPR passed over Kyushu region in Ja-
pan. The distribution of "flagHeavyIcePrecip" obtained 
from the GPM DPR well corresponded to the CG/IC 
lightning concentration. On 4 September 2019, iso-

lated thunder clouds observed by the GPM DPR was 
also similar to the "flagHeavyIcePrecip" distribution. 
However, partially there was IC lightning without "flag-
HeavyIcePrecip", which was positive lightning. It was 
suggested to have been produced in the upper clouds in 
which positive ice crystals were dominant.

Kenji Suzuki1, Tetsuya Kawano2, Katsuhiro Nakagawa3, Yuki Kaneko4

CASE STUDIES OF LIGHTNING ACTIVITY 
AND MICROPHYSICAL FEATURES 
INDICATED BY GPM DPR PRODUCT 
"FLAGHEAVYICEPRECIP"

1Yamaguchi University, Japan; 2Kyushu University, Japan; 3National Institute of Information and Communication 
Technology, Japan; 4Japan Aerospace Exploration Agency, Japan

Satellite-based remote sensing provides a unique op-
portunity for the estimation of global precipitation 
patterns, as satellites are able to provide precipitation 
estimates over ungauged regions or regions without 
ground-based weather radar coverage. However, it is 
crucial that the uncertainty in the satellite estimations 
is precisely understood for this approach to function. 
The retrieval of high-latitude precipitation, especially 
shallow precipitation, remains challenging for satellite 
precipitation monitoring. This study is part of a recently 
started project (with a four-year time span) which aims 
to quantify the quality of the precipitation estimations 
obtained from the Global Precipitation Measurement 
(GPM) mission, where the focus will be on the level-2 
and level-3 products. Initially, the Netherlands is chosen 
as the research area since it has an excellent infrastructure 
with both in-situ and remotely sensed ground-based 
precipitation measurements, a flat topography, and fre-
quent occurrences of shallow precipitation events.

This study will outline the project structure and will 
demonstrate the initial results of the (seasonal) perfor-
mance of the IMERG precipitation product over the 
Netherlands in 2019. Precipitation estimations from a 
gauge-adjusted radar dataset are used as reference. The 
discrepancies between IMERG and the ground-based 
measurements are unraveled by analyzing the level-3 
GPROF product (gridded microwave estimations) and 
the individual performance of the Dual-frequency Pre-
cipitation Radar (DPR) and GPM Microwave Imager 
(GMI) level-2 products.

Linda Bogerd1,2, Aart Overeem2,1, Hidde Leijnse2, Remko Uijlenhoet1

DEEPENING OUR UNDERSTANDING 
OF (SHALLOW) PRECIPITATION 
OBSERVATIONS FROM SPACE

1Wageningen University & Research, Netherlands; 2Royal Netherlands Meteorological Institute, Netherlands
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Convective clouds serve as a primary mechanism for the 
transfer of thermal energy, moisture, and momentum 
through the troposphere, significantly impacting the large-
scale atmospheric circulation and local environment, and 
affecting the probability of subsequent cloud formation. 
Observations of the number and magnitude of vertical 
transport in deep convection over the tropical oceans are 
simply not available and sparsely available over land. Ar-
guably, spaceborne radar observations are the only way 
to sample deep convective clouds over the vast tropical 
oceans. However, estimating the vertical air motion (+/- 
20-30 m/s) with an accuracy of 2 m/s from a platform 
that moves at ~ 7,500 m/s is a daunting task. A number 
of different methods for acquiring improved convective 
transport measurements in the future have been proposed:

i) improved performance single antenna Doppler radars 
(Kollias et al., 2007; Battaglia et al., 2013, Durden et al., 
2016, Tanelli et al., 2018),
ii) radar echo correlation techniques acquired from a 
mini constellation of non-Dopplerized small-satellite 
radars (Stephens et al., 2019),
iii) dual antenna Doppler radar systems that employ the 
Displaced Phase Center Antenna (DPCA) technique 
that offsets the platform motion (i.e. Durden et al., 
2007; Tanelli et al., 2016).

Here, the performance of the aforementioned approach-
es is evaluated using a sophisticated forward/inverse ra-
dar model and a number of high-resolution numerical 
model outputs of convective cloud systems. The differ-

ent concepts are evaluated for three radar frequencies 
(Ku-, Ka- and W-band), for a realistic set of antenna 
sizes (1.6, 2.5 and 4.0 m) and for a wide range of PRF 
conditions. The performance of each simulated concept 
is done using RMSE estimates of the vertical air motion 
retrievals, updraft fraction and mass flux statistics.

Battaglia, A. et al., 2013: Polarization Diversity for 
Millimeter Spaceborne Doppler Radars: An Answer 
for Observing Deep Convection?. JAOT https://doi.
org/10.1175/JTECH-D-13-00085.1

Durden, S. L. et al., 2007: On the use of multi-antenna 
radars for spaceborne Doppler precipitation measure-
ments, IEEE GRSL

Durden S. L., et al, 2016: System Design and Subsys-
tem Technology for a Future Spaceborne Cloud Radar. 
IEEE Geosci. Remote Sensing Lett. 13(4): 560-564

Kollias, P., et al., 2007: Considerations for spaceborne 
94 GHz radar observations of precipitation, GRL, 
doi:10.1029/ 2007GL031536

Stephens, G.L., et al., 2020: A distributed small satellite 
approach for measuring convective transport in the Earth's 
atmosphere. IEEE TGRS. 10.1109/TGRS.2019.2918090

Tanelli, S. et al., 2016: “Airborne Demonstration of 
DPCA for Velocity Measurements of Distributed Tar-
gets.” IEEE GRSLetters

Pavlos Kollias1, Alessandro Battaglia2, Katia Lamer3

DEEP CONVECTIVE VELOCITY 
MEASUREMENTS FROM SPACE: 
OVERVIEW AND PERFORMANCE OF 
THE PROPOSED RADAR CONCEPTS

1Stony Brook University, United States; 2University of Leicester, United Kingdom; 3Brookhaven National 
Laboratory, United States

The present study describes methods to improve the 
accuracy of velocity-azimuth display (VAD) wind and 
deformation retrievals from downward-pointing, coni-
cally-scanning, airborne Doppler radars. These retriev-
als have important applications in data assimilation and 
real-time data processing. Errors in VAD retrievals are 
sensitive to sharp wind gradients due to the underlying 
wind field assumptions and are particularly prone to er-
rors in the presence of vertical velocity variations when 
the radar elevation angle is not near the horizon. Errors 
also result from uncertainty in the Doppler velocities 
and data gaps associated with clear-air regions where 
there is no data due to a lack of sufficient scattering par-
ticles. Specific to airborne VAD retrievals, there are also 
errors produced due to the radar scans occurring while 
the instrument platform is in motion.

While VAD retrievals are typically performed using data 
from a single revolution of the radar antenna, other 
strategies for selecting data can be used to reduce retriev-
al errors. Four such data selection strategies for airborne 
VAD retrievals are evaluated here with respect to their 
effects on the errors. These methods are evaluated using 
the Second Hurricane Nature Run numerical simula-
tion, analytic wind fields, and observed Doppler radar 
radial velocities. The proposed methods are shown to 
produce a considerable improvement in the VAD wind 
retrievals, especially in the vicinity of deep convection 
embedded in stratiform precipitation.

Charles Helms1,2, Matthew McLinden1, Gerald Heymsfield1, Stephen Guimond1,3

REDUCING ERRORS IN VELOCITY-
AZIMUTH DISPLAY (VAD) WIND AND 
DEFORMATION RETRIEVALS FROM 
AIRBORNE DOPPLER RADARS IN 
CONVECTIVE ENVIRONMENTS

1NASA Goddard Space Flight Center, United States; 2USRA, United States; 3University of Maryland Baltimore 
County/JCET, United States
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Recent efforts by NASA JPL, the UK’s RAL and oth-
ers has led to the technological development of efficient 
Schottky diode based frequency multiplied sources in 
the millimetre and submillimetre wavelength ranges, 
as well as frequency-modulated, continuous-wave ra-
dar advancements exploiting modest power, millime-
tre and sub-millimetre wave, solid-state transmitters. 
These breakthroughs in radar technology have fostered 
the construction, in the past two years, of two G-band 
(frequency between 110 and 300 GHz) ground-based 
systems: the VIPR (Vapor-Incloud Profiling Radar) 
system at NASA-JPL and the UKSA/CEOI funded 
GRaCE (G-band Radar for Cloud Experiments).

This paper discusses the benefits of G-band Doppler 
radar observations in combination with lower frequen-
cies to characterize microphysical properties of light 
precipitation and of ice and mixed-phase clouds. VIPR 
data collected at the Stony Brook University radar facil-
ity during the passage of a frontal system in February 
2020 with synergistic X/Ka/W-band radar observa-
tions, Parsivel disdrometer data and radio soundings are 
exploited to demonstrate the potential of these novel 
radar systems for a space deployment. Should data col-
lected at the Chilbolton observatory with the GRaCE 
and lower frequency radars become available during 
summer 2020, they will be discussed as well.

Alessandro Battaglia1, Pavlos Kollias2, Richard Roy3, Ken Cooper3, Duncan Robertson4, Richard Wylde5, Stuart Froud5, 
Roland Albers5, Trevor Walker5, Peter Huggard6, Hui Wang7, Gareth Howells7, Ranvir Dhillon8, Kamil Mroz9

G-BAND RADARS: STATUS AND 
OPPORTUNITIES FOR FUTURE SPACE 
MISSIONS

1Politecnico of Turin, Italy; 2StonyBrook University, United States; 3Jet Propulsion Laboratory, California Institute 
of Technology, United States; 4University of St Andrews, United Kingdom; 5Thomas Keating Ltd, United Kingdom; 
6UKRI STFC, United Kingdom; 7UKRI STFC RAL Space, United Kingdom; 8University of Leicester, United Kingdom; 
9National Centre for Earth Observation, United Kingdom 

Quantification of oceanic warm rain from space-borne 
radars remains challenging because of the intrinsic 
patchy and potentially low reflectivity structure of pre-
cipitating cells which calls for the use of high frequency 
radars (Ka and above) with small footprints and high 
sensitivities. State-of-the-art single-frequency radar pro-
filing algorithms of warm rain seems yet inadequate be-
cause of the dependence on uncertain assumptions on 
the rain/cloud partitioning and of the rain microphysics.
In this work high resolution cloud resolving model 
simulations for the Rain in Cumulus over the Ocean 
(RICO) field study are exploited to assess the potential 
of future multi-frequency radar configurations. Specif-
ically the detrimental effects of non uniform beam fill-
ing on path integrated attenuation (PIA) estimates, the 
added value of brightness temperatures (TBs) derived 
adopting radiometric radar modes and the performanc-
es of multi-frequency PIA and/or TB combinations 
when retrieving integrated liquid water path (LWP) 
and the corresponding rain vs cloud partitioning are as-
sessed. Results show that:
1) TBs add 10 useful constraints and are effective at low-
er LWPs than the same frequency PIAs;
2) matched-beam combined TBs and PIAs from single/
multi-frequency radars can significantly narrow down un-
certainties in retrieved cloud and rain liquid water paths;
3) the configuration including PIAs, TBs and near sur-
face reflectivities for the Ka-W band pairs can achieve in 
our synthetic retrieval rmse better than 30% for c-LWP 
and r-LWP exceeding 100 g/m2.

Alessandro Battaglia1, Pavlos Kollias2, Ranvir Dhillon3, Katia Lamer4, Marat Khairoutdinov2, Daniel Watters3

TOWARDS QUANTIFYING OCEANIC 
WARM RAIN INTEGRATED LIQUID 
PATHS USING SPACEBORNE SENSORS

1Politecnico of Turin, Italy; 2StonyBrook University, United States; 3University of Leicester, United Kingdom; 
4Brookhaven National Laboratory, United States 
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Taiwan radar network consists of four S-band radars 
and six C-band radars that together provides surveil-
lance over this mountainous island. Typhoon and heavy 
rain are two primary extreme weather events that Tai-
wan annually endures. These occurrences are short du-
ration and high-intensified rainfall events, and are also 
becoming increasing frequent and more devastating. 
Taiwan radar network is a critical data source for con-
tinuous monitoring and warning of severe weather. In 
addition, radar data is used for assimilation to numeric 
weather prediction model for forecasting. Due to the 
fact that Taiwan is a dense urban island, electromagnet-
ic contamination are often observed in the surrounding 
areas around the radar location, which can manifest as 
unwanted echoes contaminating the radar data.
Additionally, non-meteorological echo contamination 
such as terrain-induced ground clutter and sea clutter, 
and operation-originated “ring noise”, and “arc arte-
fact” existed specifically in RCWF radar data are often 
observed. Thus quality control algorithm based on 
fuzzy logic was developed to remove these non-mete-
orological echoes to mitigate these clutter types. The 
fuzzy logic algorithm includes several features for recog-
nizing contaminated echo patterns. For example, each 
radar bin is assigned a likelihood of being the pattern 
concerned through weighting sums of corresponding 
membership functions obtained through statistically 
processing meteorological and nonmeteorological cases 
of reflectivity and velocity data. This methodology has 
been tested, and has been deployed operationally after 

testing. The radar data quality control method has thus 
far shown the implemented algorithm can well distin-
guish and eliminate non-meteorological echo patterns 
with a high degree of accuracy.

Jung-Bin Wang1, Pao-Liang Chang1, Lester Kim M. Lagrimas2, Pin-Fang Lin1, Wei-Ting Fang1

AN OPERATIONAL APPLICATION 
OF FUZZY LOGIC ON RADAR DATA 
QUALITY CONTROL IN TAIWAN

1Central Weather Bureau, Taiwan; 2Philippine Atmospheric Geophysical and Astronomical Services Administration, 
Philippines

The increasing need of renewable energy fosters the 
expansion of windmill sites throughout Europe with 
manifold effects, both on the positive and negative side. 
The latter concerns, among others, radar observations 
in the proximity of windmill sites that are indispensable 
for aviation security and weather monitoring.

With the aim of better understanding the effects of 
large, moving scatterers like windmills on radar returns, 
MeteoSwiss started a dedicated measurement campaign 
with a mobile X-band Doppler polarimetric weather 
radar (METEOR 50DX) in the north-eastern part of 
Switzerland in March 2020. The main goal was to get 
high temporal resolution statistics of the variability of 
the basic polarimetric moments and radar cross section 
(RCS) of a large windmill (Total height: 199.5 m; Ro-
tor diameter: 131 m). Additional effort was put into 
the analyses of the Doppler spectra signatures from the 
moving rotor blades.

Beyond typical observations collected with standard 
PPI or RHI scans, we additionally attempted fixed-an-
tenna “staring” observations towards the windmill ob-
ject at a distance of about 8 km. The fixed staring mode 
with a data acquisition rate of about 1000 samples per 
minute guaranteed the observation of any fast changes 
of the polarimetric radar returns due to blade rotation 
and further underlay the thorough statistical analyses 
of various windmill object dependencies, like rotor 
speed and turbine or blade orientation. An interesting 
observed feature was the fast change of reflectivity of 

about 30 dBZ within couple of seconds. At the upper 
boundary, unfiltered reflectivity measurements reached 
more than 75 dBZ. Those results are of high interest to 
the weather and aviation radar community.

Martin Lainer1, Jordi Figueras i Ventura1, Zaira Schauwecker1, Marco Gabella1, Jacopo Grazioli1

HIGH TEMPORAL RESOLVED X-BAND 
WEATHER RADAR RETURNS FROM A 
WINDMILL SCATTERER

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland



20 21

CLUTTER, INTERFERENCES, 
INSECTS AND THE LIKE

CLUTTER, INTERFERENCES,  
INSECTS AND THE LIKE

The introduction of the dual polarization radar has 
improved the performance of the quality control (QC) 
technique, as well as the accuracy of quantitative appli-
cations such as rainfall estimation, data assimilation, 
etc. Many QC techniques for operational radar were 
developed to distinguish precipitation echo (PRE) 
and non-precipitation echo (NPE) in real time, and is 
mainly based on statistic or deterministic methods us-
ing cross correlation coefficient (RhoHV) and spatial 
texture (TXT) of dual polarization variables. These 
methods showed good performance in typical PRE and 
NPE, but the false alarm of the QC algorithm increases 
in atypical PRE such as hail, non-uniform beam filling 
(NBF) and bright band. In addition, its accuracy de-
creases in severe NPE such as abnormal ground and sea 
clutter, and anomalous propagation (AP) due to super 
refraction and ducting. This is because the distributions 
of the classification parameter in atypical PRE and se-
vere NPE overlap each other.
The Korean peninsula is surrounded by the sea on three 
sides and is located in mid-latitude, so atypical PRE and 
severe NPE are frequently observed in operational radar 
network. In particular, super refraction and ducting are 
caused up to 80% annually at coastal radar site due to 
inflow of moisture air from sea and large daily temper-
ature changes (Jung and Lee, 2010), thus radar data is 
quite contaminated by abnormal clutter and indistin-
guishable AP echo.
This study developed new QC algorithm for opera-
tional radar system to improve the performance of echo 

classification. The algorithm consists of four steps, in-
cluding 1) dynamic and static classification for ground 
clutter; 2) differential phase unfolding and its offset de-
termination; 3) attenuation estimation and NPE classi-
fication; and 4) TID (target identification) continuity 
check and speckle removal. Especially in step 3, as well as 
RhoHV and TXT of dual polarization variables, dual 
polarization measurements and newly-defined varia-
bles based on their consistency are used as classification 
parameter by considering bias factors of dual polariza-
tion measurements due to observational artifacts (e.g. 
partial beam blockage, attenuation, NBF, beam broad-
ening and vertical distribution of hydrometeor). Each 
parameter is individually operated and their threshold 
value varies with observation range and height, month-
ly echo top height and intensity of AP and ducting to 
completely remove severe NPE while preserving atyp-
ical PRE.
The new algorithm was applied to operational S- and 
C-band dual polarization radars in Korea and the result 
showed higher performance with efficient computation 
in all-weather conditions compared to the statistical 
method.

Younga Oh1, Hae Lim Kim1, Mi-Kyung Suk1

QUALITY CONTROL TECHNIQUE 
CONSIDERING OBSERVATIONAL 
ARTIFACTS IN DUAL-POLARIZATION 
MEASUREMENTS FOR OPERATIONAL 
RADAR

1Weather Radar Center, South Korea

Surveillance weather radars detect routinely smoke 
plumes from wildfires. Moreover, polarimetric data 
from plumes are similar to polarimetric data of other 
nonmeteorological scatterers and therefore are not eas-
ily separated. We present here the fields of these varia-
bles from smoke plumes caused by grass fire, brush fire, 
and forest fire. Histograms of polarimetric data from 
plumes are used to contrast these three cases. Most of 
the data are from the polarimetric WSR-88D hence 
the wavelength does not influence these comparisons. 
Nevertheless, in one case simultaneous observations of 
a plume by the operational Terminal Doppler Weather 
Radar (TDWR, 5 cm wavelength) and a polarimetric 
Weather Surveillance Radar 1988 Doppler (WSR-88D 
aka Nexrad) was made and used to infer backscattering 
characteristic and hence sizes of dominant contributors 
to the returns. To interpret this measurement Compu-
tational Electromagnetics (CEM) tools are used. Finally, 
a rudimentary classification of smoke plumes based on 
the polarimetric variables within the field of nonmete-
orological scatterers is proposed.

Dusan Zrnic1, Valery Melnikov2, Peng fei Zhang2, Djordje Mirkovic2

POLARIMETRIC CHARACTERISTICS  
OF WILDFIRES

1NOAA/National Severe Storms Laboratory, United States; 2Cooperative Institute for Mesoscale Meteorological 
Studies, Un. Oklahoma, United States
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Real-time monitoring of ash-rich plumes is crucial for 
initializing volcanic ash transport and dispersion mod-
els. Tephra dispersal from an explosive eruption is a 
function of multiple factors, including mass eruption 
rate (MER), degree of magma fragmentation, vent ge-
ometry, plume height, particle size distribution and 
wind velocity. Mt. Etna, located on the east coast of Sic-
ily (Italy), is one of the most active volcanoes in Europe. 
The most distinctive characters of Mt. Etna volcano are 
the lava fountains, sometimes characterized by a signif-
icant tephra discharge rate. On 23 November 2013 an 
intense explosive eruption formed high lava fountains 
for about an hour.

Near-real time MER monitor and estimation can be 
provided by several techniques: i) fixed-pointing Dop-
pler microwave radar; ii) optical imaging in clear-air 
conditions; iii) infrasound sensor network; iv) electrical 
probing. Most techniques are affected by significant un-
certainties, with considerable variations between differ-
ent MER estimates. Using a centimeter and millimeter 
wavelength, ground-based microwave radars may rep-
resent an important tool for detecting and estimating 
near-source tephra mass concentration and near the 
vent being their wavelength comparable or larger than 
tephra size of lapilli and coarse particles as well as less 
affected by two-way extinction with respect to optical 
sensing.

Weather radar scanning systems can be exploited to 
monitor a volcanic plume, measuring the reflectivity 

due to small lapilli and coarse ash at a fairly high spatial 
resolution (less than a few hundred meters) and every 
few minutes. Weather radars can provide data for esti-
mating the plume tephra volume, total mass and height, 
using the volcanic ash radar retrieval (VARR) for sin-
gle-polarization and dual-polarization systems at S, C 
and X band. Doppler fixed-pointing radar at L band 
have the antenna boresight typically oriented towards 
the volcano summit and are able to follow the plume 
dynamics in near-real time providing both tephra pow-
er returns and Doppler velocities mainly due to lapilli.

The aim of this work is to analyze the 23 November 
2013 Etna lava fountain in order to: i) extend the appli-
cability of the VARR methodology to L-band Doppler 
radar for the quantification of tephra concentration; 
ii) retrieve the gas-thrust height and exit velocity from 
available dual-polarized X-band radar data, Doppler 
L-band and thermal infrared camera; and iii) estimate 
the MER time series and total erupted mass (TEM). We 
use different strategies based on near-surface flux and 
plume top height, and compare these estimates with re-
sults obtained from deposit-based techniques.

Luigi Mereu1, Simona Scollo2, Costanza Bonadonna3, Franck Donnadieu4, Frank Marzano1

PROBING VOLCANIC PLUMES BY 
GROUND-BASED X-BAND AND L-BAND 
RADARS: NEAR-SOURCE PARAMETER 
RETRIEVAL

1Sapienza University of Rome & CETEMPS, Italy; 2INGV - Catania, Italy; 3University of Geneva, Switzerland; 
4UCA, France

Ground clutter filtering is an important and necessary 
step for quality control of ground-based weather ra-
dars. Ground clutter filtering is typically accomplished 
with spectral processing where the times series of data 
corresponding to a radar resolution volume are trans-
formed with a Discrete Fourier Transform after which 
the near zero-velocity clutter components are eliminat-
ed by setting them to zero. This technique requires that 
the I (in-phase) and Q (quadrature) time series be win-
dowed in order to reduce clutter power leakage away 
from zero and near zero velocities. However, window 
functions such as the Hanning and Blackman attenuate 
the time series signal by 4.19 and 5.23dB for 64-point 
times series, respectively, and thereby reduce the num-
ber of independent samples available for estimating the 
radar parameters of any underlying weather echo. Here 
a time domain regression filtering technique is investi-
gated which does not require the use of such window 
functions and thus provides for better weather signal 
statistics. The technique is demonstrated using both 
S-Pol and NEXRAD data. It is shown that the regres-
sion filter rejects clutter as effectively as the spectral tech-
nique but has the distinct advantage that estimates of 
the radar variables are greatly improved. The technique 
is straight forward and can be executed in real time.

John Hubbert1, G. Meymaris1, U. Romatschke1, M. Dixon1

REGRESSION GROUND CLUTTER 
FILTERING FOR IMPROVED SIGNAL 
STATISTICS

1NCAR, United States
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A major challenge in the observation and the estima-
tion of precipitation from weather radars, is the identi-
fication and subsequent removal of nonmeteorological 
echoes. These include echoes from clear air (that in our 
definition include insects and birds), ground clutter, 
sea clutter, anomalous propagation as well as chaff. At 
Météo-France, nonmeteorological echoes are opera-
tionally identified thanks to an hybrid method that is 
made for one part of a complex decision tree that takes 
as input the pulse-to-pulse fluctuation of the reflectivi-
ty, the Doppler velocity and a frequency of occurrence 
and for the other part a fuzzy logic scheme (Gourley et 
al. 2007) that only takes as input polarimetric variables. 
The performance of this algorithm was fully satisfying 
until the radar reflectivity product was upgraded to de-
liver lower reflectivity values to the users (down to -10 
dBZ instead of 8 dBZ). This change was requested by 
forecasters to better monitor freezing drizzle and snow 
during wintry events. It also revealed that clear air ech-
oes and sea clutter are not well identified by the current 
operational method.

In this communication we present the work done to 
develop and validate a new scheme aimed at better iden-
tifying low signal-to-noise ratio nonmeteorological ech-
oes. A first step, was to build a database using 250 radar 
images from various situations in which non precipita-
tion and precipitation pixels were labeled by an expert. 
The density functions of several original radar param-
eters were derived for the four most common types of 
echoes (precipitation, ground, sea and clear air), includ-

ing the depolarization coefficient (Kilambi et al. 2018), 
the texture of the differential phase and the texture of 
the differential reflectivity. A new scheme, mainly fuzzy 
logic, was built using these parameters.

The scores of the current operational scheme and those 
of the new one against the expert were compared on sev-
eral pre-labeled precipitation events and the accumula-
tions and frequency of occurrence were analyzed. The 
new scheme performs better except at the edge of pre-
cipitation cells situated far from the radar when the sig-
nal is close to the noise floor. Illustrations and possible 
further improvements will be presented and discussed.

Valérie Vogt1, Béatrice Fradon1, Nicolas Gaussiat1

IMPROVEMENT OF THE OPERATIONAL 
NONMETEOROLOGICAL ECHOES 
IDENTIFICATION SCHEME AT  
METEO FRANCE

1Météo France, France

The RADVOL-QC is a system designed and devel-
oped at Polish national meteorological and hydrological 
national service to pre-process 3D weather radar raw 
data aiming at quality control, i.e. the data correction 
and quality characterization. The system was originally 
presented in paper published in “Meteorological Appli-
cations” (Ośródka et al., 2014), however more efficient 
approaches have been implemented since then in terms 
of removal of non-meteorological echoes, especially 
ones caused by windmill farms not detected by Doppler 
filtering. Small intense echoes over lower intensity back-
ground are recognised with a geometrical algorithm 
which analyses spatial distribution of radar reflectivity. 
Moreover methodology for generating and employing 
of long-term statistic maps has been developed. Addi-
tionally for dual polarization radars algorithm based 
on decision tree employing polarimetric parameters 
and their standard deviations is applied. The values in 
detected non-meteorological measurement bins are re-
placed with values interpolated by means of dedicated 
algorithm. Simultaneously works on improvements in 
algorithms focused on removal of RLAN signal inter-
ferences, which are mainly based on geometrical anal-
ysis of spatial pattern of the signal across and along the 
radar beam, have been conducted. Results of validation 
of the described algorithms have been also presented. 
The RADVOL-QC is implemented in real-time for 
Polish weather radar network POLRAD.

Katarzyna Ośródka1, Jan Szturc1, Anna Jurczyk1

ENHANCEMENT IN RADVOL-QC 
SYSTEM FOR WEATHER RADAR DATA 
QUALITY CONTROL

1Institute of Meteorology and Water Management - National Research Institute, Poland
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A correct, timely and meaningful interpretation of po-
larimetric weather radar observations requires a well-de-
veloped technique that automates the recognition of 
separate classes in both the spatial and temporal dimen-
sions of the data.

This study presents a novel data-driven technique for 
identifying different clusters in time series of quasi-ver-
tical profiles (QVPs) based on observations made by 
the NCAS X-band dual-polarization Doppler weather 
radar (NXPol). This technique provides a physical de-
lineation of multivariate radar observations into classes. 
The classes are identified as clusters belonging to a hier-
archical structure (undirected weighted graph) preserv-
ing the data-driven inheritances. The number of differ-
ent classes in the data is not predefined and the method 
obtains the optimal number of clusters by implement-
ing a recursive process. The resulting optimal clustering 
is then used to label the original data.

This technique is first applied to the identification of 
hydrometeor types and their associated microphysical 
processes. It showed stable and accurate performance 
in analysing QVPs in comparison to available airborne 
in situ measurements. Based on these results the same 
technique is applied to the detection and identification 
of aeroecological classes (birds, insects, and subclasses of 
both) in the QVPs. Detected clusters are compared to 
the available ground-based observations.

Although this demonstration uses observations from 

the NXPol, the technique is generally applicable to 
similar multivariate data from other radar observations. 
Further application of this technique to the C-band 
data of the Met Office radar network will improve 
quantitative observation and monitoring of biodiversi-
ty in the UK.

Maryna Lukach1,2, Ryan R. Neely III1,2, Jonathan Crosier1,3, David Dufton1,2, Joshua M. Hampton1,2, Freya Addison1,2, 
Lindsay Bennett1,2, Christopher Hassall2, Thomas Dally2, Elizabeth Duncan2, William Kunin2, William Evans2

TOP-DOWN HIERARCHICAL 
CLUSTERING OF POLARISED X-BAND 
DOPPLER RADAR OBSERVATIONS 
FOR HYDROMETEOR AND 
AEROECOLOGICAL CLASSIFICATION
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The data obtained by weather radars is a crucial compo-
nent in today's forecast and nowcasting tools. Nowcast-
ing applications and the analysis of local phenomena 
depend upon the high temporal and spatial resolution 
provided by weather radars. As such the 17 operational 
weather radars are a crucial part of the observation net-
work run by the German Weather Service (Deutscher 
Wetterdienst, DWD). The data gathered by weather 
radars has to be available at all times and satisfy strict 
quality criteria.

Weather radars are progressively more compromised 
by RF interferences. Therefore, the efficient and objec-
tive detection and removal of external RF transmitters, 
which disturb radar data, is an ongoing challenge. This 
poster will elaborate on the recently deployed RF in-
terference detection algorithm of the German Weather 
Service. The algorithm utilizes thresholds to determine 
if a specific ray is contaminated and groups such con-
taminated rays to pick out interferences, which lead to 
a severe loss of information. The operational analysis 
provides daily summaries of RF interferences across 
the DWD radar network. The analysis results contain 
all necessary information to track down the sources of 
the detected interferences. Identified sources of critical 
RF interferences are reported to the national frequency 
protection authority. It is their duty to shut down any 
disturber in the protected C-Band.

The poster will provide an insight into three topics. The 
implementation of the RF interference detection algo-

rithm. An evaluation of the interferences situation since 
2017 when the German Weather Service operationally 
implemented the monitoring of RF interferences. And 
last, probably most importantly, an assessment of the 
effectiveness that is introduced due to this new opera-
tional procedure. As the new detection algorithm was 
first tested in May 2019 and operationally implemented 
at the end of 2019, these results are mainly focused on 
the theoretical benefit and affirmed by examples of suc-
cessful RF interference removals.

Maximilian Schaper1, Michael Frech1

RF-INTERFERENCE DETECTION

1German Weather Service (DWD), Germany
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Over the next several years, additional S-band, aircraft 
surveillance radars may be deployed across the country 
that could significantly affect the weather surveillance 
radars that make up the NEXRAD network. It is crit-
ical to set appropriate interference protection criteria, 
so the weather mission is not impacted. The effects of 
interference for weather surveillance radars can be dif-
ficult to quantify since there is a human element in the 
interpretation of the data. Forecasters can sometimes 
ignore severe interference that would cause problems 
for an aircraft surveillance radar, but too much inter-
ference or interference in the wrong place can distract a 
forecaster. To facilitate the development of appropriate 
interference protection criteria for the WSR-88Ds, we 
developed a realistic interference simulator to evaluate 
the impacts of pulsed interference on forecasters for a 
variety of weather conditions. Our interference simu-
lator considers the pulse repetition times, antenna pat-
terns, scanning strategies, and peak power levels of both 
the WSR-88D and the interfering radar. Moreover, our 
simulator accounts for potential mismatches between 
the transmitted pulse from the interfering radar and the 
matched filter used by the WSR-88Ds. Finally, our sim-
ulator simulates interference from both the direct path 
(i.e., along the line-of-sight between the two radars) and 
bistatic scattering (i.e., the transmitted pulse is scattered 
off weather targets in the vicinity of both radars). We 
present initial simulation results for different scenarios 
and validate our simulator by comparing simulated data 
to real data collected by the KMHX radar.

Feng Nai1, Christopher Curtis1

REALISTIC PULSED INTERFERENCE 
SIMULATOR FOR THE WSR-88D

1CIMMS, University of Oklahoma, NOAA/OAR National Severe Storms Laboratory, United States

At ECCC, the first impact studies of assimilating 
weather radar data into a numerical weather prediction 
(NWP) model used aggressively configured quality con-
trols with data from the Canadian network of 31 radars 
and all available NEXRAD radars from the contiguous 
United States and Alaska. While we accepted that these 
quality controls gave us a starting point for radar data 
assimilation, we were confident that they could be sub-
sequently improved upon.

We used an ECCC NWP verification framework called 
Emet to monitor the impacts to radar data quality from 
the applied quality controls. Instead of using inde-
pendent observations to verify forecast fields, observa-
tions are compared to radar data prior to and following 
quality control. We used hourly METAR reports, that 
contain precipitation occurrence information when 
precipitation actually occurs, even if the intensities are 
very low. This is valuable when comparing with radar 
data, as weather radars are extremely sensitive and will 
also report very low intensities. Non-occurrence of pre-
cipitation is not reported explicitly, so non-occurrence 
is inferred in messages that contain explicit cloud and 
visibility information. This application of Emet allows 
us to match METARs with the corresponding uncor-
rected and corrected radar reflectivities observed by the 
radars. By summarizing select contingency-table based 
skill scores produced by Emet on a daily basis, we have 
the ability to monitor the impact of quality control 
over time, and because we are doing this at the conti-
nental scale, we have enough comparisons to generate 

more meaningful statistics. Therefore, when introduc-
ing new quality control methods, this approach using 
Emet can tell us if we have succeeded in achieving an 
improvement.

We have trialed this approach with a quality control 
method is applied to the individual polar volumes. It 
uses dual-polarization moments ZDR and RHOHV to 
produce depolarization ratio (DR), which is the basis 
for determining whether or not a given reflectivity is 
from precipitation. We applied this approach to several 
weeks of 2016 NEXRAD Level II data.

The aggressively configured algorithms for identifying 
and removing non-precipitation echoes used in our 
initial work resulted in greatly reduced false alarm rate 
(FAR) and probability of detection (POD), yielding 
sub-optimal aggregate skill scores. Using DR-based 
quality control improves these scores, indicating im-
proved data quality control that will benefit down-
stream radar data assimilation and quantitative pre-
cipitation estimation. With this approach, we also 
essentially have a framework for weather radar process-
ing and data quality intercomparison.

Daniel Michelson1, Bjarne Hansen1, Dominik Jacques1, François Lemay1, Peter Rodriguez1

MONITORING THE IMPACTS OF 
WEATHER RADAR DATA QUALITY 
CONTROL AT THE CONTINENTAL SCALE

1Environment and Climate Change Canada, Canada
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INSECTS AND THE LIKE

Here we present an approach to understanding weather 
radar observations for aeroecology. As an emerging field 
of quantitative study, we aim to share our methodology 
in the hopes of improving the quantitative use of radar 
observations of insects in the atmosphere. We demon-
strate how micro-CT scans and 3D photogrammetry of 
insects can be used to create digital models of individ-
ual specimens that may be used to calculate the radar 
cross-section (RCS) of volant insects using a technique 
known as the Method of Moments (MoM), performed 
using the WIPL-D Pro 3-D Electromagnetic Solver. 
Previous studies have shown the premise of this tech-
nique, but here we fully explore how the digital insect 
models may be manipulated to explore the scattering 
properties of volant insects in numerous positions and 
viewing geometries. In particular, we will compare and 
contrast the techniques of estimating insect shape and 
the impact the choice of dielectric composition has on 
the simulated scattering properties in individual speci-
mens and resulting radar moments from larger volumes 
of populations of insects. This analysis is part of the 
wider BioDar project, which is using weather radar to 
improve the way we monitor biodiversity in the UK.

Freya Addison1, Ryan Neely III1, Thomas Dally1, Maryna Lukach1, Christopher Hassall1, Elizabeth Duncan1, 
William Kunin1, William Evans1

CHARACTERISING THE RADAR CROSS 
SECTION OF AIRBORNE INSECTS FOR 
POLARIMETRIC WEATHER RADAR

1University of Leeds, United Kingdom

Weather radar measurements are constantly subject to 
quality issues originating from non-meteorological ech-
oes and external disturbances. Since 2001, Finnish Me-
teorological Institute has applied operational detection 
and removal of anomalies in radar data. The earliest 
methods, reported in ERAD 2002, applied image anal-
ysis to Doppler-filtered single-polarisation data in rec-
ognising noise, external emitters, ships, as well as birds 
and insects.

Recent development applying dual-polarisation data 
has provided better separation of birds from insects and 
better detection of non-meteorological echoes in gener-
al. In addition, new methods for creating ground clutter 
maps and detecting widespread radio-frequency inter-
ference (jamming) have been developed.

Throughout the design, detection and removal has been 
kept separate, allowing monitoring and combining de-
tection results to quality fields prior to using them for 
data correction. The correction process provides three 
alternative operations: actual removal (marking bins 
"no-data"), damping, and gap-filling. In addition, as 
complementary to removal, quality information can be 
smoothly applied in compositing radar data. For exam-
ple, in case of signal attenuation radar data can be better 
corrected by using data from overlapping radar instead 
of retrieval of original reflectivity.

In this paper, we review the methods developed this far 
and illustrate their usage in operational environment. 

We also review briefly the underlying "quality algebra" 
motivated by probabilistic modelling. In our view, ra-
dar bins should not outright be treated as "correct" and 
"incorrect" data but as classes of various interesting phe-
nomena: it is up to each end application how the qual-
ity data should be handled. The methods presented in 
this paper have been implemented in open source pro-
gram "Rack" which is available in GitHub. The software 
supports ODIM-HDF5, the standard applied in EU-
METNET Operational Programme for the Exchange 
of Weather Radar Information (OPERA).

Markus Peura1

ANOMALY DETECTION AND REMOVAL 
AT THE FMI

1Finnish Meteorological Institute, Finland
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Warm season convective precipitation systems (CPSs) 
under weak synoptic forcing condition in the vicinity 
of Taiwan from 2005 to of warm season (July, August 
and September) are investigated by examining QPE-
SUMS (Quantitative Precipitation Estimation and 
Segregation Using Multiple Sensor) data in this study. 
The CPS is identified by reflectivity higher than 35 dBZ 
and tracked using QPESUMS data. The statistical char-
acteristics of CPS including area volume, developing 
height, robustness, reflectivity intensity and life time. 
The reanalysis data from ERA-Interim are applied to 
understand associated synoptic environment condition 
for CPS initiation and development. The results show 
given the volume of CPSs over land have higher devel-
oping height, stronger reflectivity intensity and more 
robustness than those over ocean. Most of CPSs over 
land (ocean) develop in the environment with CAPE 
1600~3600 (1200~2400) J/kg, CIN less than 20 (20) J/
kg, relative humidity 70~90 (70~85) %, wind-shear 1~7 
(1~8) m/s and vertical velocity 0.1~-0.2 (0.1~-0.1) Pa/s 
and LCL higher than 500 (500) m. In terms of the CPS 
characteristics, the stronger wind-shear is associated 
CPS with low reflectivity intensity, yet longer life-time. 
Whereas, the CPSs over land associated with less humid 
environment are more severe. Moreover, CPS over land 
could evolve to severe storm with high values of CAPE 
and CIN. The most severe CPSs over land are associat-
ed with LCL 1000~1500 m and updraft environments. 
On the other hand, the characteristics of the CPSs over 
ocean has no clear correlation to LCL altitude and wind-

shear. The CPSs over ocean have some positive correla-
tion to environment humidity and vertical motion, the 
CPSs tend to have higher intensity and longer life-time.

Wei-Yu Chang1, Wu2

1National Central University, Taiwan; 2Central weather bureau, Taiwan

STATISTICAL CHARACTERISTICS 
OF WARM SEASON CONVECTIVE 
PRECIPITATION SYSTEM UNDER WEAK 
SYNOPTIC FORCING CONDITION IN THE 
VICINITY OF TAIWAN FROM 2005 TO 2015

Extreme precipitation events are likely to occur more 
frequently in a warming climate. Understanding the 
structure and the exact occurrence in time and location 
of precipitation events remains a challenge because of 
the high temporal and spatial variability of rainfall. Na-
tionwide weather radar networks are a common tool 
for investigating precipitation events and their spatial 
and temporal structure. The German Weather Service 
(DWD) provides a nationwide climatological radar data 
set from 2000 to 2019. A reprocessing procedure has 
been applied to reflectivity measurements in order to 
obtain precipitation estimates as homogeneous as possi-
ble in space and time. With an object-oriented analysis, 
all precipitation events for 11 different durations rang-
ing from 1 to 72 hours exceeding DWD’s official warn-
ing level for heavy precipitation have been detected and 
statistically analysed.
We will present a comprehensive analysis of all heavy 
precipitation events that occurred in Germany between 
2000 and 2019. Moreover, we will examine their size, 
duration, location, spatial structure and distribution as 
well as regional and climatological differences. An as-
sessment of how well DWD’s network of precipitation 
stations captured these heavy rainfall events will be giv-
en. Finally, we will demonstrate the possibility to use 
the event detection procedure as an operational tool for 
assessing and classifying heavy precipitation events and 
their destructive impacts in near real-time.

Katharina Leng feld1, Ewelina Walawender1, Tanja Winterrath1, Elmar Weigl1, Andreas Becker1

STATISTICS OF 20 YEARS OF HEAVY 
PRECIPITATION EVENTS IN GERMANY 
FROM RADAR DATA

1German Weather Service, Germany
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Radar-derived precipitation estimates have an impor-
tant role primarily in meteorological and hydrological 
applications, since they describe detailed precipitation 
structures with high horizontal and temporal reso-
lution. Because quantitative precipitation estimates 
(QPE) derived from raw radar measurements are far 
from being accurate, adjustment of the QPEs by rain 
gauge measurements is necessary.
The contribution will evaluate a 17-year period of ad-
justed radar-derived precipitation estimates in the warm 
parts (April-October) of the years 2002-2018 on the 
area of the Czech Republic (CR). The rain rates will 
be calculated using radar reflectivity data at 2 km above 
sea level (CAPPI 2 km) estimated from weather radar 
measurements performed by two Czech C-band Dop-
pler radars (Brdy, Skalky) every 5 or 10 minutes in 1 km 
by 1 km square boxes over the whole area of the CR. Ra-
dar-derived daily precipitation will be merged with dai-
ly rain gauge measurements and resultant adjusted daily 
sums of precipitation will be divided into 10-min pre-
cipitation in the ratio of 10-min radar-derived precipita-
tion. Subsequently, 10-min precipitation estimates will 
be accumulated in various lengths ranging from 30 min 
to 24 hours.
Prepared dataset will be carefully checked using pre-
cipitation accumulations during longer periods (i.e., 
monthly and seasonal accumulations) and identified 
pixels with erroneous totals in a given period will be 
corrected or removed. Correction (typically higher ra-
dar reflectivity in location of wind power stations or 

weather radars) will be performed by linear interpola-
tion from neighbouring pixels. Wireless interference 
will be removed in time slots, when no precipitation is 
observed in a given area.
Corrected dataset will be used to create climate precip-
itation maps for monthly and seasonal accumulations. 
In addition, a verification of estimation of QPEs during 
selected heavy precipitation events will be calculated us-
ing a comparison with hourly rain gauge observations. 
The accuracy will be expressed by various verification 
techniques, such as Root Mean Square Error, BIAS, etc.

Vojtěch Bližňák1, Marek Kašpar1, Miloslav Müller1, Petr Zacharov1, Iva Uhlířová1

HIGH-RESOLUTION RADAR-DERIVED 
PRECIPITATION CLIMATOLOGY IN 
CZECHIA: FROM DATA QUALITY CHECK 
TO CLIMATE MAPS

1Institute of Atmospheric Physics CAS, Prague, Czech Republic

Precipitation frequency analysis consists in quantifying 
the yearly exceedance probability of extreme precipita-
tion amounts, an essential information for managing 
weather-related risks and designing hydraulic struc-
tures. Traditional approaches rely on long rain gauge 
records, with clear spatial sampling issues. As weather 
radar archives grow in length, they provide the potential 
to overcome these limitations. A summary of our recent 
research efforts in the field is here presented. We depict 
the state of the art and we identify some crucial knowl-
edge and methodological gaps. Based on these, we sug-
gest research directions promising immediate impact. 
We conclude by providing our experience with a novel 
statistical methodology which directly addresses two of 
the main methodological gaps, namely the inaccuracy 
of weather radar quantitative precipitation estimation 
of extreme events, and the shortness of weather radar 
archives for traditional extreme value methods.

Francesco Marra1, Efrat Morin1

PRECIPITATION FREQUENCY 
ANALYSES FROM WEATHER RADAR 
ARCHIVES: STATE OF THE ART, 
KNOWLEDGE GAPS, AND POTENTIAL 
OF NOVEL STATISTICAL METHODS

1Hebrew University of Jerusalem, Israel
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This study analyses the diurnal cycle of frequency and 
spatial distribution of hailstorms in the Swiss Alps 
and surrounding forelands. High-resolution (1km - 5 
min) volumetric data from a network of three C-band 
ground-based radars are used. An automatic thunder-
storm tracking algorithm is applied in order to track 
storms resulting in more than one million storm-paths 
and several thousand severe hailswaths. Statistical anal-
yses of this dataset provide new information about 
storm- and hailswath initiations, lifecycles, geometrical 
characteristics and how they relate to orography.
Results show that thermo-topographical triggering 
modulates the diurnal cycle of hailstorms in the Alps. 
During daytime, storms mainly initiate over the foot-
hills of the Prealps and move towards higher terrain. 
During nighttime, storms move from the foothills to 
the plains, both in the southern and northern Alps. 
However, we also find large year-to-year variability. Five 
out of 16 years show a significant positive hail anomaly, 
out of which three are marked by a pronounced diurnal 
cycle with a typical maximum in the afternoon hours. 
Conversely, the other 2 years have relative hail-initiation 
maxima distributed more evenly throughout the day. A 
comparison with cold fronts occurrence over the region 
shows that cold front frequency alone can only margin-
ally explain the large differences between pronounced 
diurnal cycles in some extreme years versus nighttime 
maxima in other years. The results indicate that further 
research into the interactions of large-scale synoptic 
conditions and local orography is needed to better un-

derstand the observed variability in hailstorm frequency 
and average diurnal cycles. We give an outlook on how 
the presented findings are used in further investigation 
of such mechanisms from a climatological perspective.

Luca Nisi1, Alessandro Hering1, Urs Germann1, Katharina Schroeer1, Hélène Barras2, Michael Kunz3, Olivia Martius2

ON THE DIURNAL CYCLE OF HAIL 
STORMS IN THE ALPS: A RADAR-
BASED HIGH-RESOLUTION ANALYSIS 
BETWEEN 2002 AND 2017

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland; 2University of Bern, Switzerland; 
3Karlsruher Institut für Technologie (KIT), Germany

The Danubian Plain is one of the regions of Bulgaria, 
where the most active severe storms are developing very 
often.
The Danubian Plain constitutes the northern part of 
Bulgaria, which is located north of the Balkan Moun-
tains and south of the Danube. Its western border is the 
Timok River and to the east it borders the Black Sea. The 
plain has an area of 31,523 square kilometres. It is about 
500 kilometres long and 20 to 120 kilometres wide.

The study is based on 16 years BULATSA meteo ar-
chives. Radar data were collected from two C band 
Doppler radars, which are 350 km apart - one is near the 
city of Varna, on NE border of Bulgaria, and the other 
one is near one village called Vakarel, which is located 
approximately 50 km from the west border of Bulgaria.

Three typical synoptic situations were used in which 
three of the most dangerous convective storms occur at 
The Danubian Plain in Bulgaria. They are called: SW, 
NW, NE processes.

The aim of this study is to show typical synoptic situa-
tions, which lead to severe storms. In addition, we want 
to present the most common tracks of movement of 
these storms and the most favorable areas for convective 
initiation. Another goal of our study is to test the abili-
ties of the numerical model WRF to forecast the afore-
mentioned processes and finally, to build severe convec-
tive storm events dataset for a total period of 16 years 
(2004–2019) for the warm season (April–September).

Ivaylo Zamfirov1, Ilian Manafov1

RADAR CLIMATOLOGY OF SEVERE 
CONVECTIVE STORMS AT THE 
DANUBIAN PLAIN IN BULGARIA

1BULATSA, Bulgaria
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In recent times enhanced erosion of the leading edges 
of wind turbine blades installed offshore has been ob-
served. Different investigations indicate that beside 
higher tip speeds, the impact of rain drops on the ma-
terial causes the erosion. To improve the understanding 
and the mitigation of the leading edge erosion, a de-
tailed knowledge of rain is needed. The erosion poten-
tial of rain depends on the drop-size distribution (DSD) 
and the frequency of rain events. Hence, we were inter-
ested in the frequency of different weather types and its 
influence on the DSD in and around Denmark.

For this purpose 1-minute DSD of 13 disdrometers were 
categorized using the objective weather types classifica-
tion of the German Weather Service. The time series 
of the stations located in Denmark (6 Ott Parsivel2), 
Germany (6 Thies LPM) and United Kingdom (1 Thies 
LPM) at or close to the shore had a length between one 
and six years. A mean 1-minute DSD for each station 
and weather type was calculated to analyze the variation 
of the DSD with the weather type and station.

At most of the stations the 1-minute DSD occurred 
most frequently during the objective weather type 
NWAAW – “NW” meaning an advection from North-
west, “AA” meaning an anticyclonic index in 950 and 
500 hPa and “W” describes a wet humidity index. The 
other dominating objective weather type had an advec-
tion from Southwest. Preliminary comparisons of DSD 
of specific weather types showed for example that DSD 
measured during a wet humidity index contained more 

large drops than during a dry humidity index. There 
was a clear difference between stations at small drop 
sizes, probably because of the different sensor types. In 
contrast, the variance at larger drops was small for most 
weather types.

Based on the results, it can be concluded that a DSD of 
the NWAAW weather type can represent a typical rain 
event. However, a rain event related to another weather 
type (with a higher fraction of large drops) could cause 
more erosion, but is less frequent. The weather type de-
pendence of the DSD can also be used for other purpos-
es like to improve Z-R relationships.

Anna-Maria Tilg1, Martin Hagen2, Flemming Vejen3, Charlotte Bay Hasager1

WEATHER-TYPE DEPENDENCE OF 
DROP-SIZE DISTRIBUTIONS IN AND 
AROUND DENMARK

1Technical University of Denmark (DTU), Department of Wind Energy, Denmark; 2Deutsches Zentrum für Luft- und 
Raumfahrt (DLR), Institut für Physik der Atmosphäre, Germany; 3Danish Meteorological Institute (DMI), Denmark

North eastern Italy is a spot of convective events in cen-
tral Europe. A new approach to the study of storms in 
this region has been developed by systematically analyz-
ing Vertical Maximum Intensity (VMI) data collected 
by a C-band dual polarization Doppler radar. From 
these data a system to detect each storm track has been 
developed, using an object oriented framework, the 
MODE (Method for Object-Based Diagnostic Evalu-
ation) function from NCAR-DTC MET suite, origi-
nally used as forecast verification system: this tool pro-
vides comparison of spatial fields with coherent spatial 
structures. Time sequences of VMI fields are compared 
using MODE tool that provides, as output, a set of 
centroids defined on certain reflectivity thresholds and 
a set of associated couples of centroids for each time 
step, according to some criteria (as centroids distance, 
borders distance, storm shape, and more). Storm tracks 
connecting associated centroids are so computed, to-
gether with some properties as length, duration, VMI 
intensity trend, over a 15 years long period. The data-
set has been enriched by analysis of associated lightning 
data from CESI-SIRF network, in order to focus on the 
thunderstorm climatology.

Arturo Pucillo1

A 15 YEARS CLIMATOLOGY OF STORM 
TRACKS BY JOINT ANALYSIS OF 
VERTICAL MAXIMUM INTENSITIES AND 
LIGHTNING OVER NORTH-EASTERN ITALY

1ARPA FVG - OSMER, Italy
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In Switzerland, hail is among the costliest natural haz-
ards. Because hail storms are typically localised, short-
lived and chaotic by nature, they do not only pose a big 
challenge to forecasters but their observation is compli-
cated as well. This explains the general lack of long-term 
ground truth observations of hail. This lack can partial-
ly be filled by employing indirect hail data from radar, 
which has the advantages of having high spatio-tem-
poral resolution, covering all of Switzerland and being 
available for almost 20 years in the past. Radar data is, 
however, typically used for real-time applications and 
nowcasting, and thus needs to be carefully prepared be-
fore climatological use.

Two single-pol hail algorithms, Probability of Hail 
(POH) and Maximum Expected Severe Hail Size 
(MESHS), based on the combination of NWP model 
freezing level and radar EchoTops, have been opera-
tional for the Swiss Radar Network since 2002. Since 
then, both the NWP model and the radar network have 
changed, posing homogeneity issues for the data series. 
Furthermore, when aggregating over several years, for 
rare events such as hail, even small areas of residual clut-
ter or few artifacts may result in unrealistic hot spots. 
Taking care of these “technical” issues, together with 
a continuous comparison to newly available ground 
truth hail observations (e.g. crowd-sourcing, automatic 
hail sensors, damage data) is central to preparing the ra-
dar hail data sets for any climatological evaluations.

The public-private partnership project “National Hail 

Climatology Switzerland” between MeteoSwiss and 
stakeholders from sectors affected by hail (construction, 
insurance, agriculture) focuses on both the evaluation 
and preparation of radar data for climatological use, 
and on the actual hail statistics, such as e.g. return peri-
ods for specific hail sizes. The project will improve our 
understanding of hail occurrence in Switzerland and 
provide stakeholders with hail risk maps and data that is 
ready to use and is tailored to their specific needs.

Simona Trefalt1, Katharina Schroeer1, Urs Germann1, Alessandro Hering1, Cornelia Schwierz1

PREPARING RADAR HAIL DATA FOR 
CLIMATOLOGICAL STUDIES -  THE LONG 
WAY TO HOMOGENOUS DATA

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland

Convective storms are often associated with high rainfall 
rates and if a convective storm stays stationary or moves 
slowly, the area over which it occurs will experience 
high precipitation accumulations. High amounts of 
precipitation in a short period of time is an important 
ingredient for natural hazards such as flash floods, land-
slides and debris flows. Stationary convective storms 
(SCS) have been analysed in a few studies, but never for 
Switzerland. Here Lagrangian thunderstorm track data 
generated by MeteoSwiss using the radar-based Thun-
derstorms Radar Tracking (TRT) tool in combination 
with blended radar-rain gauge precipitation fields is 
used to compile a climatology of SCS for Switzerland 
for the period from 2012 to 2018. To produce the cli-
matology three different definitions for stationarity 
based on cell velocity, location, and size are introduced 
and compared for different thresholds. The method 
using an overlap criterion is least suitable to identify 
stationary thunderstorms. Both the location and the 
velocity-based criterion lead to similar results. For the 
climatology, the definition of stationarity based on the 
location of weighted storm cell centroids is used.

The resulting climatology provides an overview of SCS 
regarding their Spatio-temporal characteristics as well as 
their precipitation characteristics which are compared 
to non-stationary convective systems. SCS frequency 
and SCS precipitation properties depend on the prevail-
ing weather types, on the season and the geographic set-
ting and they exhibit a strong diurnal cycle. They occur 
most frequently in the northern and southern Prealps 

and are responsible for some of the highest precipita-
tion accumulations caused by singular cells.

Martin Aregger1, Timothy Raupach2, Yannick Barton3, Andrey Martinov1,3, Olivia Martius1,3,4

STATIONARY CONVECTIVE STORMS 
OVER SWITZERLAND

1Oeschger Center for Climate Change Research (OCCR), Switzerland; 2University of New South Wales, Australia; 
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The Operational Program on the Exchange of Weather 
Radar Information (OPERA), under the umbrella of 
the European Meteorological Services Network, EIG 
EUMETNET, has co-ordinated radar co-operation 
among national weather services in Europe for more 
than 20 years (www.eumetnet.eu/opera, [1]). Since 
2011, the OPERA data center (ODC; also known as 
“Odyssey”) has created Pan-European radar composites 
every 15 min. ODC produces three different compos-
ites with a horizontal resolution of 2 km—maximum 
reflectivity, rainrate, and hourly accumulation. It also 
provides quality-controlled single-site radar data for the 
numerical weather prediction (NWP) consortia for as-
similation.

The compositing is based, gradually since March 2017, 
on the best possible data provided by the members. The 
members document the processing steps performed on 
data and ODC can do additional processing steps to 
increase the quality, in case these were not performed 
originally. Additionally, the developed and implement-
ed algorithms, e.g. the beam blocking correction and 
satellite-based clutter removal methods have also signif-
icantly improved the quality of the composite. This use 
of the members’ best data has proven to provide a better 
quality than the original idea of relying on centralized 
processing and quality control, the main reason being 
that centralized processing is difficult in a heterogene-
ous network with different hardware and software solu-
tions and different ages of instruments.

The applications using OPERA data vary from data 
assimilation to flood warnings and the monitoring of 
animal migration. Some users require advanced quality 
control and production of complicated products, while 
others need the data as soon as possible. Now, in OP-
ERA phase 5 (2019-2023), the main focus is to gradual-
ly replace the ODC with three production lines that will 
be able to serve better the various needs of different user 
groups; One for rapid processing, one for good quality, 
and one for independent processing (e.g., outside of the 
OPERA data centers). Additionally, the idea is to con-
tinue to take benefit of the national investments in ra-
dar upgrades effecting largely to the composite quality.

We will present the already implemented steps of the 
renewed production lines as well as future development 
plans.

[1] Saltikoff et al. OPERA the radar project, Atmos-
phere 2019, 10(6), 320; https://doi.org/10.3390/at-
mos10060320
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OPERA – THE NEW DEVELOPMENT 
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6Sveriges Meteorologiska och Hydrologiska Institut, Sweden; 7Integrated Carbon Observation System, Finland

E-PROFILE is an observation program of EUMET-
NET, the grouping of European Meteorological Servic-
es. It coordinates and monitors an operational network 
of 40 radar wind profilers and distributes wind meas-
urements from more than 100 precipitation radars. Af-
ter an introduction to the network and its applications 
we will show the outcome of an extensive data quality 
assessment. The data quality is evaluated based on ob-
servation minus background statistics using ECMWF's 
IFS model. Moreover, we have been evaluating three 
different algorithms for the estimation of wind profiles 
from precipitation radars in OPERA. These three algo-
rithms are considered for a centralized deployment in 
OPERA to produce homogeneous wind profiles across 
the network. Finally, results of an impact study of wind 
observations assimilated into numerical weather predic-
tion models will be presented. The assimilation of wind 
profiler as well as the precipitation radar wind datasets 
have shown to be beneficial with the highest impact for 
high reaching VHF (troposphere-stratosphere) wind 
profiler radars.

Rolf Rüfenacht1, Maxime Hervo1, Simone Bircher2, Volker Lehmann2, Annakaisa Von Lerber3, Alexander Haefele1

USAGE OF OPERATIONAL WIND 
PROFILING BASED ON RADAR 
TECHNOLOGY AND ITS IMPACT ON 
NWP

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland; 2Deutscher Wetterdienst, Germany; 
3Finnish Meteorological Institute, Finland 
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Radar-collected measurements of scattered electromag-
netic radiation can be used to address a wide variety of 
science questions from tornado formation to linking 
mayfly spawn to fish populations. Agencies, meteoro-
logical services and individual scientists have collected 
petabytes of radar data, and while this data is increas-
ingly being made open there still exists a bottleneck in 
analysis and in making this data approachable to a more 
general scientific audience. In order to democratize ra-
dar data there are three essential elements: first, data 
must be openly and easily available; second, accessible 
tools are required to develop workflows for processing 
data into information; and, third, we need instructional 
materials to minimize the learning curve for non-expert 
users. This could be done in a containerized (pre built) 
environment, or in a web-based science portal, thus 
minimizing the frustration created by complex installa-
tion procedures. This presentation will discuss efforts 
across the atmospheric radar community in achieving 
these goals in the form of the Open Radar Science Part-
nership. Grown organically from several open source 
software efforts, the partnership has led to an expansive 
ecosystem of interacting packages in multiple program-
ming languages. In recent years, advances in the open 
source and cloud communities’ architectures like Ju-
pyter, Binder and Pangeo have increasingly allowed 
educational materials to be hosted on-line with HPC 
backends, further expanding opportunities for educa-
tion and unleashing the power of large radar datasets. 
This presentation will (re) introduce the partnership, 

familiarize the audience with an ecosystem of popular 
open software tools and applications , showcase sever-
al “out of the box” ways in which radar data has been 
used by non-radar experts, discuss the future plans of 
the partners and, finally, through online data collection 
solicit audience help in identifying capabilities that the 
radar community desires in future open radar science 
developments.

Scott Collis1, Daniel Michelson2, Kai Mühlbauer3, Michael Bell4, Robert Jackson1, Michael Dixon5, Zachary Sherman1, 
Irene Crisologo6

OPEN RADAR SCIENCE. 
DEMOCRATIZING RADAR 
MEASUREMENTS THROUGH OPEN 
SOURCE, OPEN DATA AND OPEN 
EDUCATION

1Argonne National Laboratory, United States; 2Environment and Climate Change Canada, Canada; 3University of 
Bonn, Germany; 4Colorado State University, United States; 5National Center for Atmospheric Research, United States; 
6Northwestern Univeristy, United States

Radar rainfall observations have been an essential in-
put to the impact-based early warning systems for flash 
floods. The ERICHA system is one of them, based on 
the basin-aggregated rainfall estimated from radar ob-
servations, and produces nowcasts of both 1-h rainfall 
accumulation and flash flood hazard level (a simple 
deterministic traffic-light indicator) for up to 6 hours. 
The system has been adapted and implemented (with-
in several European projects ERICHA, ANYWHERE, 
SMUFF, and TAMIR) i) with the inputs from regional 
radar networks and European composites, ii) over dif-
ferent domains (from regional to Continental) and with 
different resolutions of the drainage network (from 50 
m to 1000 m).

We present the lessons learned from running the system 
in real time for the past years, focusing on Continental 
products with the input radar data produced by EU-
METNET OPERA project and validation of the flash 
hazard assessment compared with reported events, and 
verification of the flash flood hazard forecasts by com-
parison with those assessed by the system itself.

Shinju Park1, Marc Berenguer1, Daniel Sempere-Torres1

EUROPEAN RAINFALL INDUCED 
HAZARD ASSESSMENT (ERICHA) 
SYSTEM: EVALUATION OF FLASH 
FLOOD NOWCASTING AT CONTINENTAL 
SCALE

1UPC-CRAHI, Spain
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Advancing spaceborne precipitation estimation relies 
on analyses to identify biases and quantify uncertainties. 
This is critical for global scale applications including wa-
ter budget studies or monitoring natural hazards caused 
by extreme rainfall events. Independent and accurate 
ground references are needed to document the Global 
Precipitation Measurement (GPM) Level-2 and Level-3 
estimates. Ground references involving dual-polarized 
radar and gauge networks are derived from the NEX-
RAD-based NOAA/NSSL’s Multi-Radar/Multi-Sen-
sor (MRMS) platform in the U.S. and the ARAMIS 
radar network in France. These references are 1) accu-
rate with known uncertainty bounds and 2) measured 
at a resolution below the pixel sizes of the GPM sensors 
and gridded products. Comparisons across regions are 
carried out within a common framework developed to 
examine the consistency of the ground and space-based 
estimates in term of precipitation detection, typology, 
and quantification. Diagnostic and prognostic analyses 
are performed to identify the precipitation properties 
and the space-borne algorithm parameters that drive 
the space-ground discrepancies. Focusing on impactful 
events such as landfalling hurricanes enable to target 
specific sources of disagreement, such as how the ice 
water content relates to the liquid water content along 
with warm microphysics processes, and to refine the ap-
plication of GPM in these contexts. Perspectives will be 
presented such as comparison with French overseas ra-
dars of La Reunion, an area known to receive each year 
one the world highest annual rainfall accumulation.

Pierre Kirstetter1,2, David Wolff3, Walt Petersen4, Yagmur Derin1, Dominique Faure5, Nicolas Gaussiat5,  
Veljko Petkovic6, S. Joseph Munchak7, Joël Van Baelen8,9, Olivier Bousquet10,8

GUIDING THE IMPROVEMENT 
OF THE GLOBAL PRECIPITATION 
MEASUREMENT MISSION WITH RADAR 
NETWORKS

1University of Oklahoma, United States; 2National Severe Storms Laboratory, United States; 3NASA Wallops Flight 
Facility, United States; 4NASA Marshall Space Flight Center, United States; 5Meteo France DSO/CMR, France; 
6University of Maryland, United States; 7NASA GSFC, United States; 8CNRS Laboratoire de l'Atmosphère et des 
Cyclones, France; 9Université de La Réunion, France; 10Météo-France; France

The prediction of the winter precipitation over complex 
terrain is quite challenging due to highly variable nature 
of snowfall. As a World Meteorological Organization 
(WMO)’s World Weather Research Program (WWRP), 
ICE-POP 2018 (International Collaborative Experi-
ments for Pyeongchang 2018 Olympic and Paralympic 
winter games) was held in the PyeongChang region dur-
ing Nov. 2017 to April 2018 with contribution from 29 
agencies from 12 countries. The region was quite unique 
to observe winter storms that are influenced by cold air 
and warm ocean interaction, sudden uplifting by steep 
terrains nearby the ocean, and modulation by complex 
terrains. The main scientific goal was to understand the 
precipitation processes in this unique region during 
cold season and to evaluate/improve forecasting from 
numerical models based on intensive observations.
Dense observational networks of upper air observation 
(8 soundings, 2 wind profilers, shipborne sounding, and 
dropsonde), remote sensing (3 X-Pol, 1 Ku/Ka-Pol ra-
dars, 3 S-Pol, 1 S-band, 2 C-band, and 3 Doppler lidars), 
microphysical observation (2DVD, MASC, PIP, Parsivel, 
MRR, POSS, Pluvio), and surface stations (64 stations) 
were implemented, in particular, to observe the evolu-
tion of precipitation along and across atmospheric flows.
We will overview the current status of data processing and 
scientific findings. In addition, the second phase of the exper-
iment has started for better understanding the microphysi-
cal processes, their better representation into the numerical 
modeling, and further improvement of winter weather pre-
diction through various international collaboration.

Gyuwon Lee1, Kwang-Deuk Ahn2, Yong-Hee Lee2, Kwonil Kim1

AN OVERVIEW OF INTERNATIONAL 
COLLABORATIVE EXPERIMENTS FOR 
PYEONGCHANG 2018 OLYMPIC AND 
PARALYMPIC WINTER GAMES ( ICE-POP 2018)

1Kyung pook National University, South Korea; 2Korea Meteorological Administration, South Korea
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The WMO Inter-Programme Expert Team on Oper-
ational Weather Radars (IPET-OWR) has been estab-
lished under the WMO Instruments and Methods of 
Observations Programme to bring together experts 
from the around the world to advise and guide WMO's 
members on many aspects related to weather radar. 
The team’s work plan responds to the emergence of 
weather radar as a global resource, the anticipation of 
an increased demand for their wider deployment and 
the requirement that radar data should be exchanged 
internationally. Such data is needed for a range of ad-
vanced regional, inter-regional, and global applications 
that include numerical weather prediction, hydrology, 
and disaster risk reduction.

One of the critical deliverables of the IPET-OWR will 
be new technical documentation in the form of a Best 
Practices Guide (BPG) on operational weather radars. 
The BPG is organized in the following eight parts.

Part A - Guide to weather radar network design.
Part B - Guide to weather radar technology
Part C - Guide to weather radar procurement
Part D - Guide to weather radar siting, configuration, 
and scan strategies
Part E - Guide to weather radar calibration, monitoring, 
and maintenance
Part F - Guide to weather radar data processing
Part G - Guide to weather radar data representation and 
international exchange
Part H - Operational weather radar glossary of terminology

At the current time, Parts A, B, C, and G are in relative-
ly mature form. Parts D, E, and F are currently under 
preparation. Part H is being compiled in collaboration 
with the American Meteorological Society.

This presentation will describe the BPG, its purpose 
and the status of the ongoing work. Each BPG Part will 
be discussed in terms of its expected content, what key 
issues it addresses and who its target audience is.

Daniel Michelson1, Bernard Urban2, Mark Curtis3, Thomas Kane3, Theodor Mammen4, Asko Huuskonen5, 
Hiroshi Yamauchi6, Akihito Umehara6, Blake McGuire7, Dean Lockett8

WMO BEST PRACTICES GUIDE TO 
OPERATIONAL WEATHER RADAR

1Environment and Climate Change Canada, Canada; 2Météo France, France; 3Bureau of Meteorology, Australia; 
4German Weather Service, Germany; 5Finnish Meteorological Institute, Finland; 6Japan Meteorological Agency, Japan; 
7National Oceanic and Atmospheric Administration, United States; 8World Meteorological Organization, Switzerland

Tropical cyclonic disturbances such as cyclones and ty-
phoons cause severe damage and losses in low/middle 
latitudes of the globe. To monitor such large-scale tropi-
cal disturbances, it is necessary to build an international 
‘borderless’ network of more than hundred of weather 
radars existing in the countries of the South and South-
east Asian region. Although these radars have been 
operated individually by each national hydro-meteor-
ological service in the region, sharing (or exchanging) 
the information of radar observations the ‘borderless’ 
network of the radars can be built substantially. To ma-
terialize the network, the Borderless Radar Information 
Networking over South and Southeast Asia (BRAIN) 
project was launched in April 2018. The BRAIN pro-
ject also contributes to the Asian Precipitation Exper-
iment (AsiaPEX) project as highlighted in GEWEX 
News (Vol. 29, No. 3, 2019). Building the BRAIN radar 
network may not be a perfect solution, that is, it may 
not be a ‘correct’ solution to make a stand against the 
tropical disturbances. However it can be materialized 
using existing local technologies (the existing radar fa-
cilities) and common knowledge (to utilize the radars 
most effectively), and thus it is a ‘viable’ solution in the 
region. There is ‘no border’ in the atmosphere. Thus 
the ‘borderless’ network to monitor the tropical distur-
bances in the atmosphere should be built as a common 
tool in the region.

Hideyuki Kamimera1

BRAIN: BORDERLESS RADAR 
INFORMATION NETWORKING OVER 
SOUTH AND SOUTHEAST ASIA

1National Research Institute for Earth Science and Disaster Resilience (NIED), Japan



54 55

ERAD 2020ERAD 2020

HARDWARE, CALIBRATION AND 
MONITORING

56 Transponder-based absolute calibration of two X-band dual-polarization  
dopper radars in China

57  An Integrated calibration framework for operational radar network monitoring

58  Online monitoring of the NEXRAD network using solar signals

59  Four years of half-hourly automatic observations of solar emissions by a mobile 
X-band radar

60  Towards the operational implementation of the self-consistency in rain  
algorithm for the estimation of reflectivity bias

61  Calibration of radar reflectivity from operational S-band weather radar 
using ground clutter and self-consistency

62  Development of a low-cost X-band meteorological radar

63  An integrated monitoring of the seoul metropolitan SSPA X-band  
dual-polarization radar network

64  Designing the radars of the future: a simulation framework to support the 
development and evaluation of adaptive concepts of operations

65  Monitoring of radar data quality in the Czech weather radar network

66  Understanding the quality of radar data as a first step towards nowcasting of 
rainfall in the Tropics

67  Pulse compression for solid state weather radars

68  An update on the advanced technology demonstrator at the national severe 
storms laboratory

69  Monitoring the quality of weather radars using the sun

70  An open concept for the monitoring of the calibration and operational  
performance of weather radars



56 57

HARDWARE, CALIBRATION
AND MONITORING

HARDWARE, CALIBRATION
AND MONITORING

Advancements in weather radar technology has wid-
ened the applicability of weather radar data to a wealth 
of complex applications such as high-resolution precip-
itation, lightning and hazardous wind nowcasts, com-
bined rain gauge / weather radar quantitative precipi-
tation estimation, hydrological runoff forecasts, radar 
data assimilation in numerical weather prediction mod-
els etc. Therefore, the quality of weather radar data is 
critically important for weather services that are provid-
ing or are planning to provide advanced radar derived 
meteorological and hydrological products. However, 
not only advanced weather radar applications require 
highly accurate radar data: tasks like radar data exchange 
and quantitative precipitation estimation rely on radar 
data that is calibrated to the highest standards.

In collaboration with the Swiss National Institute of 
Metrology (METAS), Palindrome Remote Sensing 
developed a transponder system which is capable to 
calibrate radar reflectivity, differential reflectivity, Dop-
pler velocity, antenna pointing and range accuracy. The 
system provides a calibration chain that allows to trace 
back radar reflectivity measurements to SI units. The ex-
ternal transponder system is set-up within the coverage 
of the radar. It receives radar pulses, applies a predefined 
Doppler shift and time delay and sends the signals back 
to the radar with a fraction of the received signal power. 
This emulates the presence of a virtual calibration target 
with known spatial and polarimetric radar cross section 
characteristics. The comparison of the radar measure-
ments of the virtual target with the predefined target 

characteristics is used to calibrate the weather radar.

In September 2019, the calibration transponder system 
was tested with two polarimetric X-band weather ra-
dars that were located on the Campus of the Chengdu 
University of Information Technology (CUIT) in the 
city of Chengdu, China. A series of experiments were 
performed, i.e., linearity tests in which the reflectivity of 
the calibration target was increased from 10 to 75~dBZ 
as well as differential reflectivity, velocity and range var-
iations of the test target.

Reflectivity and differential reflectivity offsets were de-
termined for the two radar systems with an accuracy 
of 0.5 and 0.2 dB, respectively. It was found that the 
considerable ZDR offset of the magnetron-based US 
system is related to polarimetric inhomogenities in the 
antenna patterns. The Chinese solid state system exhib-
ited more homogeneous polarimetric antenna patterns. 
Its ZDR offset was found to be close to zero over the 
radar's whole dynamic range.

Jianxin He1, Marc Schneebeli2, Andreas Leuenberger2

TRANSPONDER-BASED ABSOLUTE 
CALIBRATION OF TWO X-BAND DUAL-
POLARIZATION DOPPER RADARS  
IN CHINA

1Chengdu University of Information Technology, China; 2Palindrome Remote Sensing, Switzerland

The stability and accuracy of weather radar reflectivity 
calibration are imperative for quantitative applications, 
such as rainfall estimation, severe weather monitoring 
and nowcasting, and assimilation in numerical weather 
prediction models. Various radar calibration and moni-
toring techniques have been developed, but only recent-
ly have integrated approaches been proposed, that is, 
using different calibration techniques in combination.

We have developed a framework at the Australian Bu-
reau of Meteorology that allows us to monitor the 
calibration of the entire operational radar network in 
near real-time. That framework ingests the results of 1) 
ground clutter monitoring, 2) comparisons with space-
borne radars (GPM), 3) solar calibration, and 4) bird-
bath monitoring of Zdr for dual-polarization radars. 
With this framework we have been able to improve the 
quality of the entire radar network.

Valentin Louf1, Alain Protat1

AN INTEGRATED CALIBRATION 
FRAMEWORK FOR OPERATIONAL 
RADAR NETWORK MONITORING

1Bureau of Meteorology, Australia
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Online solar monitoring is a method in which occasion-
al solar interferences in the radar data, recorded during 
operational scanning, are used to monitor antenna 
pointing, identify signal processor issues, keep track of 
receiver chain stability and calibration, and monitor the 
balance between horizontal and vertical polarization 
receiver chains. The solar method is nowadays used 
widely. It has been implemented in ODC, the data hub 
operated by the Eumetnet radar programme OPERA 
to give monitoring data on more than 100 radars in 20 
European radar networks, and taken into use by several 
national weather services in Europe, Canada, Australia 
and South Africa, and its operational use has proven to 
be highly effective in radar network monitoring.

NEXRAD is a homogenous continental scale network 
of 160 S-band radars and hence a much larger scale net-
work than the other networks where solar monitoring is 
used. This makes it most suitable for assessing the capa-
bility of the solar monitoring in statistical sense, because 
of the technical homogeneity of the radar network. The 
NEXRAD level-II data contain radial-by-radial noise 
power in which increased noise power is observed when 
the antenna points close to the sun. Our decoding soft-
ware extracts these noise power estimates for the hori-
zontal and vertical receiver channels (converted to solar 
flux units) and relevant metadata, such as the azimuth, 
elevation, observation time and radar location. Further-
more, we have optimized our solar modelling method 
for analyzing the NEXRAD noise power data.

Here we present results on analyzing one year of so-
lar-monitoring data from 140 radars. We show cases 
studies of selected radars, as well as statistical results 
on the antenna biases, the solar fluxes, and the differ-
ential reflectivity, based on the full dataset. The results 
demonstrate that the solar method can provide great 
benefits for monitoring and harmonizing national and 
transnational operational radar networks.

Asko Huuskonen1, Iwan Holleman2, Brandon Taylor3

ONLINE MONITORING OF THE NEXRAD 
NETWORK USING SOLAR SIGNALS

1Finnish Meteorological Institute, Finland; 2Radboud University, Faculty of Science, Netherlands; 3Centuria 
Corporation, United States

The use of the sun as a calibration reference for weather 
radars has been widely described in the literature. Mete-
oSwiss employs sun-based calibration techniques both 
on its five C-band operational weather radars and on 
the mobile X-band dual-polarization Doppler weather 
radar operated on behalf of the Swiss Army.
This contribution presents the automatic sun tracking 
strategy implemented since 2016 on the mobile X-band 
weather radar resulting in more than 1000 measuring 
days. The strategy foresees a dedicated sun scan occur-
ring every 30 minutes pointing the antenna towards the 
sun when allowed by the radar operating conditions. 
Analysis of the sun power data collected in 2016 with 
this method has been already discussed by Gabella and 
Leuenberger [Sensors, May 2017] in terms of data qual-
ity. This study concluded that the radar is able to repro-
duce the slowly varying solar component and reported 
a correlation coefficient between sun+noise and the 
Dominion Radio Astrophysical Observatory (DRAO) 
reference of 0.76 (0.67) for the vertical (horizontal) 
channel.
We provide here a detailed description of the post-pro-
cessing applied on the raw data, meaning the power re-
ceived from the sun. Furthermore, the data collected in 
2016 are complemented with those collected from 2017 
until 2020 and an extended analysis in terms of data 
quality is performed over this longer period of time. 
The evaluation is performed with respect to the DRAO 
reference but also by analyzing the correlation between 
the H and V channels and the influence of technical 

changes implemented through the years on the system. 
An example is the installation of a new and seamless ra-
dome in 2019 that has been shown to reduce dramati-
cally the scattering of the sun power values. This meth-
od has been originally coded in IDL and it is currently 
being translated in python with the aim of making it 
available to the weather radar community within the 
open-source Python package Pyrad.

Zaira Schauwecker1, Jordi Figueras i Ventura1, Martin Lainer1, Marco Gabella1, Andreas Leuenberger2, Jacopo Grazioli1

FOUR YEARS OF HALF-HOURLY 
AUTOMATIC OBSERVATIONS OF SOLAR 
EMISSIONS BY A MOBILE X-BAND 
RADAR

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland; 2Palindrome Remote Sensing GmbH, 
Switzerland
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Assuming the drop size distribution of rain can be char-
acterized by a gamma distribution, only 3 parameters 
are required to fully describe the rainfall rate. If the Mμ 
parameter in the self-consistency is assumed to vary lit-
tle on a given climatology then only 2 parameters are 
necessary. On the other hand, polarimetric radars pro-
vide 3 variables that can be used to estimate rainfall rate, 
namely, reflectivity (ZH), differential reflectivity (ZDR) 
and specific differential phase (KDP). Thus, they are re-
lated between them. Theoretically this fact can be ex-
ploited to estimate the reflectivity bias. Assuming ZDR 
is well-calibrated and taking advantage of the fact that 
KDP is independent of radar calibration, one can infer 
an expected value of ZH from those two. The reflectivi-
ty bias can then be obtained by comparing the expected 
value with the measured one.
Based on this principle, several papers have been present-
ed in literature describing different implementations of 
the technique. However, its operational implementa-
tion resulted to be non-trivial for various reasons. In the 
first place, it appears that the uncertainty surrounding 
the self-consistency relationship is higher than hypothe-
sized due to the impact that variations e.g. in drop shape 
or temperature, have on it. Secondly measurement is-
sues difficult to correct such as the spatial and temporal 
variability of the ZDR bias or the impact of phase noise 
into KDP are not properly addressed.
In this work, we present an analysis of the performance 
of two self-consistency algorithms. The first one is 
based on the paper by Gourley et al. (2009). In this algo-

rithm, the self-consistency bias is estimated on a per-ray 
basis. To increase the robustness, a daily estimate is ob-
tained by computing the median of all the estimations. 
The second one is based on the paper by Ryzhkov et 
al. (2005). In this algorithm, area-time integral of meas-
ured and estimated KDP are used to obtain the daily 
bias estimate. Details of the implementation and long 
term results on the MeteoSwiss C-band radar network 
will be presented during the conference.

Jordi Figueras i Ventura1, Martin Lainer1, Zaira Schauwecker1, Jacopo Grazioli1

TOWARDS THE OPERATIONAL 
IMPLEMENTATION OF THE SELF-
CONSISTENCY IN RAIN ALGORITHM 
FOR THE ESTIMATION OF 
REFLECTIVITY BIAS

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland

Radar calibration is an essential prerequisite to ensure 
the data quality and to improve the performance of 
operational applications, such as quantitative precipita-
tion estimation (QPE) and hydrometeor classification 
algorithms (HCA). The main issue of the radar cali-
bration is the malfunction and miscalibration of radar 
system components after the routine inspection. In this 
study, we developed the technique to calibrate radar re-
flectivity (Z_H) automatically using ground clutter and 
self-consistency principle in real-time.
The procedures for calibrating Z_H was divided into 
three steps: 1) development of ground clutter map, 2) 
calculation of the statistics of Z_H at ground clutter 
area, and 3) determination of the baseline, considering 
the absolute calibration bias calculated from self-con-
sistency principles. The ground clutter map was con-
structed by integrating and counting the frequency of 
occurrence of Z_H over the given threshold. And then, 
the relative calibration adjustment (RCA) was estimat-
ed by calculating the difference between the baseline 
and the statistics of Z_H at ground clutter area. For this 
purpose, the baseline was determined by estimating the 
absolute calibration bias based on self-consistency prin-
ciples. The relationship between Z_H and specific dif-
ferential phase was used in this study. Finally, we adjust-
ed the baseline and monitored the RCA for correcting 
Z_H in real-time.
In conclusion, this technique makes it possible to use 
the radar measurements, which are immune to the cali-
bration bias. In addition, monitoring of the calibration 

bias in real-time is valuable in that radar engineers can 
carefully examine the radar system during the routine 
inspection.

Jeong-Eun Lee1, Soohyun Kwon1, Sung-Hwa Jung1

CALIBRATION OF RADAR REFLECTIVITY 
FROM OPERATIONAL S-BAND 
WEATHER RADAR USING GROUND 
CLUTTER AND SELF-CONSISTENCY

1Weather Radar Center, Korea Meteorological Administration, South Korea
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We have undertaken a journey to develop a small 
X-band radar based on widely available commercial off-
the-shelf (COTS) components. We have evaluated vari-
ous radar transmitters, antenna and radome designs and 
sizes and we are currently operating the second-largest 
radar network in Europe, spanning 5 countries and con-
sisting of 27 radars.

The final solution can be deployed by a small team in 
two days and operated without supervision with neg-
ligible maintenance and recurring costs. With approxi-
mately 120 kilometers of effective range and high refresh 
rate, it might be a good fit as an early warning radar, for 
areas with no current radar coverage or to fill gaps in 
larger networks; however, due to some limitations of 
the X band, namely higher attenuation in spatially dis-
tributed rain, it may not be a replacement of long-range 
observation radars.

In this work, we present an overview of our undertak-
ings, technical solutions we have chosen and problems 
we have encountered. First, we cover transmitter tech-
nology selection, and discuss advantages and disadvan-
tages of currently available magnetron and solid-state 
transmitters. Then we show the evolution of our an-
tenna design, from 1-dimensional slotted waveguide to 
parabolic antennas with tapered beam.

With large parabolic antennas, another problem arises: 
the mechanics of the radar cannot cope with the addi-
tional weight and angular momentum, thus we had to 

develop various mechanical supports and a custom ro-
tator. This rotator can also tilt the antenna, effectively 
adding volumetric scanning; the tilting is also needed to 
cope with non-ideal radar locations, where the horizon 
is partially obscured, which are unfortunately common 
for a radar network with limited budget. Finally, we 
discuss design and material selection of our custom ra-
domes, and present an overall experience with everyday 
running and maintaining the network.

Jan Hrach1

DEVELOPMENT OF A LOW-COST 
X-BAND METEOROLOGICAL RADAR

1Meteosense, s.r.o., Czech Republic

To enhance the surveillance of low altitude hazardous 
weathers through the high temporal and spatial reso-
lution, the Weather Radar Center (WRC) of the Ko-
rea Meteorological Administration has established the 
SSPA X-band dual-polarization radar network over the 
Seoul metropolitan area. These three SSPA X-band 
dual-polarization radars are installed in the military 
zone and operated unmanned remotely. Even though 
we have the simple radar monitoring system provided 
by the manufacturer, an improved system to monitor 
the whole radar network is needed. The main purpose 
of this monitoring system is not to miss the inspection 
point of the radar network and to manage it more ef-
fectively.
This system consists of four parts. The 1st part is mon-
itoring the radar data acquisition including data trans-
mission, access permission, and quality control process. 
The 2nd and 3rd parts are checking server availability 
including network infrastructure and environmental 
sensors (temperature, humidity, UPS power level, and 
etc.), respectively. The last part is monitoring of radar 
HW state using IRIS BITE variables and radar parame-
ters’ (differential reflectivity and reflectivity) system off-
set level using WRC in-house developed program.
We will plan to improve this system continuously 
through testing and adding other parameters to the 
monitored parameters and plugging the better graphi-
cal output information.

Ji-Young Gu1, Jin-Woo Park1, Sun-Jin Mo1, Byung-Hee Lim1, Sung-Hwa Jung1

AN INTEGRATED MONITORING OF 
THE SEOUL METROPOLITAN SSPA 
X-BAND DUAL-POLARIZATION RADAR 
NETWORK

1Weather Radar Center, Korea Meteorological Administration, South Korea
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Objective radar requirements to support the evolution-
ary needs of the National Weather Service (NWS) in-
clude improvements in data quality, rapid-update volu-
metric data, and the ability to perform adaptive weather 
observations. While the operational U.S. Weather Sur-
veillance Radar – 1988 Doppler (WSR-88D) network 
has exceeded its expected life, intrinsic architecture 
limitations prevent it from improving its capabilities 
to achieve the required functionality. Thus, the NWS 
is conducting an analysis of alternatives for a WSR-88D 
follow-on leveraging modern radar technology and evo-
lutionary concepts of operations (ConOps) for weather 
surveillance.

Among the evolutionary ConOps being considered, 
those that use adaptive scanning have shown promise in 
terms of providing a good balance between improved 
capabilities and additional cost and complexity. By 
means of adaptive techniques, the radar can dynamical-
ly balance the use of radar resources (time and energy) 
to provide the users of radar data the information they 
need where and when they need it. However, designing 
and testing adaptive scanning algorithms is not a trivial 
task. An objective and robust way to design and eval-
uate adaptive scanning techniques requires a simulator 
capable of producing radar data as it would be seen by 
different radar systems using adaptive scanning tech-
niques.

In this work, we describe a simulation framework that 
can be used to evaluate the performance of adaptive 

scanning techniques using different radar designs. The 
simulator can be used to: (1) compare the performance 
of different adaptive scanning techniques on the same 
weather scenario, (2) evaluate the performance of a 
given adaptive scanning technique on several weather 
scenarios, and (3) evaluate the performance of a given 
adaptive scanning technique on a given weather scenar-
io using different radar designs. In other words, the sim-
ulator provides an interface with the users of radar data, 
and it allows the development of evolutionary ConOps 
to meet NWS evolutionary observing needs.

Sebastian Torres1, David Schvartzman1
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1University of Oklahoma, United States

The Czech Hydrometeorological Institute (CHMI) op-
erates weather radar network CZRAD which consists 
of two Doppler C-band dual-pol radars Vaisala WRM 
200 which were installed during summer 2015 replac-
ing older single-pol weather radars. Data output of CZ-
RAD network is widely used by forecasters in meteor-
ology and hydrology, air traffic control and other users.
Radar measurements in horizontal and vertical polari-
zation enable improvement of quality of standard hori-
zontal radar reflectivity and radial velocity data (better 
filtering of non-meteorological targets and attenuation 
correction) and provide also fully new radar products 
that extend ways of their utilization (e.g. hydrometeor 
classification, detection of strong storm updrafts using 
ZDR column product). However increasing quantita-
tive use of these radar data has also increasing demands 
on radar data quality. Therefore to ensure better quality 
of dual-pol data extended effort has to be focused on 
radar data calibration and monitoring.
Several procedures are currently being developed in 
the CHMI. These procedures monitor various radar 
moments like ZDR , PhiDP , ZH , ZV and TH , TV 
including their dependency on distance, azimuth and 
their changes in time in order to detect possible inter-
nal changes in radar system and external factors such as 
RLAN interferences. The contribution gives an over-
view of the procedures implemented in the CHMI used 
for monitoring of various radar data parameters.

Hana Kyznarová1, Petr Novák1
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Singapore is a small city-state just off the southern tip of 
the Malaysian Peninsula. Types of precipitation events 
that can impact the country – often originating from 
outside its borders (i.e. weather observation networks) 
– include convection storms, Sumatra squalls and mon-
soon surges associated with large-scale forcing. The 
tropical climate results in year round convective thun-
derstorms that are typically localized in nature and are 
often characterized with rapid growth and decay, weak 
environmental winds (particularly during inter-mon-
soon seasons), as well as back-building. As a result, 
these characteristics can go well beyond the limits of a 
radar-based nowcasting system that relies exclusively 
on extrapolation methods. Forecasters have traditional-
ly used radar and satellite data in a qualitative manner 
to nowcast the convective weather (0 – 2 hr lead-time) 
associated with the aforementioned weather phenome-
na and have expressed their need for guidance from an 
expert system for lead-times up to 6 hours. Thus this 
study will aim to develop a 0 – 6 hour radar- and NWP-
based nowcasting system adjusted for use in the tropics.
To give the project the best opportunity to succeed, 
the approach will scrutinise the entire radar processing 
chain and can be broadly broken down and summarised 
in 4 steps: (i) Ensuring high quality data through quali-
ty monitoring methods and by carefully evaluating the 
data acquisition and quality control procedures; (ii) de-
ploying the latest techniques in radar compositing, ve-
locity processing and precipitation estimation to ensure 
accurate input to nowcasting models; (iii) determine 

the predictability of various radar based nowcasting 
techniques associated with certain weather regimes in 
the tropics and how to exploit specific advantages; (iv) 
combine radar- and NWP-based nowcasts to produce 
a seamless 0 to 6 hour nowcasting product, that will be 
capable of acceptable skillful guidance in the tropics.
This presentation will focus on the first step, where 
monitoring methods such as frequency versus range 
plots and analysis from solar signals have been used to 
determine the quality of data produced by the radar sig-
nal processor. The results showed a large shift in receiver 
calibration, inconsistencies with the Minimum Detect-
able Signal (MDS), strict filtering that resulted in the 
removal of the 0 ms-1 isodop and the associated reflec-
tivities; the consequence of a second trip recover filter 
and even possible software errors. More details on the 
aforementioned results and progress towards improv-
ing the data quality will be presented.

Erik Becker1, Hidde Leijnse2, Remko Uijlenhoet3
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Pulse compression is a radar technique that combines 
the advantages of long pulses and short pulses. It im-
proves the range resolution and enables adequate sen-
sitivity for lower peak power solid state transmitters. A 
tool developed by GAMIC generates an optimal pulse 
waveform to improve ground clutter supression and 
weather detection while reducing false detection of 
weather echoes.

Matthias Toussaint1, Dietmar Veerkamp1, Johannes Vieten1
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The National Oceanic and Atmospheric Administra-
tion (NOAA) has identified evolutionary radar mission 
capabilities aimed at addressing current and future mis-
sion needs to support National Weather Service (NWS) 
warning operations. Important requirements driving 
the next generation of weather surveillance radars in-
clude improvements in data quality, access to rapid-up-
date volumetric data, and the ability to perform focused 
and tailored weather observations. Systems based on 
phased-array antennas are promising solutions, and 
significant R&D investments over the last two dec-
ades have contributed to a growing understanding of 
Phased-Array-Radar (PAR) technologies.

As a major milestone, NOAA partnered with the Fed-
eral Aviation Administration to develop the Advanced 
Technology Demonstrator (ATD). The ATD is locat-
ed at the National Weather Radar Testbed in Norman, 
Oklahoma and is the first full-scale, S-band, dual-polar-
ization, active, electronically scanned PAR for weather 
observations. The ATD leverages several prior invest-
ments to provide a flexible and affordable radar system 
with which to evaluate performance and identify resid-
ual risk areas. Since its installation in June of 2018, en-
gineering teams from the National Severe Storms Lab, 
the University of Oklahoma, MIT Lincoln Laboratory, 
and General Dynamics Mission Systems have overcome 
important technical challenges and have made signif-
icant strides towards preparing the ATD for its initial 
operating capability.

When operational, the ATD is expected to provide im-
portant information about PAR polarimetric perfor-
mance (including calibration), the maturity of this tech-
nology, and its suitability to meet NWS mission-critical 
requirements. In this presentation, we will provide an 
overview of the planned operational capabilities of the 
ATD, an update on progress to date, and a roadmap for 
engineering and meteorological research that will help 
prepare NOAA for the next generation of weather-sur-
veillance radars.
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The Sun is an electromagnetic source, when detected by 
radar systems it can be used to determine, at any time of 
the year, parameters that characterize the quality of ra-
dar observations. It is clear that the pointing accuracy of 
the radar antenna axis must be as precise as possible to 
reduce incorrect geolocation of the meteorological tar-
get, as it is also evident that the receiver must be calibrat-
ed in order to detect the correct intensity of the event 
itself. For such quality checks on radar systems, the sun 
can be used effectively, in synergy or as an alternative to 
other techniques.
The verification procedure is based on the use of a spe-
cific software capable of identifying and extracting from 
the data collected by the two radar systems, operating in 
the C band at the frequencies of 5620 MHz (San Piet-
ro Capofiume) and 5600 MHz (Gattatico), to compare 
them with the values of power, azimuth and elevation 
occupied by the sun for hits over the last two years. It 
should be noted that both systems, operating in a high-
ly anthropized environment, are subject to considerable 
interference (both in terms of intensity and size) such as 
to reduce, particularly at lower elevations, the effective-
ness of the identification technique adopted.The com-
parison of the extracted data set allows to determine the 
degree of accuracy of the pointing of the antennas, for 
each radar system, its variability over time and the de-
pendence on the elevation used.
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Data quality and weather radar performance become 
essential for every meteorological service. There is an 
increasing demand for more accurate, stable, and well 
calibrated data for quantitative measurement, severe 
weather monitoring, rainfall estimation, and numerical 
weather prediction models.
Modern technologies provide a lot of potential to derive 
performance and quality measures without interfering 
the radar operation, flexible for different weather radar 
system hardware and independently of the radar man-
ufacture; moreover inherently given since it is based on 
the atmospheric measurements.
In this paper, we describe a new concept of an open soft-
ware framework for the definition, processing and mon-
itoring of customizable performance measures, called 
key figures. Key figures can be used e.g. for the detection 
of the specific behavior or the variation of parameters 
in certain weather conditions to monitor the quality of 
radar data or the degradation of radar hardware (used 
for predictive maintenance strategies) from the data it-
self. The general approach is to define algorithms which 
produce representative values (resp. key figures) and to 
study their variation in function of the time.
For example, the average value of the Differential Re-
flectivity (ZDR) in light rain or the comparison of over-
lapping radars in a radar network can be used to derive 
key figures; the average value of ZDR at 90° (birdbath 
calibration) can be an another one. Louf et al. 2019 has 
shown that monitoring the 95 percentile of the reflec-
tivity of the near ground clutter (Relative Clutter Ad-

justment (RCA)) would monitor the stability of the 
absolute calibration of the entire system. RCA is also 
considered as a key figure. Other key figures can be 
simply programmed and configured by the user inde-
pendently of the radar hardware.
A dedicated database with a graphical application is 
part of the framework. The application offers the plot-
ting of the key figures in real-time, as well as archiving, 
restoring, and extracting data for long-term periods.

Hassan Al Sakka1, André Weipert1
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Compared to the legacy GOES Imager, the Advanced 
Baseline Imager (ABI) on the GOES-R series provides 
measurements at much higher resolution in both spa-
tial and temporal dimensions, which benefits many 
applications such as rainfall rate estimation. However, 
it is challenging to quantify the hydrometeor size dis-
tribution in the cloud and surface precipitation inten-
sity with only the Infrared (IR) radiation and convert-
ed brightness temperature information. Comparison 
between ground radar rainfall estimates and the oper-
ational GOES-16 rain rate products indicates that un-
certainty associated with GOES-16 rain rate estimates 
is significant. This paper proposes an innovative deep 
learning system for precipitation estimation using 
measurements from the ABI on the GOES-R series. In 
particular, the brightness temperature information ob-
served by channels 8/10/11/14/15 of the ABI are used as 
input to this machine learning framework. The rainfall 
estimates from a ground radar network are used as tar-
get labels in the training of the designed deep learning 
model. Independent verification shows that the deep 
learning-based rainfall system performs well at estimat-
ing precipitation time, intensity, and amount over a 
range of rainfall conditions. The superior performance 
to the currently operational GOES-R product during 
the case studies suggests that machine learning‐based 
approaches should be considered in future develop-
ment of rainfall algorithm for the GOES-R series.
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Since January 2017, the Royal Netherlands Meteoro-
logical Institute (KNMI) operates two new dual-polar-
ization C-band weather radars in Simultaneous Trans-
mission And Reception (STAR; i.e., horizontally and 
vertically polarized pulses are transmitted simultane-
ously) mode. Data from these radars are composited to 
obtain operational 2-D rainfall products for the Neth-
erlands, having a temperate climate. These products 
are extensively used for e.g. nowcasting, water manage-
ment, and climatological purposes.

When no gauge data are employed to adjust the radar 
data, on average, a 49% underestimation is found for 
radar daily rainfall depths against a network of 322 
manual rain gauges over a period of 11 months. Rain-
fall-induced attenuation is one of the sources of error 
contributing to this underestimation. In order to im-
prove the radar-based precipitation estimates, two at-
tenuation correction methods are evaluated: 1) Mod-
ified Kraemer (MK), i.e. Hitschfeld Bordan where 
parameters of the power-law Z-k relation are adjusted 
such that reflectivities in the entire dataset do not ex-
ceed 55 dBZ and attenuation correction is limited to 10 
dB; 2) path-integrated attenuation computed from the 
dual-pol moment specific differential phase (KDP). In 
both cases the open-source wradlib code is employed for 
the actual attenuation correction. Starting point are the 
volumetric radar data from 3 elevation scans to which 
Doppler filtering has already been applied. In addition, 
the wradlib fuzzy logic algorithm is applied to remove 
non-meteorological echoes. Subsequently, the forecast-

ed freezing level height from the numerical weather pre-
diction model HARMONIE-AROME, which would 
have been available in real-time, is extracted for each 
radar voxel. If the height of the radar beam is below this 
freezing level height, precipitation is assumed to be liq-
uid and attenuation correction is only applied for these 
voxels.

Radar-based precipitation estimates are evaluated at 
the locations of 32 automatic (hourly) and 322 manual 
(daily) rain gauges. The results are contrasted to those 
for which no attenuation correction has been applied. 
The verification against rain gauge data especially shows 
a reduction in the underestimation from 51% to 41% for 
daily radar-gauge pairs (gauge rainfall > 1 mm) for the 
KDP method. The improvement for the MK method 
is much less pronounced, with a resulting underestima-
tion of 46%. The stability of the MK method holds a 
promise for application to data archives from single-pol 
radars. Finally, overlapping elevation scans from both 
radars are compared to investigate whether scatter de-
creases due to applying a KDP-based attenuation cor-
rection.
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The pan-European trend toward more frequent ex-
treme precipitation is unequivocal. Nevertheless, an 
accurate (sub-)daily rainfall product covering Europe at 
the km scale is currently lacking. This shows the need for 
deriving a radar-based climatological dataset of hourly 
rainfall depths. The archive of EUMETNET-OPERA 
radar composites will be employed as a starting point, 
with the aim to develop a gauge-adjusted radar rainfall 
dataset at a 2-km grid from 2013 to the present, covering 
a large part of Europe. Such a dataset would be valuable 
to, e.g., obtain rainfall climatologies, but also for evalu-
ation of weather model output or satellite precipitation 
products with the goal to improve these. Moreover, it 
would boost the research on short-duration, small-scale 
extreme precipitation events to which the European so-
ciety is vulnerable.

Preliminary results on the development of this climato-
logical radar dataset will be presented. We focus on two 
essential steps. First, the removal of non-meteorologi-
cal echoes is addressed by evaluating statistically based 
methods, as well as a satellite-based cloud mask. Second, 
an inventory of available (sub-)daily rain gauge data is 
presented, which are needed to adjust the radar data.

Aart Overeem1, Gerard van der Schrier1, Else van den Besselaar1, Hidde Leijnse1
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Microwave backhaul links from cellular communi-
cation networks provide a valuable “opportunistic” 
source of high-resolution space–time rainfall informa-
tion, complementing traditional in situ measurement 
devices (rain gauges, disdrometers) and remote sensors 
(weather radars, satellites). Over the past decade, a grow-
ing community of researchers has, in close collaboration 
with cellular communication companies, developed 
retrieval algorithms to convert the raw microwave link 
signals, stored operationally by their network manage-
ment systems, to hydrometeorologically useful rainfall 
estimates. Operational meteorological and hydrological 
services as well as private consulting firms are showing 
an increased interest in using this complementary source 
of rainfall information to improve the products and ser-
vices they provide to end users from different sectors, 
from water management and weather prediction to ag-
riculture and traffic control. The greatest potential of 
these opportunistic environmental sensors lies in those 
geographical areas over the land surface of the Earth, 
where the densities of traditional rainfall measurement 
devices are low: mountainous and urban areas, and the 
developing world. We present case studies for Sri Lanka 
and Nigeria and a 5-month comparison for Sri Lanka. 
The open-source R package RAINLINK is employed 
to derive link-based rainfall maps covering 50% of Sri 
Lanka for a 5-month period and covering Lagos, Nige-
ria. These are compared to rain gauge data, as well as 
to data from the Dual-frequency Precipitation Radar 
on board the Global Precipitation Measurement Core 

Observatory satellite. We also discuss some of the chal-
lenges and opportunities regarding continental-scale 
rainfall monitoring using microwave links from cellular 
communication networks.
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A low-cost, ground-based microwave link and earth-satel-
lite system are based on the principle that the atmospher-
ic attenuation produced by rain encountered along each 
transmission path. The application of X-band radars in 
a network can be deployed to overcome long wavelength 
(C-band or S-band) radars coverage limitations. However, 
the attenuation caused by precipitation on the propaga-
tion of X-band hinders the implementation of quantita-
tive precipitation estimation by weather radar. We have 
made comparison between four attenuation correction 
methods and propose a new algorithm based on the ref-
erence attenuation from multiple microwave links. The 
reflectivity attenuation of X-band radar was corrected 
forward- -iteratively at each microwave link and the cor-
rection coefficients were statistically analyzed to reduce an 
uncertainty. The correction coefficient was optimized and 
stabilized. This algorithm effectively reduces instability 
of problems of the estimating correction coefficient and 
broaden the application scope of ground-based microwave 
links. No further independent reference data is required. 
The attenuation correction can account for spatiotempo-
ral differentiation, and, depending on the rainfall, recovers 
the physical structure of the rainfall. The algorithm was 
evaluated in convective rainfall case and stratiform rainfall 
case and validated by comparing the corrected reflectivity 
of X-band radar with the qualifiedly controlled reflectivity 
of S-band radar. This method can contribute to estimate 
the quantitative rainfall in developing countries where 
cannot operate dual-polarization weather radar and the 
increases network of microwave link.
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Recent advances have been made to demonstrate the 
benefits of radar-derived horizontal specific attenuation 
(AH) for Quantitative Precipitation Estimation (QPE) 
at S and X band, however, to date the methodology has 
not been adapted and optimized for C-band radars in 
widespread use in Europe. Simulations based on a large 
dataset of Drop Size Distributions (DSDs) measured 
in Germany are performed to investigate the DSD de-
pendencies of both the attenuation parameter αH, 
mandatory to first derive AH, and the R(AH) relation 
itself. The slope of differential reflectivity (ZDR) versus 
reflectivity (ZH) and the normalized raindrop concen-
tration (Nw) are used to categorize radar observations 
and corresponding optimized αH and R(AH) relations 
are applied. For heavier continental rain dominated by 
large raindrops originating from hail or contaminated 
with hail, the R(AH) algorithm is further combined 
with the rainfall retrieved from specific differential 
phase R(KDP). ZH with attenuation correction only is 
used to estimate rainfall above the melting layer. Also, 
the performance of retrievals based on vertical specific 
attenuation R(AV) are tested. Finally, the adapted hy-
brid QPE algorithms are applied to two diverse case 
study days monitored by the nation-wide C-band radar 
network in Germany in July 2017 and compared to rain 
gauge measurements and the operational German RA-
dar-OnLine-ANeichung (RADOLAN) RW product, 
which is based on reflectivities only but adjusted to rain 
gauges. Rainfall retrievals using AH/V with optimized 
αH/V and relations combined with the R(KDP) out-

perform others when compared to rain gauges and are 
consistent with RW. The potential of Polarimetric Ver-
tical Profile of Reflectivity (PVPR) method for bright 
band correction is also discussed.

Juyu Chen1, Silke Trömel1, Clemens Simmer1, Alexander Ryzhkov2
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Radar-based quantitative precipitation estimation (QPE) 
in the Multi-Radar Multi-Sensor (MRMS) system is 
derived from the reflectivity field when the radar obser-
vations are within or above the melting layer. To reduce 
errors associated with the bright band or when the radar 
beam overshoots precipitation at further ranges from the 
radar, an apparent vertical profile of reflectivity (AVPR) 
correction was implemented. This AVPR correction is 
derived from the reflectivity profile only, and assumes 
that the bright band structure is predominantly isotropic. 
However, this isotropic AVPR correction becomes less ef-
fective in instances of non-isotropic bright band structure 
due to underlying terrain influences or by variable vertical 
motions, or when the meting layer low enough such that 
the full bright band structure cannot be observed.

With the use of dual-pol variables, a bright band de-
lineation algorithm was developed within the MRMS 
framework to identify the bright band areal extent and 
the bright band top and bottom heights for individual 
tilts of radar data. This information was used to devel-
op a radially-dependent AVPR model which can better 
correct reflectivity in situations of non-isotropic bright 
bands and low bright band events. This algorithm has 
been tested on varying bright band events across the CO-
NUS. The radially-dependent AVPR correction provid-
ed a more accurate delineation of bright band areas and a 
more effective reduction in QPE errors within and above 
the bright band than the prior isotropic AVPR correc-
tion, especially for precipitation events with low melting 
layers or with strong variability of vertical motions.
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Weather radar is a crucial tool in rainfall estimation, for 
flood forecasting and urban drainage design. In June 
2012, Newcastle upon Tyne (North-East England) suf-
fered extensive flooding due to a high-intensity rainfall 
event, the Toon Monsoon, during which a month's 
worth of rainfall fell in just two hours. During which, 
C-band weather radar snapshots suggested areas of un-
expectedly low rainfall amounts, despite nearby high 
ground observations. Significant underestimation of 
rainfall from a dampening of the radar signal resulted 
in rainfall ‘shadows’. The extent of this signal loss – at-
tributed to attenuation effects from intervening rainfall 
– cannot be accurately estimated from reflectivity meas-
urements during high-intensity events. The frequency 
and extent of these shadows is unknown, and the infor-
mation is lost.

There is a systematic underestimation in radar rainfall 
estimates due to the area-average nature of radar pixels, 
so observations are typically corrected using ground 
observations. The focus is therefore on the ability of 
weather radar to capture the pixel ranks, instead of 
absolute reflectivity values. An ensemble of simulated 
rainfall fields is generated to investigate shadow effects 
caused by intervening high-intensity rainfall. Each en-
semble member is conditioned to satisfy key aspects 
of a spatial rainfall field, namely the spatial correlation 
structure and marginal distribution, to ensure realistic 
rainfall properties. Inverting standard radar processing 
methods gives an estimate of path-integrated attenua-
tion to obtain a synthetic attenuated rainfall field.

Key statistics from fields can then be used to highlight 
properties resulting in rainfall shadows, using the pro-
portion of image attenuated and area of fully attenuat-
ed pixels, for different level rainfall events. The centroid 
of the radar snapshot image can be calculated using the 
first areal moment, giving a good indicator of the pro-
portion of image attenuated – more central rainfall has 
a larger impact on a more radar beams. Using the ray 
rank profile for both the actual and attenuated images 
within the simulated fields, we can consider the rank 
difference between the two to identify behaviours caus-
ing large attenuation biases. These behaviours are fur-
ther investigated using horizontal visibility graphs, en-
abling the characterisation of rays, mapping them into 
complex networks, to attempt to reveal key underlying 
properties. Results can then be incorporated into a 
Monte Carlo rainfall estimation framework, combining 
ground estimates with a radar rank field. Simulations 
can be generated using an associated rank probability 
matrix to create a novel rainfall estimation algorithm, 
enabling better estimation of high-intensity rainfall 
events.

Amy Charlotte Green1, Chris Kilsby1, Andras Bardossy2, Lee Fawcett1

IMPROVING RADAR RAINFALL 
ESTIMATION FOR URBAN FLOOD RISK 
USING MONTE CARLO ENSEMBLE 
SIMULATION

1Newcastle University, United Kingdom; 2University of Stuttgart, Germany

Commercial Microwave Link (CML) attenuation data 
has been used to determine rain rates between micro-
wave antennas, and to produce regional precipitation 
grids. The motivation for improving precipitation 
grids lies in weather now-casting and flood forecasting. 
CML networks offer a unique advantage for precipita-
tion measurements due to their high density. However 
these data experience uncertainty from several sources, 
initially examined in earlier research. This current work 
determines the reliability of rainfall measurements for 
each individual link by comparing CML derived rain 
rates to adjusted rain radar grids at the link location, 
over an extended time span. Dynamic Time Warping 
(DTW) is applied to the pair of CML/radar time series 
data. Based on the DTW amplitude and temporal dis-
tance, unreliable links are identified and flagged. Cor-
relations between CML derived precipitation grids and 
rain measurements from an independent set of rain 
gauges are higher for the reliable subset of CML than 
the full set. For certain storm events the coefficient of 
determination for the set of reliable CML is double that 
of the full set, demonstrating that improved precipita-
tion grids can be obtained by removing unreliable links.

Micha Silver1, Arnon Karnieli1, Erick Fredj2

IMPROVED PRECIPITATION GRIDS 
DERIVED FROM MICROWAVE LINK 
ATTENUATION

1Ben Gurion University, Israel; 2Jerusalem College of Technology, Israel
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Nowadays, both operational and research C-band and 
X-band weather radars are widely used worldwide to 
estimate precipitation with a high temporal and spa-
tial resolution. However, at those frequencies, both 
the horizontal and differential reflectivity can be al-
tered by the effect of attenuation of waves propagating 
through precipitation. In the practice, ad hoc correction 
algorithms, such as those based on a relation between 
specific attenuation and differential phase shift, are 
adopted to compensate for attenuation effects. How-
ever, the verification of the accuracy of the latter algo-
rithm is a challenging task basically due to the absence 
of a set of data that can be used as the reference. In this 
paper, we present the results of a preliminary analysis 
that, exploiting the synergy of weather radar and digital 
broadcasting satellite receivers data, aims to check and 
validate, and possibly tune, the attenuation correction 
algorithms adopted for C- and X-band weather radars.

Data were collected along the NEFOCAST project, 
funded by the regional government of Tuscany (Italy), 
aimed at developing, tuning and testing an ad hoc algo-
rithm that allows to retrieve rainfall rate from the atten-
uation of the signal-to-noise ratio measured by a com-
mercial interactive digital video broadcasting receiver 
(referred as to SmartLNB). The carrier frequency of 
the satellite link belonging the Ku-band (the actual fre-
quency used was 11.3458 GHz). The project started on 
September 2016 and successfully ended on March 2019 
demonstrating the capability of using SmartLNB data 
to retrieve precipitation. During the project an exten-

sive field campaign has been conducted to collect data 
for the development of the project. In particular, on 
November 2017 a SmartLNB was installed in Rome on 
the roof of the main building of the Institute of Atmos-
pheric Sciences and Climate (ISAC) of Italian National 
Research Council (CNR). ISAC in Rome also hosts a 
C-band dual-polarization scanning weather radar (Polar 
55C) and a Thies Clima (TC) optical disdrometer. Dur-
ing the whole duration of the project, the Polar55C op-
erated in fixed pointing mode with the same elevation 
angle of the SmartLNB, so that the two devices could 
scan almost time continuously the same portion of the 
atmosphere. In the same period, an X-band radar has 
been installed in the roof of the Institute of Bio Econo-
my (IBE) of CNR in Florence. The latter covers an area 
where 12 SmartLNB were properly deployed and oper-
ates volume scans and Range Height Indicator (RHI) 
along the direction of the satellite link.

Elisa Adirosi1, Luca Facheris2, Andrea Antonini3, Francesca Caparrini3, Filippo Giannetti4, Attilio Vaccaro5,  
Luca Baldini1

EXPLOITING THE SYNERGY BETWEEN 
WEATHER RADAR MEASUREMENTS 
AND DIGITAL BROADCASTING 
SATELLITE RECEIVERS TO IMPROVE 
RADAR RETRIEVALS

1Institute of Atmospheric Sciences and Climate (ISAC) of Italian National Research Council (CNR), Italy; 
2Department of Information Engineering, University of Florence, Italy; 3Consorzio LaMMA, Italy; 4Department 
of Information Engineering, University of Pisa, Italy; 5MBI Srl, Italy

This study adopted extended Kalman filter technique 
in an effort to predict R(Zh, Zdr) relationship param-
eter as a stable value in real-time. Toward this end, a 
parameter estimation model was established based on 
extended Kalman filter in consideration of non-line-
arity of R(Zh, Zdr) relationship. A state-space model 
was established based on a study that was conducted 
by Adamowski and Muir (1989). Three parameters of 
R(Zh, Zdr) relationship were set as state variables of 
the state-space model. Initial values of state parameter 
were set with a consideration of sensitivity analysis, 
which are important to adopt extended Kalman filter 
technique. It is noteworthy that extended Kalman filter 
technique predicts the parameters of R(Zh, Zdr) rela-
tionship comparing measurement error variance and 
system error variance in real-time. Also, the proposed 
method could consider ranges of the parameters of pre-
viously developed dual-pol radar rain rate estimators. 
The results showed extended Kalman filter was superi-
or to the Least Square Method (LSM) and the previous 
radar rain rate estimators for rain rate estimation. Bias 
between radar rain rate and ground rain rate of the rain 
rate from extended Kalman filter technique was more 
similar to 1 than that from the LSM. As an application 
of inappropriate parameters might cause physically un-
realistic rain rate estimation, it can be more effective in 
terms of quantitative precipitation estimation. In addi-
tion, it turned out that it was possible to conduct more 
accurate estimation on radar rainfall compared to the 
conventional method.

Wooyoung Na1, Sung-Uk Song1, Chulsang Yoo1

REAL-TIME PARAMETER ESTIMATION 
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Accurate and high resolution rainfall analysis is needed 
in realtime for many applications including hydrologi-
cal modeling. Derived warnings of extreme rainfall are 
useful to take actions in case of flood risks.

The rainfall estimation is based on an advanced process-
ing of the 3D radar reflectivity measurements including 
beam blockage correction, mitigation of non-meteor-
ological echoes, precipitation classification and correc-
tion for the vertical profile of reflectivity. The rain rates 
are accumulated over a given duration by taking into 
account the movement of precipitation using optical 
flow. The estimation is adjusted to rain gauge measure-
ments using a systematic single bias correction.
For rainfall accumulations a Kriging with external 
drift is also used. The estimation from single radars are 
combined into a composite using a distance-weighted 
scheme for the cold months and by taking the maxi-
mum value for the warm months.

The operational system is based on 4 weather radars and 
2 regional gauge networks. It generates rainfall rates at 
a 1km resolution every 5 minutes with a maximum de-
lay of 5 minutes. The rainfall rates are accumulated over 
the past 5 minutes, 10 minutes, 1 hour and 24 hours. 
Quality scores are computed daily using independ-
ent 24 hours rain gauge measurements as reference. A 
warning product is derived for different accumulation 
durations. It shows for each pixel the return period of 
the most extreme event in the last 2 or 24 hours.

The availability of the rainfall product is high thanks 
to the simple and robust design of the system. A 1-year 
accumulation shows a clear mitigation of the radar arti-
facts. On average the performance of the system is good 
compared to a basic product using various scores. The 
worst and best cases are also analysed.

Edouard Goudenhoofdt1, Laurent Delobbe1

THE BELGIAN RAINFALL AND WARNING 
PRODUCTS

1The Royal Meteorological Institute of Belgium, Belgium

Heavy precipitation events and flooding pose a substan-
tial threat to public safety and infrastructure, potential-
ly causing high societal costs in densely populated, ur-
ban areas like the metropolitan region of Vienna, which 
is home to more than 2.8 million people. In order to 
improve nowcasting and warning systems, small and 
cost-efficient X-band radars, which allow observing 
heavy precipitation at high temporal and spatial scales, 
have become a popular choice in the recent past, as 
phase-shift-based attenuation correction schemes have 
been improved.

For this study, a mobile X-band radar is deployed in the 
Vienna basin during the convective season of 2020, and 
quantitative precipitation estimations (QPE) obtained 
by state-of-the-art signal processing and calibration 
schemes are compared with in situ precipitation obser-
vations and with precipitation estimates of the current 
operational weather radar network of Austria. Further 
investigations focus on the ability of the rain gauge 
network to cover the spatio-temporal distribution of 
precipitation features for the observed heavy precipita-
tion cases. At ERAD we will present details on radar 
deployment and calibration, as well as initial results of 
the 2020 measurement campaign.

Vinzent Klaus1, Harald Rieder1, Erich Mursch-Radlgruber1

HIGH-RESOLUTION PRECIPITATION 
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Korea Ministry of Environment (MOE) conducts vari-
ous meteorological and hydrological researches for sud-
den flood monitoring and forecasting in the Seoul met-
ropolitan area. As a part of these researches, two dual 
polarimetric X-band radars are installed in the Seoul 
metropolitan area to detect local heavy rainfall and flash 
flood with high spatiotemporal resolution. Due to the 
location, severe unexpected beam blocking area appear 
caused by artificial buildings, trees, sidelobe effects and 
small terrain which cannot be detected with digital ele-
vation model (DEM) based beam blocking simulation. 
In this case, the rain field mask, which, using standard 
deviation of radar variable and co-polar cross-corre-
lation coefficient is not enough to detect partial beam 
blocking area due to its small difference with value of 
around ray. This small difference can detect with cumu-
lative technique. Frequency of occurrence of reflectivity 
(FOR) is technique for detection ground clutter using 
long-term reflectivity climatology. We extend FOR to 
several statistical parameters (STD., AVG. and texture), 
dual-polarization parameters (Z_DR, ρ_HV) and com-
bination of dual-polarization parameters.
Traditional beam blocking simulation which is based 
on DEM and rain field mask are compared with FOR 
based beam blocking mask. To validate utilization of 
extended FOR, various rainfall estimations are per-
formed. The lowest available rainfall estimation results 
are selected by Hybrid Surface Rainfall (HSR). The 
equations used for radar correction and rainfall estima-
tion are derived from two-dimensional video disdrome-

ter data using T-matrix simulations. Rainfall estimation 
results are validated with surface rain gauges within ra-
dar observation range.
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The operational Multi-Radar Multi-Sensor (MRMS) 
system deployed at the United States National Center 
for Environmental Predictions has provided very 
high-resolution (1-km, 2-min) severe weather and 
quantitative precipitation estimation (QPE) products 
for the CONUS domain since 2014. The operational 
products are used by government agencies, private sec-
tors and academia for various applications including 
flash flood/river flood monitoring and predictions, fire 
weather and water resource managements and precipi-
tation climatology studies. A major upgrade (version 12 
or “v12”) to the MRMS system was developed recent-
ly and a number of new products are generated from 
the experimental MRMS system at the National Severe 
Storms Lab.

The MRMS v12 products include a dual-pol radar QPE 
that is based on a synthetic scheme using radar reflec-
tivity, specific attenuation and specific differential phase 
fields. The dual-pol radar QPE showed significant im-
provements over the previous MRMS single-pol radar 
QPE that was based on reflectivity, especially for heavy 
rain in the warm season. The current study evaluates 
two years of the single- and dual-pol radar QPE prod-
ucts using quality controlled gauge data and analyzes 
the uncertainties of the QPEs for different precipitation 
intensities, geographical regions and atmospheric envi-
ronments. Preliminary results will be presented at the 
conference.

Jian Zhang1, Micheal Simpson2, Heather Grams1, Steven Martinaitis2, Kenneth Howard1
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Weather radar based precipitation estimation is a high-
end solution that requires a complex technical setup 
and dedicated data processing, thus not being available 
in large parts of the world. An alternative solution to 
collect rainfall information is the use of opportunistic 
sensors, such as commercial microwave links (CMLs), 
which exist in the majority of inhabited regions. Due to 
the opportunistic use of the devices and unknown er-
ror factors, CMLs can benefit from an intercomparison 
with other QPE products, e.g. to filter erratic sensors.
With an average length of around 7 kilometers and typi-
cal frequencies in the range of 15 GHz to 40 GHz, CMLs 
can be used to derive path averaged rainfall rates from 
the attenuation of the transmitted signal level. Due to 
this path averaged nature of the measurement, weather 
radar based QPE with a high spatiotemporal resolution 
is a useful reference. In recent studies, we compare data 
from 4000 CMLs covering entire Germany with a tem-
poral resolution of one minute with the gauge-adjusted 
radar product RADOLAN-RW, which is provided by 
the German meteorological service (DWD). At a spa-
tial resolution of 1x1 km and a temporal resolution of 
60 minutes, the agreement between aggregated CML 
and hourly radar based rainfall information is good. 
To gain knowledge about the CML performance for a 
higher temporal resolution, we use RADKLIM-YW 
which has a temporal resolution of 5 minutes. Here, we 
discuss the limitations of such a comparison and work 
towards understanding the underlying mechanisms of 
differences in event localization, duration and intensi-

ty between CML measurements on ground and radar 
measurements at a variable height above ground. Since 
CML locations do, in general, not affect their perfor-
mance, understanding the above limitations leads to-
wards a better understanding of data quality and error 
structure of weather radar based QPE.

Julius Polz1, Christian Chwala2,1, Maximilian Graf1, Harald Kunstmann1,2
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Attenuation data from commercial microwave link 
(CML) networks has proven to provide valuable rain-
fall information. In Germany, we currently acquire data 
from 4000 CMLs in real-time on a country-wide basis 
with a temporal resolution of one minute. We have 
shown that CML-derived hourly rainfall maps yield re-
sults comparable to those from RADOLAN-RW, the 
gauge-adjusted hourly real-time radar product of the 
German Meteorological Service (DWD), for liquid pre-
cipitation (Graf et al., 2019). While these results high-
light the potential of rainfall estimates derived solely 
from CML data, the existence of radar and rain gauge 
networks calls for merging the available rainfall data.

Therefore, we have incorporated the path-averaged 
CML derived rainfall information into an extended 
implementation of the RADOLAN adjustment proce-
dure. We will show first results from this combination 
of CML and radar data over the whole of Germany for 
different rainfall events and discuss its potential and 
limitations. Furthermore we will give an outlook on the 
implementation of a continuous near-real-time applica-
tion of this procedure.

Graf, M., Chwala, C., Polz, J., and Kunstmann, H.: 
Rainfall estimation from a German-wide commercial 
microwave link network: Optimized processing and 
validation for one year of data, Hydrol. Earth Syst. Sci. 
Discuss., https://doi.org/10.5194/hess-2019-423, 2019
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The quantitative precipitation estimation (QPE) rep-
resents the most relevant radar derived information af-
terwards utilized in hydrology, whose quality improve-
ment persists as one of the principal objectives of the 
weather radar community. In the era of the increased 
accessibility of the dual-pol radar data, our attention 
has been mostly focused on the very transformation 
of the radar polarimetric moments (e.g. ZH, Kdp) to 
the rain rate, for every radar sampling volume. In this 
contribution we demonstrate how a broader context, a 
more physical compositing of individual radar sampling 
volumes, can as well have a very important impact on 
the overall accuracy of the rain rate retrieval.
The long term goal of this research endeavor is to define 
a comprehensive model which could respond to a chal-
lenging task of compositing in the network consisting 
of radars operating in three different frequency bands 
(S, C and X). Namely, given that the radar frequency 
significantly predetermines both the processing and 
the interpretation of radar measurements, there is an 
obvious need of accounting for this fact in the fusion 
of information coming from different radars. The most 
intuitive approach to this issue seems to be the param-
eterized weighting of radar sampling volumes based on 
the identification of the dominant hydrometeor. The 
situation which proves to be particularly relevant is the 
one when the dominant hydrometeor is wet snow – 
melting layer.
This contribution focuses on the efficient integration of 
the X band radars through the weighting of radar sam-

pling volumes conditioned dynamically by: their rela-
tive position with respect to the melting layer, the path 
attenuation of the signal, the attenuation caused by the 
wet radome, and the advection delay. The supplemen-
tary static weighting is performed with respect to: the 
visibility (beam shielding), distance from the radar, and 
height of the radar sampling volume.
The presented method shows how a more befitting 
compositing of individual radar sampling volumes 
can have a very important influence on the QPE qual-
ity. We show that a proper “opening” towards a more 
volumetric utilization of the radar data, followed by an 
appropriate inclusion of the microphysics into the com-
positing improves to an important degree the accuracy 
of the estimated rain rate field. The accuracy is further 
more enhanced by the proper dynamic penalisation of 
the signal path attenuation and the wet radome attenu-
ation. This improvement is demonstrated through the 
increase in the spatial correlation scores in the radar-rain 
gauge comparisons.

Nikola Besic1, Nan Yu1, Tony Le Bastard1, Nicolas Gaussiat1
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A melting layer detection algorithm (MLDA) has re-
cently been implemented in the UK weather radar net-
work data processing suite. The algorithm draws on the 
methods of similar schemes reported in the literature, 
but also introduces a few novel concepts and advan-
tages – including flexibility, conceptual simplicity, and 
robustness. More specifically, the algorithm has been 
developed to allow the use of different sets of input 
variables, in order to fully exploit the potential of the 
usable datasets associated with different types of radar 
scan. The algorithm can therefore run, with minimal 
manual configuration, using input data from vertical-
ly-pointing scans, RHI scans, and PPI scans alike. Sec-
ondly, the algorithm is designed to use as few ‘arbitrary’ 
procedures and thresholds as possible, and makes use of 
a simple, geometric peak identification routine to detect 
the melting layer signature in each input variable. It is 
this use of multiple input variables which increases the 
reliability and accuracy of positive melting layer identi-
fications, and reduces the frequency of false detections. 
Here we describe, with reference to a few case studies, 
the technical operation of the MLDA using different 
types of input data, and present examples of the appli-
cation of its outputs to other areas of research – includ-
ing parameterisation of vertical profiles of reflectivity 
(VPR), hydrometeor classification, and model freezing 
level bias correction.

Steven Best1

IMPLEMENTATION AND APPLICATIONS 
OF A MELTING LAYER DETECTION 
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Recent studies have shown that extreme value statistics 
from radar tend to show systematically lower values for 
short time intervals < 1 hour than statistics from rain 
gauges. Furthermore, radar data with a coarser resolu-
tion display significantly lower peak intensities than 
high resolution radar data.

For a case study the effects of several radar and rain 
gauge data sets on the results of adjusted radar data on 
extreme events were compared.

The case study comprises a time period of 26 days (20 
May – 14 June 2018) with heavy rainfall events and an 
area of 1600 km² in North Rhine-Westphalia, Germany.
The radar data for the investigation are:

- Single radar product; polar; spatial resolution 1° x 250 
m; temporal resolution 5 minutes
- Single radar product; polar; spatial resolution 1° x 1 
km; temporal resolution 5 minutes
- Composite radar product; cartesian; spatial resolution 
1km x 1 km; temporal resolution 5 minutes

The quality of the radar data sets was enhanced by data 
quality control algorithms for ground clutter, beam 
blockage, attenuation and advection correction.

The three rain gauge networks selected (continuously 
measuring stations) were:
- Low rain gauge density (national network; 1 station / 
400 km²)

- Medium rain gauge density (national + water authori-
ties network; 1 station / 30 km²)
- High rain gauge density (national + water authorities 
+ municipalities network; 1 station / 15 km²)

The rain gauge time series were quality checked.
For the analysis, precipitation data of continuously 
measuring rain gauges were available in the investiga-
tion area (105 rain gauges) and the surrounding area 
(buffer of 10 km; 91 rain gauges).

The radar and rain gauge data were combined in an ad-
justment procedure based on a factor field and a differ-
ence field on a daily time interval.
Adjustment factors and differences were calculated at 
the rain gauge locations and interpolated by using the 
IDW (Inverse Distance Weighting) method.

The analysis was realized by using validation stations (1 
station / 100 km² in the investigation area).
To evaluate the results of the data sets, a comparison 
between rain gauge data and corresponding radar pixel 
took place. The following criteria were used:
- daily precipitation sum
- statistical behaviour for intervals from 5 to 60 minutes
- Similarity of the time series

As a result, the influence of rain gauges density and high 
resolution radar data for small-scale intensive rainfall 
events can be shown.

Markus Jessen1, Thomas Einfalt1, Alrun Jasper-Tönnies1
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AND RAINGAUGE DENSITY ON THE 
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For the application of radar measurements an additional 
information on the reliability of the data is often required. 
In some application (e.g. assimilation) data of reduced reli-
ability should be neglected, in other cases the (un)certainty 
can be represented in the derived products (e.g. hydro-
logical predictions). In worst case attenuation can totally 
extinct the radar signal, leading to empty measurements 
where precipitation still occurs. Obviously, this is problem 
is more severe the shorter the wavelength of the radar is.

The aim of this investigation is to derive a simple but 
stable, quantitative information to describe the quality 
of radar measurements in terms of derived rain intensi-
ties. Especially for missing echoes the cause (no rain or 
too much attenuation) will be identified.

Data basis for this study are measurements from our 
X-Band radar, which was operated as part of the KIT-
cube system in the framework of a MOSES measurement 
campaign (Modular Observation Solutions for Earth 
Systems, an initiative of the German Helmholtz-Associa-
tion) in the Ore Mountains south of Dresden, Germany, 
for nearly three months in summer 2019. As reference, 
nearly 40 operational rain gauges of German Weather 
Service (DWD) and their C-Band radar at the airport of 
Dresden are available. Attenuation is addressed by apply-
ing the ZPHI algorithm (Bringi 2001) and radome atten-
uation is taken into account proportional to rain intensi-
ty as it is recorded by an optical disdrometer close to the 
radar. Meteorological and non-meteorological echoes are 
discriminated by the routine of Krause (2016).

Jan Handwerker1
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The vulnerability of urban areas to rain floods is con-
tinuously increasing due to the greater intensity and 
frequency of extreme events caused by climate change. 
The presence of non-homogeneous precipitation pat-
terns with a strong spatio-temporal variability charac-
terizes these events making the detailed measurement 
of the precipitation field fundamental. An effective 
management of such extreme events therefore re-
quires, on the one hand, a high-resolution monitor-
ing of precipitation fields, and, on the other hand, the 
availability of computationally effective and fast-pro-
cessing flood mapping algorithms capable of process-
ing high-resolution Digital Elevation Models (DEMs) 
for large urban areas, promptly providing decision 
makers and emergency planners and managers with 
readily available and accurate hazard assessment and 
mapping. In the present work, a fast processing DEM-
based Hierarchical Filling and Spilling Algorithm, 
called “Safer_RAIN”, was applied with the precipita-
tion field estimated by radar. Safer_RAIN, developed 
and tested relative to observed severe rainstorms re-
corder by conventional raingauge networks and syn-
thetic rainfall events with assigned frequency, is there-
fore coupled to a distributed precipitation field to test 
the effectiveness and the possibility of use in a pre-test 
operational configuration. The model will be tested in 
the metropolitan areas of Rimini and Bologna (where 
1m resolution DEMs obtained from LiDAR surveys 
are available) with reference to rain radar data (at two 
different grid resolution:1 km and 250 m) to analyze 

the impact of the spatial distribution of the precipita-
tion on pluvial flood hazard mapping and detection of 
hazard hot-spots in large urban areas.

Federica Bonaiuti1, Simone Persiano1, Andrea Mazzola1, Stefano Bagli2, Attilio Castellarin1, Pier Paolo Alberoni3

COMBING RADAR QPE AND SIMPLIFIED 
DEM-BASED FLOOD MAPPING 
TO SUPPORT PLUVIAL FLOOD 
MANAGEMENT IN LARGE URBAN 
AREAS

1Dipartimento di Ingegneria Civile, Chimica, Ambientale e dei Materiali (DICAM), University of Bologna, Italy; 
2GECOSistema Srl, Italy; 3Struttura Idro-Meteo-Clima, Arpae Emilia Romagna, Italy 

Radar meteorologists love to watch reflectivity* fields, 
even in their spare time. By doing this they gain a lot of 
valuable experience. After a while it seems pretty easy 
to classify a given 'radar picture' or a set of given 'radar 
pictures'. The classification is either done with respect 
to just the pictures itself or with respect to a specific pre-
cipitation process, or – expanding the point of view – to 
specific meteorological situation. Further on estimation 
about the upcoming / imminent development is carried 
out – most of the time with decent success.
In this study we try to access more objectively the clas-
sification / the ‘clustering’ and the spatial complexity 
of 2D and 3D reflectivity fields by using concepts from 
information theory.

In addition we test the potential of various operation-
ally available observables and derived meteorological 
indices to distinguish the 'stage of complexity' of the 
reflectivity patterns (with the ulterior motive to use the 
patterns to establish and improve probabilistic radar 
based QPE). The idea here is to classify radar reflectivity 
fields conditional on the current hydro-meteorological 
situation expressed by the predictors.

* (as commonly used, we write reflectivity instead of ra-
dar reflectivity factor)

Malte Neuper1, Uwe Ehret1, Ralf Loritz1, Jan Handwerker2

CLASSIFICATION OF RADAR 
REFLECTIVITY FIELDS USING 
CONCEPTS FROM INFORMATION 
THEORY

1Karlsruhe Institute of Technology, Institute of Water and River Basin Management - Chair of Hydrology, Germany; 
2Karlsruhe Institute of Technology, Institute of Meteorology and Climate Research - Department Troposphere 
Research, Germany
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In this study, rainfall-based and model-based runoff en-
semble members were compared. The merging result of 
rainfall-based and model-based runoff ensemble mem-
bers were also evaluated. In this study, the grids for the 
simulation are set for Seoul, Korea. The characteristic 
direction for each grid was determined based on the 
observations of the 37 major storm events occurred in 
Seoul during the last 10 years. The rainfall ensemble 
members are generated by considering the characteristic 
directions quantified by the beta distribution. Runoff 
ensemble members were generated using a shot noise 
process-based rainfall-runoff model for the Guro 1 
drainage basin located in Seoul, Korea. Gamma distri-
butions was used to generate random numbers of the 
parameters of the rainfall-runoff model. In this study, 
a rainfall-based and model-based runoff ensemble were 
generated for heavy rain events that occurred in 2017 and 
2018. For input data for ensemble members, Gwanak-
san radar data located in Seoul, Korea was used. As a 
result, it was found that accuracy of the rainfall-based 
runoff ensemble generated by adjusting the character-
istic direction was higher. Then rainfall-based runoff 
ensemble members and model-based runoff ensemble 
members were merged using the peaks of the runoff en-
semble members. The weights were determined by us-
ing the variance of the peak values of the rainfall-based 
and the model-based runoff ensemble member. Rain-
fall-based and model-based runoff ensemble members 
were merged by using the determined weights. As a re-
sult, the weight of the rainfall-based runoff ensembles 

was determined to be larger, which resulted in the sim-
ilarity between the merged runoff ensemble members 
and the rainfall-based runoff ensemble member.

Minseok Kang1, Gildo Kim1, Munseok Lee1, Chulsang Yoo1

COMPARISON AND MERGING OF 
RAINFALL-BASED AND MODEL-BASED 
RUNOFF ENSEMBLE MEMBERS

1Department of Architectural and Civil Engineering, Korea University, South Korea 

Quantitative precipitation estimation (QPE) is a diffi-
cult task, particularly in complex topography, and re-
quires the adjustment of empirical relations between 
radar observables and precipitation quantities, as well 
as relevant aggregation methods to transform observa-
tions aloft to estimations at the ground.In this work, 
we tackle this classical problem with a new twist, by 
training a random forest (RF) regression to learn a 
QPE model directly from a large database comprising 
four years of combined gauge and polarimetric radar 
observations. This algorithm is carefully fine-tuned by 
optimizing its hyper-parameters and then compared 
with MeteoSwiss' current operational non-polarimetric 
QPE method. The evaluation shows that the RF algo-
rithm is able to significantly reduce the error and the 
bias of the predicted precipitation intensities, especial-
ly for large and solid/mixed precipitation. In light rain 
however, and despite a-posteriori bias correction, the 
RF method has a tendency to overestimate. The trained 
RF is then adapted to run in a quasi-operational setup 
providing 5 minute QPE estimates on a Cartesian grid, 
using a simple temporal disaggregation scheme. A series 
of six case-studies reveal that the RF method creates re-
alistic precipitation fields, with no visible radar artifacts, 
although slightly more discontinuous then the original 
non-polarimetric QPE, and offers an improved perfor-
mance for five out of six events.

Daniel Wolfensberger1,2, Marco Gabella1, Marco Boscacci1, Urs Germann1, Alexis Berne2

A RANDOM FOREST APPROACH 
TO QUANTITATIVE PRECIPITATION 
ESTIMATION OVER SWITZERLAND

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland; 2Environmental Remote Sensing 
Laboratory, Ècole Polytechnique Fédérale de Lausanne, Switzerland
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Radar-derived rainfall measurements have the advan-
tage over in-situ measurements in providing high-reso-
lution information for applications such as flood mod-
eling and hydrological inputs for landslide modeling 
and prediction. The temporal and spatial resolution has 
potential to improve the accuracy of flood and landslide 
models, compared to other sources of measurements. 
However, since the data undergoes a series of steps 
from signal transmission to conversion of raw data to 
rainfall, radar measurements are subject to systematic 
and observational uncertainties. The magnitude of po-
tential errors and its effects on measurements depend 
on many environmental factors, making the identifica-
tion of these errors location-specific. This is especially 
important for smaller catchments, where rainfall esti-
mates are based on fewer radar pixels. This study will 
focus on identifying and addressing sources of obser-
vational uncertainties in radar-based rainfall estimates 
surrounding two study sites: The Chicagoland urban 
catchments (particularly those in lower socioeconomic 
areas that are more flood-prone) and landslide-prone 
small catchments in Central California. Observational 
uncertainties characterized include 1) beam-blockage, 
as the terrain surrounding the nearest radar and the 
location of the catchment with respect to the radar af-
fects its coverage; 2) reflectivity as a function of height, 
as the vertical distance between the radar measurement 
aloft and the catchment on the ground depends on the 
horizontal distance between the catchment and the 
radar; and 3) drop-size distribution in the region, as 

it can vary depending on the type of precipitation the 
region experiences over different periods. The study 
also wants to look at the resulting accuracies of differ-
ent rainfall retrieval methods, and their sensitivity to 
the location-specific conditions. These steps could help 
produce the best rainfall products for the small study 
catchments for applications in flood-drainage models 
and landslide susceptibility models. Finally, the pres-
entation will showcase the use of radar derived rainfall 
rates in understanding the impact of high gradient in-
tense rainfall events on both urban hydrology (with 
a focus on the socioeconomics of flash flooding) and 
sudden slip landslides on the West Coast of the United 
States of America.

Irene Crisologo1, Hao Luo2, Daniel Horton1, Giuseppe Buscarnera1, Marcelo Garcia2, Scott Collis3

CHARACTERIZATION OF 
UNCERTAINTIES IN HIGH-RESOLUTION 
RAINFALL RETRIEVAL FOR SMALL 
CATCHMENTS

1Northwestern University, Evanston, IL, United States; 2University of Illinois at Urbana-Champaign, IL, United States; 
3Argonne National Laboratory, Lemont, IL, United States

Since 2015 SMHI has been developing a near real-time 
algorithm to derive precipitation from commercial mi-
crowave link networks. An initial trial was performed 
in Gothenburg where 10-second data is processed into 
precipitation maps at a temporal resolution of one-min-
ute and a spatial resolution of 500m. The precipitation 
maps were used in a hydrological experiment and were 
shown to perform very well as there was similar corre-
lation and an acceptable bias compared to rain gauge 
measurements and a higher overall quality compared to 
radar data. These real-time data can be found at smhi.
se/MEMO. The algorithm has since been further devel-
oped and has also been applied in Sweden in Stockholm 
and Malmö as well as in Germany and Rwanda.
With the upgrade of the operational weather radar net-
work in Sweden to dual-pol new opportunities for im-
proved quality precipitation products have arisen. This 
is further enhanced by newly installed X-band radars 
and disdrometers in the south of Sweden.
Currently a trail is being performed to merge these dif-
ferent data sources, like dual-pol radar, rain gauge and 
microwave link data together into a single high resolu-
tion precipitation product. Initial results of the study 
will be presented here.

Remco van de Beek1, Jafet Andersson1, Jonas Olsson1

MERGING RADAR, RAIN GAUGE AND 
MICROWAVE LINK PRECIPITATION 
DATA IN SWEDEN
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It is well known that rapidly evolving small-scale weath-
er phenomena were a threat to our lives, especially in 
densely populated megacities like Shanghai (more than 
24 million people). Currently, S or C-band mechanical-
ly rotating radar systems have been proven to be effec-
tive for weather surveillance, especially in a large area 
more than 100 km in range. However, the limitations 
of spatial and temporal resolution of S or C band radar 
systems are not sufficient to capture the rapidly evolv-
ing small-scale weather. In order to better understand 
the basic processes and dynamic characteristics of this 
rapidly changing weather phenomenon, obtain high 
resolution observation data, Shanghai Meteorological 
Service (SMS), Meteorological Observation Center of 
CMA and Eastone Washon Corporation started a new 
project to develop the Shanghai Urban Radar Demon-
stration Observation Network. The network was start-
ed to install in Shanghai in November 2018, and three 
sites were completed by the end of May 2019.
The radar network is called array weather radar (AWR) 
network, which is a distributed, highly cooperative 
weather radar network that combines phased array 
technology and networked radar technology. The 
AWR network comprises at least three phased array 
transmit-receive sub-arrays, and the detection region 
of the AWR can be enlarged by increasing the number 
of sub-arrays. Three sub-arrays installed in this exper-
iment are located in three areas of Shanghai Baoshan, 
Pudong and Chongming, forming an observation net-
work similar to an equilateral triangle. Three sub-arrays 

work as a group, which performs collaborative scan-
ning to ensure data time differences at the same spatial 
point are less than 5 seconds, thereby the correct flow 
fields can be synthesized by using radial velocity of the 
sub-arrays. And one volume scanning time of the AWR 
is 30 seconds. Each sub-array is a phased array weather 
radar, using phase array scanning technology to cover 
the whole sky with 30m resolution and up to 43km. 
The radar adopts the digital beam forming technique 
for elevation and mechanically rotates the antenna in az-
imuth. It transmits 4 broad beams and receives the back 
scattered signal with 64 channels. After the installation 
of the AWR system in Shanghai, the initial observation 
campaign was made in an urban area. It shows that the 
system can obtain three-dimensional velocity and inten-
sity data, and the structural and dynamic processes of 
precipitation could be reflected in more detail. It also 
helps to issue early warnings.

Haojun Chen1, Haizhen Mu1, Guorong Wang2, Hao Xue1, Chunguang Yin1, Xiaoping Xu2

THE EXPERIMENT OF SHANGHAI 
URBAN ARRAY WEATHER RADAR 
NETWORK

1Shanghai Meteorological Information and Technology Support Center, China; 2Hunan Eastone Washon Science 
and Technology Ltd., China

The real-time generation, delivery, scientific and techni-
cal support of the radar data, for both Meteorological 
Services of Canada’s (MSC) users and external clients, 
is ensured by the Operational Radar Production team 
(CMOI-Radar) from the Canadian Meteorological 
Centre (CMC) Operations Division. The CMOI-Ra-
dar team represents the critical path before the radar 
products are disseminated to a variety of users. In fact, 
the CMOI-Radar team is very busy managing the data 
and products of the radar network and ensuring that 
the data and images are available to the users in various 
formats as well as ensuring that there is proper archiv-
ing of the operational radar data. There is a wide variety 
of clients for radar data ranging from MSC operational 
meteorologists and NWP (Numerical Weather Predic-
tion) systems to other national and international mete-
orological services and private companies.

With the arrival of the new S-band radars, as part of 
the Canadian Weather Radar Replacement Program 
(CWRRP) project, one of the challenges of operation-
al radar production before making products available 
to different users is the quantitative/objective scien-
tific validation. This concerns existing products when 
changing scientific algorithms from one version to an-
other, or outright when new radar products emerge. 
The CMOI-Radar team is currently working to set up 
a new automated objective validation procedure, which 
would allow an automated validation of the different 
products, before their operationalization, based on the 
available ground-based precipitation observations and 

on robust scientific approaches. The details of this new 
procedure as well as preliminary results will be the sub-
ject of this contribution.

Ahmed Mahidjiba1, Rabah Hachelaf1, Meriem Kacimi1, Corinne Simard1, Yacine Bouzid1, Ilyass Hajji1,  
Sébastien Chouinard1
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Since April 2018, Météo-France has been using a new 
centralized radar data processing system called SERVAL 
[1], to concentrate and process the raw polar data pro-
vided by the mainland France network of 28 weather 
radars, and some other radar products from partners 
like neighbouring countries. Météo-France operates 
these 28 radars, Doppler and most of them with du-
al-polarization capabilities, with a 3×5 minutes volume 
scan strategy. At the Toulouse Météo-France Centre, 
every 5 minutes SERVAL processes all the raw volume 
data received from each radar during the last 5 minutes, 
with the possibility to use all information available in 
the Météo-France databases. This data processing pro-
vides a great number of products by radar, both volume 
radar products, and 2D radar products as reflectivity at 
lowest usable altitude and quantitative precipitation 
estimation (QPE). These single-radar reflectivity and 
QPE products are then merged in composite radar 
products covering all mainland France. A SQL data-
base and an interactive Web interface were designed to 
facilitate SERVAL administration, and the production 
supervision and monitoring with an extensive capacity 
to display intermediate or final products.
This communication presents a new operational pro-
ject which has been initiated in 2019, to extend SERVAL 
capabilities to the French overseas territories. The con-
cerned territories include French Antilles in the Carib-
bean Sea, French Guiana in South America, Réunion 
Island in West Indian Ocean, New Caledonia in the 
Southwest Pacific Ocean, and Mayotte in the Comoros 

archipelago in the near future. A real time data transfer 
was established to concentrate raw volume data in Tou-
louse directly from overseas Météo-France radars, and 
from overseas partners’ radars. SERVAL was updated 
to process mainland radar data and overseas radar data 
in parallel, and to provide composites for each territory. 
An outgoing data transfer delivers the final radar prod-
ucts to the Météo-France offices in mainland France and 
in overseas territories, where these products are directly 
available via common operational tools. A single prod-
uct is also delivered directly by each overseas radar to 
the closest overseas Météo-France office, as substitution 
product in the event of interruption of the data trans-
fers with mainland France.

[1] SERVAL: A new centralized processing system for 
the French radar network, C. Vogt, N. Gaussiat, M. 
Martet, S. Chaumont, J. Millet, I. Pfaffenzeller, N. Fra-
don, ERAD2018, 1-6 July 2018, Ede-Wageningen, The 
Netherlands.
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The Kapildui weather radar is a polarimetric weather ra-
dar that was installed in 2005. From the beginning some 
of the objectives of the Directorate of Emergency and 
Meteorology (DAEM) were to take care of the quality 
of the data and to watch the correct operation of the 
system for the detection and tracking of meteorological 
severity events. But the monitoring process has changed 
with the meteorological experiences along the years. 
The main reasons of these changes are related to the 
age of the system, the identification of meteorological 
frequent signals (climatological signals) and the develop 
of particular software to focus the attention of system 
parameters which requires special control to prevent 
failures in the system in a short future (maintenance 
experience).

The daily routine includes complex monitoring task. 
The data is examined to detect irregularities in the mete-
orological signals or non meteorological signals. All the 
new signals are reported and are managed depending 
on the impact they have in the quality of data. Special 
attention is taken for the new interferences.

This paper shows standard signals againts the definition 
of new signals, a description of features and quality im-
pacts of these uncommon signals in the radar products. 
If the new signals are permanent in time, then, the op-
eration actions applied will be discussed to be executed 
inmediatly or in a short time.

Therefore, an inventory of signals is made, including 

climatological signals, frequent non meterological sig-
nals and special user requested data. The requested 
data, such as meteoroite data, is mentioned although no 
signals have been registered from the Kapildui Weather 
radar.

Mercedes Maruri1,2, Jose Antonio Aranda2, Santiago Gaztelumendi1,2

IDENTIFICATION OF STRANGE SIGNALS 
DURING THE MONITORING TASK
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In 2019 WMO came with a new edition of its ”Com-
pendium of WMO Competency Framework”. These 
updated WMO standards and regulations cover what 
forecasters need to know about radar and radar inter-
pretation. The Norwegian Meteorological Institute 
(MET Norway) is now adapting its training material 
and plans to these new competency requirements.

A first step was to translate the international standards 
to Norwegian language and to adapt them to MET 
Norway’s responsibilities and tasks. Each competency 
item or skill was assigned a knowledge level: “basic” for 
knowledge every forecaster has to have and “expert” 
for items / skills that need more in depth knowledge or 
covers an area of low occurrence frequency. It has also 
been defined what the headlines include for each item 
and level. Out of these documents the training require-
ment is formalised in MET Norway’s training system. 
Subsequently old training material shall be revised and 
new material developed. With training material ready, 
both organised and individual training will be possible.

Meteorological services are responsible to train all fore-
casters in subjects not covered by university education. 
Organised training includes training of newly employed 
meteorologists and mandatory training for experienced 
meteorologist with varying background knowledge in 
form of courses, colloquia or quizzes. Experienced fore-
casters must also be offered a training that brings them 
up to the current standards, giving them competence 
not achieved from university courses during their edu-

cation. Individual training can include texts, presenta-
tions or videos of short duration that meteorologists 
can go through on they own, in they one pace and order. 
For both groups case studies are going to be prepared.

With the new WMO requirements several areas were 
identified where MET Norway needs to improve or 
deepen the meteorologists’ knowledge. The goal of the 
new training system is to fill all the gaps in a time ho-
rizon of several years. Therefore, many skill areas have 
now been classified as “expert”. This classification is 
going to be reassessed on a 2 or 3-yearly basis, making 
more subjects classified as “basic” knowledge. The “ex-
pert” skills will be more crystalised.

With this presentation we want to show how MET 
Norway answers the need to adapt to new requirements 
and with that puts radar knowledge on the agenda.

Sevim M.-Gulbrandsen1, Laila F. Sidselrud1, Sofia Windjusveen1, Nina H. Pedersen1

A NEW TRAINING REGIME FOR RADAR 
AT MET NORWAY

1The Norwegian Meteorological Institute, Norway 

The Next Generation Weather Radar (NEXRAD) 
program tri-agencies (Department of Commerce, Na-
tional Weather Service (NWS); the Department of 
Defense, United States Air Force (USAF); the Depart-
ment of Transportation, Federal Aviation Administra-
tion (FAA)) continue to support a long-term activity 
to steadily improve the science and technology of the 
Weather Surveillance Radar - 1988 Doppler (WSR-
88D). Research and development is focused on improv-
ing the bias, variance, and coverage of the base data; the 
performance of clutter filtering; and the radar meteoro-
logical algorithms.

The NEXRAD Radar Operations Center periodically 
releases WSR-88D software builds containing the ap-
proved research to operations improvements. These 
include new scan strategies, improvements to base data 
quality, and upgrades to the suite of radar-meteorolog-
ical algorithms. The NWS also updates systems devel-
oped to utilize weather data from the FAA’s Terminal 
Doppler Weather Radar (TDWR).

This paper will describe recent and near term planned 
improvements to these weather radar functional areas, 
and will provide an update on longer term radar im-
provement projects.

Michael Istok1

NEXRAD RADAR IMPROVEMENT

1NOAA/National Weather Service/Radar Operations Center, United States 
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This contribution presents the challenge of organiz-
ing and running a 1-year remote sensing measurement 
campaign at Geneva airport (09/2019 – 08/2020). The 
general objective of the campaign is to explore the op-
erational potential of remote sensing data in the field 
of aviation and to provide a data set supporting the 
development of automated algorithms for METAR re-
porting and nowcasting (TREND). The main users are 
the weather forecasters and aeronautical meteorological 
observers of the MeteoSwiss regional center West (Ge-
neva), which utilize remote sensing data for their oper-
ational activities.
The deployed instrumentation is composed of four 
active and four passive remote sensing instruments. 
Among the active instruments, we find a Doppler cloud 
radar (Metek), a radar wind profiler (Vaisala), a Doppler 
wind lidar (Leosphere) and of course the operational 
ceilometers (Vaisala) that are already at the airport. The 
“passive” instruments comprise a microwave radiome-
ter (RPG), one visible hemispheric camera (Mobotix), 
and two IR hemispheric cameras, i.e. a commercial in-
strument from Reuniwatt and a research instrument by 
Julian Gröbner from PMOD.
An interactive display visualizes in real-time the verti-
cal profiles of wind direction and wind speed, cloud 
base and cloud top heights, precipitation, hydrometeor 
types (derived from the vertical wind speed), temper-
ature, and boundary layer height. Users can also scroll 
through visible and IR camera images during the last 3 
hours and obtain during day and night estimations of 

the cloud base height and total cloud fraction following 
METAR codes (NCD, FEW, SCT, BKN, OVC).
This contribution demonstrates the added value of 
remote sensing data in the aviation context using a set 
of case studies, for example to nowcast the onset and 
dissipation of fog and high stratus, to monitor the melt-
ing layer height, to detect wind shear or to detect tow-
ering cumulus (TCU) and cumulonimbus (CB) with a 
cloud radar. Other interesting developments: a Doppler 
dealiasing scheme for the cloud radar, a skewT diagram 
to visualize the temperature profiles of the radiometer, 
and a method to adjust the cloud base height of the IR 
camera to the ceilometer data, e.g. during fog condi-
tions.

Loris Foresti1, Maxime Hervo1, Julian Gröbner2, Matthias Bauer-Pfundstein3, Louis-Etienne Boudreault4,  
Olivier Liandrat4, Laurent Sauvage4, Ludovic Renaud1, Daniel Bugnon1, Antoine Vessaz1, Sylvain Curty1, 
Christophe Salamin1, Isabelle Bey1, Jordi Figueras i Ventura1, Monika Feldmann5, Alexander Haefele1
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TIME DATA, USERS AND SCIENCE
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A Start-Up company (Meteosense, a subsidiary of Meteo-
press, Czech republic, and Idokep, Hungary) in collabo-
ration with a National Meteorological Office in Austria 
(ZAMG) is preparing and deploying a radar network 
consisting of affordable X-band weather radars. With a 
minimum team of three people and based on Lean meth-
odology (Build-Measure-Learn) the plan was set-up with 
milestones along the way.
The presentation will describe Stage Zero - radar site selec-
tion criteria, planning and simulating, Stage One - upgrad-
ing existing radar in Vienna to 2.4 meters antenna and Stage 
Two - planning and deployment of second radar in Austria. 
Currently, Stage Two is on the way. Stages Three and fur-
ther will be also briefly described and mistakes and lessons 
learned will be revealed.
In Stage Zero we will describe how we chose locations for 
new radars and how we plan the expansion of our radar net-
work in Austria with the help of our radar simulators and 
experience from building weather radar network in Czech 
Republic, Slovakia, Hungary and Croatia.
In Stage One we will describe how we upgraded previously 
installed radar in Vienna from 1.2-meters antenna to 2.4-me-
ters antenna. We will show the problems that occurred dur-
ing installation and lessons learned will be revealed. We will 
also show the results and data from this radar.
In Stage Two we will describe planning and deployment of 
our second radar in Austria and this stage will also include 
how we plan and prepare radar installation in general.
Stages Three and further will include our future plans in 
Austria.

Zuzana Peštová1, Michal Najman1

CASE STUDY: PLANNING A LOW-COST 
X-BAND RADAR NETWORK FROM 
SCRATCH IN AUSTRIA

1Meteosense, Czech Republic
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A system of country-wide multi-sensor weather obser-
vations, nowcasting and early warning “MARS-Center” 
(Meteorological Automated Radar observation System 
for weather Centers) was developed by Institute of Ra-
dar Meteorology (IRAM). Since the beginning of 2019, 
the system is operated by the national weather service of 
Belarus – Belarus' National Center for Hydrometeorol-
ogy, Radioactive Pollution Control and Environmental 
Monitoring (Belhydromet) – an official aeronautical 
MET information provider of the state. Specialized 
meteorological time-geospatial database “MeteoCube” 
is used as a unified hydrometeorological platform for 
processing data from diverse observation networks, 
storing it with high temporal and spatial resolution and 
presenting it to other aviation stakeholders through 
web-based graphical and programming interfaces. Also, 
this platform provides aeronautical MET information 
services for air traffic management (ATM) systems via 
dedicated “MeteoServer” system.
National weather radar network consisting of radars of 
different manufacturers, BALTRAD network, auto-
matic surface weather observation stations with 10-min-
ute update cycle, automatic aeronautical MET stations 
with 1-minute update cycle, lightning detection net-
works and global and reginal numerical weather models 
are used as primary data sources for the system. Com-
posite multi-sensor weather products, such as severe 
for aviation weather phenomena maps and nowcasting 
for points of interest, are generated and provided to all 
Belhydromet’s departments and regional hydrometeor-

ological offices, airports, aviation MET watch offices, 
and national ATM system in real-time. Moreover, these 
products might be provided to adjacent NWS’s for col-
laborative decision-making using dedicated web-site. 
Some of the products are also issued to public via offi-
cial web-portal of Belhydromet.

Aleksandr Lialiushkin1, Nadezhda Yakimainen1, Tatiana Bazlova1, Nikolai Bocharnikov1, Aleksandr Solonin1

SEVERE WEATHER OBSERVATIONS 
FOR AVIATION USING 4-D WEATHER 
DATABASE

1Institute of Radar Meteorology (IRAM), Russia

The Australian radar network is unique in the number, 
type, technology and distribution of radars around a 
continent with a wide variety of climates. Despite this 
diversity, the Bureau aims at providing the best service 
for the public and customers regardless of their loca-
tion. A standard scanning strategy that fits all custom-
ers’ demands, and the radars capabilities, has been used 
successfully in the last decade. However, we often hear 
the meteorologists “waiting for one more scan” before 
sending the warning out, for full confirmation of the 
severity of the storm; or we hear that “the radar is too 
hot or too cold” or that the report of a severe event hap-
pened to be “between the scans”. Things are changing. 
New radar technology allows for agile and diverse vol-
ume scans. The downstream applications need to be-
come flexible in ingesting diverse scans. Be it because of 
the sudden onset of high impact weather or because of 
an open air event, whatever the reason, users require a 
quick response on how the radars perform the next scan 
optimally. One size fits all is not acceptable anymore. 
How do we plan ahead for such a big step? What are 
the drivers for change? How do we increase the value 
our customers get from our radars? This talk will pres-
ent how the Bureau plans to answer these questions and 
how the radar community joins to find solutions.

Aurora Bell1, Alan W. Seed1, Mark Curtis1, Darryl Aylward1, Bryan Hodge1

ADAPTIVE SCANNING STRATEGIES FOR 
A SEAMLESS SERVICE

1Australian Bureau of Meteorology, Australia
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The DWD (German National Meterological Service) 
is the designated air navigation service provider for the 
DFS (German Air Control Service). Among the prod-
ucts that the DWD provides are European radar com-
posites that cover the German airspace. The European 
radar network as a whole is inhomogeneous. The avail-
able radar data consists of single radar station data and 
national composites. Further, die contributions differ 
in data quality due to, for example, the used radar sys-
tems, level of data processing and the national compos-
ite generation strategies. The temporal inhomogenities 
include different production cycle lengths (2.5,5,10,15 
minutes), validity times, scan strategy timings, and de-
livery delay times. For air navigation products low pro-
duction times are mandatory. Additionally, there is a 
demand to address the additional delivery delay time of 
the finished product to the customer.
At DWD we have developed a new European radar 
composite that uses a temporal harmonization scheme 
to address the temporal inhomogeneities in the availa-
ble data. The composite is produced every 5 minutes. 
Forecasts are computed up to 2 hours, with a stepping 
size of five minutes. The new product is currently pre-
operational and was technically evaluated at DFS. This 
presentation gives an overview of the new product with 
a focus on the central temporal harmonization scheme. 
The scheme is an optical-flow nowcasting technique. 
It is aligned to a 5-minute temporal grid. A global flow 
field is computed in each production cycle. Then, the 
available data that is nearest to the next temporal grid 

point is selected and nowcasted to that time. For each 
of these contributions an individual combination of the 
available global flow fields is applied. The combinations 
take into account the individual temporal aspects of the 
data during runtime. Consequently, the resulting global 
composite is filled in every time step and robust against 
fluctuating delivery of data. To address the delivery time 
of the finished composite to the customer, 1-minute 
forecasts are computed for the first 25 minutes.
The development of the temporal harmonization 
scheme and the technical evaluation at DFS were part of 
the BMVI mFUND-project I-RADAR and LuFo-pro-
ject WxVis4ATC, respectively.

Ulrich Friedrich1, Michael Mott1, Kathleen Helmert1

TEMPORAL HARMONIZATION OF 
EUROPEAN RADAR DATA WITH 
NOWCASTING

1Deutscher Wetterdienst, Germany

The National Center for Atmospheric Research 
(NCAR) Earth Observing Laboratory (EOL) proposes 
to develop the LOwer Troposphere Observing System 
(LOTOS), a new integrated sensor network that offers 
the potential for transformative understanding of the 
lower atmosphere and its coupling to the Earth's sur-
face. The LOTOS is designed to allow simultaneous 
and coordinated sampling both vertically, through the 
atmospheric planetary boundary layer, and horizon-
tally, across the underlying landscape, focusing on ex-
change processes at the land-atmosphere interface and 
the coupling of the boundary layer with the overlying 
free troposphere. The core of LOTOS will be a portable 
integrated network of up to five nodes, each consisting 
of a suite of radar, wind and thermodynamic profiling 
instruments surrounded by up to fifteen flux measuring 
towers. LOTOS will provide an integrated set of wind, 
temperature, water vapor, cloud, aerosol, trace gas and 
flux measurements needed to address outstanding sci-
entific challenges related to processes within the atmos-
pheric surface layer, boundary layer, and lower tropo-
sphere.

LOTOS’ uniqueness lies in its ability to simultaneously 
sample both horizontally and vertically as an integrated 
system, but also in its flexibility to be easily relocated as 
a portable field-deployable system suitable for address-
ing a wide range of research needs. LOTOS will provide 
real-time data quality control, combine measurements 
from a variety of sensors into integrated data products, 
and provide real-time data displays. It is envisioned that 

LOTOS will become part of the deployable NSF Lower 
Atmosphere Observing Facilities (LAOF) and thus be 
available to a broad base of users from both observation-
al and modeling communities. This poster presentation 
will describe the background, motivation, plan, and sta-
tus for the LOTOS proposed development.

Tammy Weckwerth1, Steven Oncley1, Terry Hock1, William Brown1, Britton Stephens1, Wen-Chau Lee1, Vanda Grubišić1

PLANNING FOR LOTOS: A NEW LOWER 
TROPOSPHERE OBSERVING SYSTEM

1NCAR, United States
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The German weather radar consists of 17 polarimetric 
radar systems at C-Band. An acceptable radar coverage 
of the German territory is achieved, but some metro-
politan areas have been identified where radar meas-
urements below 2 km above surface are not available. 
In order to improve the radar coverage for those areas, 
the DWD project “IVS Unwetter” has the goal to in-
troduce additional four radar systems. Initially, it was 
deemed necessary to introduce X-Band systems to avoid 
radar-radar-interferences. As part of the specification 
process of the new radar system, a quantitative assess-
ment of the radar-radar-interference at C-Band was per-
formed in December 2019. During this measurement 
campaign, the research radar Hohenpeißenberg (MHP) 
and five neighboring operational radars are used to in-
vestigate the feasibility and operation recommenda-
tions of introducing additional C-Band system into the 
present radar network. The operating frequencies of 
the five operational radar systems cover a broad range 
of the C-Band (5600, 5625, 5630, 5640, 5670 MHz). 
The radars are located between 65 km and 225 km away 
from the MHP radar. We use dedicated scans where an 
operational radar points and transmits directly towards 
the research radar for about 30 seconds. The research 
radar performs a full sweep with typical operational 
settings during this period. This is done sequentially 
every 5 minutes for all involved radars and is followed 
additional sweep without explicit external interference. 
Sweeps acquired by the MHP radar are then analyzed 
for interferences. Interferences are determined using 

the signal quality index and the normalized signal pow-
er. In summer 2017, DWD introduced the so-called 
“Radar-Tango” to synchronize radar pointing and 
minimize radar-radar interference: all radars start their 
scan every 5 minutes from the same azimuth angle. We 
evaluate the Radar-Tango when MHP is operating in a 
Tango-mode and in an un-synchronized research scan 
mode. It is found that the Radar-Tango is effective in 
avoiding radar-radar interferences. We find that interfer-
ences are only present if the transmit frequency of the 
neighboring radar is within 15 MHz of the MHP radar. 
No interferences are found at larger frequency separa-
tions. The strongest signal is present if the frequencies 
match. The interference signal power is 15 dB smaller if 
the transmitting system is 15 MHz separated from the 
MHP frequency. We conclude that additional C-Band 
systems can be considered to extend the network within 
“IVS-Unwetter”.

Michael Frech1, Bertram Lange1, Kay Desler1, Jörg Seltmann1, Theodor Mammen1

C-BAND RADAR-RADAR-
INTERFERENCE ASSESSMENT FOR THE 
GERMAN WEATHER RADAR NETWORK

1DWD, Germany

Dense radar networks offer the possibility of improved 
Quantitative Precipitation Estimation thanks to the 
additional information collected in the overlapping ar-
eas, which allows mitigating errors associated with the 
Vertical Profile of Reflectivity or path attenuation by 
intense rain. With this aim, Roca-Sancho et al. (2014) 
proposed a technique to generate 3-D reflectivity mo-
saics from the multiple radars of a network. The tech-
nique is based on an inverse method that simulates the 
radar sampling of the atmosphere considering the char-
acteristics (location, frequency and scanning protocol) 
of each individual radar.
The technique was originally applied to the observa-
tions of C-band single-polarization radars, and has been 
recently adapted to composite the radar network of 
South Korea (composed of C- and S-band radars), and 
integrate the observations of the X-NET, composed of 
two X-band dual-polarization radars around Seoul.
The evaluation of the generated 3-D mosaics has been 
done by comparison with point measurements (i.e. rain 
gauges and disdrometers) and with the observations of 
independent radars. This work analyses the value of 
the compositing algorithm in a simulation framework 
using high-resolution NWP simulations as reference, 
studying the influence of number and type of radars in 
used in the mosaic.

Marc Berenguer1, Daniel Sempere-Torres1, Gyuwon Lee2

OPTIMAL PRODUCTION OF 3-D 
REFLECTIVITY MOSAICS -  EVALUATION 
IN A SIMULATION FRAMEWORK

1Universitat Politècnica de Catalunya, Spain; 2Kyubng pook National University, South Korea
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Weather radars are key instruments used by governmen-
tal/private agencies around the world for weather sur-
veillance. National weather services are often equipped 
with networks of weather radars to provide a full cov-
erage of their countries. It is fundamental for the data 
collected to be reliable and harmonized among the dif-
ferent radars within a network. Therefore, radars must 
be well calibrated to consistently take measurements of 
weather events across the country.

Several methods for weather radar calibration and mon-
itoring within a network can be applied. Among them, 
the self-consistency technique provides a physical-
ly-based reflectivity (and differential reflectivity) calibra-
tion that allows continuous monitoring of the network 
status, can be performed on-line and can be repeated as 
needed in almost real-time.

The Swedish national weather radar network 
(SWERAD) counts 12 C-band weather radars recently 
upgraded to dual-polarization capability. The Swedish 
Meteorological and Hydrological Institute (SMHI) - 
together with radar manufacturer Enterprise Electronic 
Corporation (EEC) and Saab, Support and Services - is 
committed to the harmonization of SWERAD to im-
prove the accuracy of precipitation estimation. In this 
framework, EEC and SAAB performed in February 
2020 a Swedish radar tour for the normalization of the 
network.

The self-consistency calibration technique has been 

applied by SMHI to datasets collected across Sweden 
during fall/winter 2019 and spring 2020, i.e., before 
and after the radar tour. The work presented here 
shows the results of this analysis, which highlights the 
improvements in data consistency across SWERAD 
after the tour and provides a testbed for the future im-
plementation of a self-consistency-based calibration for 
SWERAD.

Leonardo Porcacchia1, Daniel Johnson1, Gunther Haase1

CALIBRATION OF THE SWEDISH 
WEATHER RADAR NETWORK

1Swedish Meteorological and Hydrological Institute, Sweden

Meteorological events and parameters are very crucial 
for flight activities. In addition to parameters such as 
visibility, turbulence and wind shear, automatic detec-
tion of some meteorological events such as fog, thun-
derstorm and lightning are very useful for the prepara-
tion of flight plan, safe landing and take-off of aircraft, 
apron operations and safety of passengers and staff in 
the apron. ALTAR (Airport Lightning and Thun-
derstorm Alert by Remote Sensing) was developed by 
Turkish State Meteorological Service to issue an auto-
matic alert for civil and military airports in Turkey by 
means of meteorological remote sensing data which are 
LINET, weather radar and satellite data. ALTAR issues 
alert for convective storms and fog, when preset criteria 
for radar reflectivity, VIL density, lightning strikes and 
satellite CT (cloud type) are reached in two different 
pre-defined circular alert regions of which the airports 
are at the center. User can also define a specific area to 
issue a warning. ALTAR has also weather radar forecast 
tool using outputs of TITAN of NCAR. The other 
meteorological information crucial for aviation like 
METAR, TAF, SIGMET, GAMET, SPECI messages, 
latest observations, selected satellite images and some 
EUMETSAT NWCSAF products, airport forecaster 
warning forms, airport limit warnings and real-time 
flight information can also be accessed by ALTAR.

Kurtulus Ozturk1, Yusuf Çalık1, Alper Çubuk1, Canberk Karadavut1, Erdem Erdi1, Ahmet Koca1

ALTAR: AN INTERACTIVE WEB TOOL 
USING METEOROLOGICAL REMOTE 
SENSING DATA TO ISSUE ALERT FOR 
TURKISH AIRPORTS

1Turkish State Meteorological Service, Turkey 



120

RADAR OPERATIONS
AND NETWORKS

Efficient weather monitoring networks are crucial for 
precipitation nowcasting with high spatial and tem-
poral resolution in areas that are highly vulnerable to 
hydrogeological risks, such as densely populated urban 
ones. Recent statistics clearly indicate that economic 
and human damages caused by urban floods are rising, 
due to both extreme weather event increase and a con-
tinuing urbanization process.
In the context of flood forecasting and issuing reliable 
alerts at the urban scales, the SURFACE project, a FESR 
2014-2020 program funded by regional administration 
of Tuscany (Italy), aims at developing a system for mon-
itoring and classifying intense and extreme weather 
events on urban and small rural basin scales, based on 
an innovative solid-state, polarimetric and low-power 
output X-band mini-radar.
Traditional networks based on raingauges or long-range 
radar systems are often unable to correctly detect these 
local events, the former lacking in representativeness in 
some areas (and missing in other such as over the sea), 
the latter limited by sector occultation where orography 
is complex .
In the paradigm of Industry 4.0, which this project 
refers to, the radar system is equipped with a manage-
ment system (eventually remotely connected) enabling 
remote control via a smart terminal: its operations can 
be dynamically and automatically driven by the infor-
mation arriving from external sensors. In particular, the 
radar scan schedule will be automatically and realtime 
re-configured to optimize the observation strategy of 

the most critical events approaching the radar domain 
through the observations provided by external sensors 
with different techniques. The selected scans will corre-
spondingly sample full or ad hoc volumes and heights 
in the atmosphere.
This work is focused on the implementation of an early 
detection scheme of precipitative systems, identified by 
satellite and lightings data, in order to guide the radar 
scans in an optimal way. The scheme uses IR and WV 
MSG SEVIRI channels in a rapid scan mode (i.e. 5-min-
ute), under day and night conditions, to detect rapidly 
moving precipitative cells. Lightning data are provided 
in real-time by the Blitzortung network, every minute.
A few case studies for different phenomenology and 
with different precipitation intensities have been se-
lected to preliminarily evaluate the performance of 
the scheme and its robustness. The results are analysed 
against data from the national radar and raingauge net-
works.
The characteristics of the X-band solid-state radar are 
part of this study, in order to build a system suitable to 
smartly interact with available external sources exploit-
ing their information.

Samantha Melani1,2, Alessandro Mazza1,2, Francesca Caparrini2, Andrea Antonini2, Alberto Ortolani1,2

IDENTIFYING INTENSE WEATHER 
SYSTEMS THROUGH A SMART 
MULTI-SENSOR APPROACH FOR 
DYNAMICALLY GUIDING A SOLID-STATE 
X-BAND RADAR

1CNR-IBE, Italy; 2Consorzio LaMMA, Italy
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An X-band multi-parameter phased array weather ra-
dar (MP-PAWR) was develop in late 2017, and it began 
operation from March 2018. Since then, MP-PAWR has 
been observing various types of precipitation. The ma-
jor characteristics of MP-PAWR are 1) electronical scan 
in elevation and the azimuthal observation is imple-
mented by the mechanically rotating antenna, 2) there-
fore, it takes only 30 seconds to complete three dimen-
sional observation (elevation of 0° to 90° and azimuth 
of 0° to 360°) in 60 km range and 3)precise precipitation 
rate and precipitation characteristics are deduced by the 
dual-polarization parameters (Z, ZDR, KDP and ρhv).
In this presentation, various types of precipitation sys-
tems such as isolated convective cloud, organized con-
vective system accompanied by lightening, stratiform 
precipitation but not precipitating on the ground, strat-
iform precipitation accompanied with typhoon. Several 
cases are compared with the time-lapse camera images.
On the isolated precipitation clouds (cases on August 2 
and 16, 2018), detailed life cycle of precipitation clouds 
is described by temporal change of three-dimension-
al structure together with the dynamical information 
from dual Doppler analysis and precipitation types 
in the cloud from dual polarization observation. The 
organized convective systems are analyzed by compar-
ing with the analyses on lightening activity and wind 
field. Three-dimensional analysis clearly indicates the 
formation of precipitation core one after another and 
the dual-polarization analysis indicates the existence of 
graupel or hail during the active lightening. Additional 

analysis was implemented for stratiform precipitation 
systems. Although the velocity azimuth display (VAD) 
method is very useful to estimate the wind field (not 
only horizontal wind but also divergence and defor-
mation) for stratiform precipitation, there was an issue 
that the analysis radius is not constant with height be-
cause of the limited elevation angles of data. Since MP-
PAWR can observe full elevation angles, analysis with 
constant radius is available and it enables to estimate the 
vertical motion. The VAD method was applied for cas-
es on 27-28 July and 6 September, 2018 to estimate the 
vertical motion. The former was typhoon case and the 
latter was stratiform precipitation but not precipitating 
on the ground. For the latter case, detailed analysis was 
not available by conventional radar observation because 
of the lack of high elevation angle observation.

Nobuhiro Takahashi1, Hiroshi Hanado2, Takeharu Kouketsu1

PRECIPITATION OBSERVATIONS BY 
MULTI-PARAMETER PHASED ARRAY 
WEATHER RADAR (MP-PAWR)

1ISEE, Nagoya University, Japan; 2National Institute of Information and Communications Technology (NICT), Japan

China Tornadoes Observation Experiment (CHA-
TOR) is the largest study in China focused on improv-
ing understanding of tornadoes, including tornadogen-
esis, tornado structure, and improving forecasts. The 
overarching goal of CHATOR is to develop a tornado 
detection radar with high spatial and temporal resolu-
tion detection capability; to build a tornado detection 
radar network to conduct collaborative observation 
technology research and experiments in tornado-prone 
areas; to develop tornado study on the mechanism and 
evolution characteristics; to establish operational torna-
do monitoring and early warning processes. The project 
develops three fast-scanning, high-precision, high-reso-
lution weather radars, including one C-band phased 
array weather radar, one X-band phased array dual-po-
larization weather radar, and one mobile X-band mul-
ti-beam fast scanning dual-polarization weather radar. 
The architecture and technical details of these radars are 
described. A technical summary of the CHATOR radar 
network for tornado detection from the perspective of 
the tracking and warning of tornadoes is presented. Par-
ticularly, an overview of the collaborative observation 
technology of the CHATOR radar network is present-
ed. Sample products in the presence of mesoscale and 
severe weather and associated algorithms for tornado 
tracking and recognition are provided.

Jianxin He1, Qiangyu Zeng1, Zhao Shi1, Fugui Zhang1

CHINA TORNADOES OBSERVATION 
EXPERIMENT

1Chengdu University of Information Technology, China
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Shipborne radar data from a pilot field campaign of the 
Years of the Maritime Continent (YMC) Project were 
analyzed to determine the impact of large-scale envi-
ronment on convection and precipitation around the 
southwestern coast of Sumatra. During the field cam-
paign, the convective envelope of a Madden–Julian os-
cillation (MJO) event passed over the observation site. 
At the same time, three primary types of tropical waves, 
including equatorial Rossby (ER), Kelvin, and mixed 
Rossby–gravity (MRG) waves, were also observed. To 
estimate the distinct contributions of the above large-
scale disturbances to the evolution of convection and 
precipitation around the southwestern coast of Suma-
tra, echo areas, echo top heights, and rainfall derived 
from the radar data during the observation period were 
regressed onto signals associated with the MJO, ER 
waves, Kelvin waves, and MRG waves, which were de-
termined based on the wave-number–frequency spec-
trum of satellite infrared brightness temperature (Tb). 
The results indicated that MRG waves contributed 
overwhelmingly to the development of areas of convec-
tive echoes. For areas of stratiform echoes, the contri-
butions from Kelvin waves, ER waves, the MJO, and 
MRG waves varied in descending order, but there were 
only small differences in their contributions. ER waves 
and MRG waves were primary and secondary contrib-
utors to the development of echo top heights of both 
convective and stratiform precipitation. On the other 
hand, both the MJO and Kelvin waves made small con-
tributions to the evolution of echo top heights. Con-

vective and stratiform rainfall from MRG waves were 
much more significant than those from the MJO and 
other two types of tropical waves. At the same time, 
Kelvin waves and the MJO were secondary contribu-
tors to the evolution of stratiform rainfall. The results 
suggest that, during the passage of the MJO around 
the southwestern coast of Sumatra, MRG waves exert 
a significant impact on the development of convection 
and precipitation, while the MJO, Kelvin waves, and 
ER waves contributed primarily to the development of 
stratiform precipitation.

Biao Geng1, Masaki Katsumata1

CONTRIBUTIONS OF AN MJO EVENT 
AND TROPICAL WAVES TO THE 
RADAR-OBSERVED EVOLUTION 
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SOUTHWESTERN COAST OF SUMATRA

1Japan Agency for Marine-Earth Science and Technology, Japan

Dual-polarization (dual-pol) radar technology provides 
additional information to forecasters that is beneficial 
for assessing storm-scale processes and issuing severe 
weather alerts. Additionally, as radar update times de-
crease with specialized scanning strategies and emerging 
technologies such as phased array radar systems, more 
information will be available that can help in the now-
casting process. In an effort to examine the potential 
benefits of a dual-pol phased array radar, scientists at 
the National Severe Storms Laboratory have been using 
a research radar located in central Oklahoma to collect 
rapid-update (i.e., volumetric update times of 2 min or 
less) data of dozens of storms with varying modes and 
intensities. This dataset provides a unique opportunity 
to study the evolution of dual-pol signatures and deter-
mine the impact of radar update time on observing such 
signatures.

Two potentially important dual-pol signatures are the 
ZDR column and KDP core, which can provide addi-
tional information about the character and microphys-
ics of a storm’s updraft and downdraft, respectively. As 
such, these signatures may be helpful for short-term 
prediction of hail and/or downbursts. In this study, we 
quantified ZDR column evolution within 45 storms 
and KDP core evolution associated with 81 downbursts 
to explore whether these signatures could be used to an-
ticipate storm severity. Results indicate that ZDR col-
umns are useful in distinguishing between severe and 
nonsevere storms and also provide additional lead time 
for nowcasting since they evolve earlier than other sig-

natures, such as upper-level reflectivity cores, typically 
used by forecasters to anticipate storm strength. At the 
same time, KDP cores provide a reliable indicator for 
downburst development, but may not provide clear in-
formation about an impending downburst’s intensity. 
Rapid-update radar data may also be important to ad-
equately resolve the evolution of these signatures and 
therefore is needed in order for forecasters to take full 
advantage of a signature’s predictive capabilities. The 
lead author will present results from this ongoing work.

Charles Kuster1, Jeffrey Snyder2, Terry Schuur1, Jacob Carlin1, Randy Bowers3, Todd Lindley3, Jason Furtado4
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WEATHER EVENTS

1Cooperative Institute for Mesoscale Meteorological Studies, United States; 2National Severe Storms Laboratory, 
United States; 3National Weather Service - Norman, OK, United States; 4University of Oklahoma School of 
Meteorology, United States



128 129

PHASED-ARRAY AND 
EMERGING TECHNOLOGIES

PHASED-ARRAY AND 
EMERGING TECHNOLOGIES

The unique electronic beam steering capability inher-
ent in polarimetric phased array radars (PPAR) sup-
ports the enhanced weather surveillance strategies that 
are envisioned to improve the weather radar products. 
Consequently, this technology is one of the candidate 
platforms for the next generation of weather radars. 
Nevertheless, there are serious challenges that need 
to be addressed before a decision for to the adoption 
of PPAR technology for weather surveillance can be 
made. These include the existence of significant an-
tenna cross-polar patterns, as well as the beamsteering 
dependent horizontal (H) and vertical (V) copolar pat-
terns which are inherent to PPAR. The former induces 
cross coupling between returns from the horizontally 
and vertically oriented fields resulting in the biases of 
polarimetric variable estimates. To address this prob-
lem, a pulse-to-pulse phase coding in either the H or V 
ports of the transmission elements has been proposed. 
However, it does not affect the scan-dependent system 
biases in PPAR estimates caused by the beamsteering 
variability of H and V copolar patterns. Hence, the 
scan-dependent system biases must be corrected using 
appropriate values at each boresight location. Assuming 
that cross-coupling effects can be sufficiently suppressed 
via pulse-to-pulse phase coding, the corrections can be 
conducted using only the knowledge of H and V copol-
ar antenna radiation patterns. However, at boresight lo-
cations where the cross-polar pattern levels are too high 
(and the cross-coupling mitigation via pulse-to-pulse 
phase coding is insufficient) the correction based on the 

knowledge of both the copolar and cross-polar antenna 
patterns needs to be conducted.

The Advanced Technology Demonstrator (ATD) at the 
National Severe Storms Laboratory (NSSL) is a polari-
metric S-band system that was constructed to evaluate 
the suitability of PPAR technology for weather surveil-
lance. To facilitate calibration, the ATD infrastructure 
includes a far-field calibration tower, located in the 
vicinity of the ATD site. Atop the tower is an S-band 
standard gain horn attached to a motorized platform 
that allows it to rotate about its axis and set the horn 
polarization in horizontal, vertical or any other desired 
position. This infrastructure is to be used to conduct 
accurate measurements of the fielded array parameters 
needed for weather calibration. Herein, we present the 
latest update on efforts aimed at the ATD weather cali-
bration.

Igor Ivić1, David Schvartzman1

EXPERIMENTAL EVALUATION OF 
THE PPAR ADVANCED TECHNOLOGY 
DEMONSTRATOR CALIBRATION

1CIMMS/NSSL , United States

Recently, we see increasing demands for prediction 
techniques aimed at a growing number of sporadic, lo-
calized weather disasters such as heavy rainfalls and tor-
nados. Localized heavy rainfalls are caused by rapid de-
velopment of cumulonimbus clouds. Cumulonimbus 
clouds develop in the vertical direction with its lifecycle 
being just 30 to 60 minutes, bringing heavy rainfalls of 
more than 100mm/h within a narrow area. In order to 
predict heavy rainfalls, it is important to observe poten-
tial rainfall up to 15km in clouds under development.
Our team including Toshiba succeeded in the develop-
ment of dual polarization Phased Array Weather Radar 
called “MP-PAWR (Multi-Parameter Phased-Array 
Weather Radar)” in 2018. This radar has many features 
such as dual polarization capability of STAR(Simulta-
neous Transmit And Receive), rapid 3-D observation 
with DBF (Digital Beam Forming), real time calcula-
tion with GPGPU and low range side-lobe with NLFM 
(Non-linear Frequency Modulation) in pulse compres-
sion.
We have already accumulated many 3-D observation 
data of dual polarization and evaluated data accuracy. 
MP-PAWR provides a detailed 3-D structure observa-
tion and particle classification within very short time 
period. According to comparison results between 
weather radars and ground rain gauges, MP-PAWR 
achieves equivalent performance to parabolic radar re-
garding QPE.
We will present system overview, 3-D observation data 
and evaluation results of MP-PAWR at the conference.

This work was supported by Council for Science, Tech-
nology and Innovation (CSTI), Cross-ministerial Stra-
tegic Innovation Promotion Program (SIP), “Enhance-
ment of societal resiliency against natural disasters” 
(Funding agency : JST).
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The National Oceanic and Atmospheric Administra-
tion (NOAA) is considering different radar architec-
tures for the eventual replacement of the current reflec-
tor-based Weather Surveillance Radar – 1988 Doppler 
(WSR-88D). A candidate affordable option is the rotat-
ing phased array radar (RPAR) architecture which may 
be capable of exceeding the capabilities of the WSR-
88D. By exploiting unique capabilities of polarimetric 
phased-array radar (PAR) technology it may be possi-
ble to meet demanding functional requirements for a 
future U.S. Weather Surveillance Radar Network. The 
PAR beamforming capability allows the synthesis of 
desirable antenna beam patterns on both transmission 
and reception by varying the magnitude and phase of 
transmit signals at each individual array element lev-
el (also referred to as tapering). This capability can be 
used to produce a wider transmit beam, effectively in-
creasing the beam coverage. Depending on the PAR ar-
chitecture, several receive beams can be simultaneously 
formed digitally within the wider transmit beam.
This unique PAR capability is exploited by the distrib-
uted beams (DB) technique to reduce the scan time, or 
alternatively to improve the data quality when operat-
ing a RPAR. DB is accomplished by synthesizing a wide 
(spoiled) transmit beam and receiving multiple digital 
beams (within the transmit beam) as the radar rotates. 
Returns from subsequent receive beams pointing in 
the same direction are then grouped coherently. Spe-
cifically, the azimuthal rotation rate of the platform is 
matched to the desired sampling (spatial and temporal) 

such that the coherent processing interval (CPI) for a 
given beam position is distributed over several overlap-
ping receive beams. In this manner, the scan time can 
be reduced by a factor equal to the transmit beam spoil 
factor. This paper presents the latest updates on the 
DB technique and illustrates the performance of DB 
by scanning meteorological targets using the Advanced 
Technology Demonstrator (ATD) radar at the National 
Severe Storms Laboratory (NSSL). The quality of po-
larimetric radar data is evaluated and compared to data 
obtained from a collocated WSR-88D using different 
configurations of DB. We believe this signal processing 
technique provides a way to approach meeting opera-
tional requirements of a future U.S. Weather Surveil-
lance Radar Network.

David Schvartzman1, Sebastian Torres1, Tian-You Yu2, Igor Ivić1, John Murdock3

DISTRIBUTED BEAMS: EXPLOITING 
BEAMFORMING CAPABILITIES OF A 
ROTATING PHASED-ARRAY RADAR 
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A goal of a NEXRAD replacement system is to achieve 
1-min volumetric updates for nationwide weather obser-
vations. This study uses a radar simulator (“SimRadar”) 
to provide realistic emulations of the expected radar ob-
servations before, during, and after tornadogenesis, as 
debris are lofted. A hydrometeor classification algorithm 
with a tornado detection signature (TDS) class is used to 
‘detect’ a tornado, in order to assess the impact of rapid 
scans on operational detection of a tornado. It is found 
that 1-min updates are insufficient for accurately captur-
ing the rapid growth of the TDS. As a result, the simu-
lation is run at 6-s volume updates. The evolution of the 
TDS with time is analyzed, and significant changes are 
observed on timescales of 6 s. The TDS is observed to 
be most prominent near the ground, with the total TDS 
area becoming less expansive with height, likely due to 
debris becoming more disperse and less concentrated, 
and due to heavier debris (i.e., wood boards) not being 
lofted as high as lighter debris (i.e., leaves). The effect of 
debris concentration is also analyzed; this study finds 
that higher concentrations of debris equate to a more 
spatially expansive TDS. The findings in this study indi-
cate that for timely observation of a TDS for operation-
al tornado detection, sub-1-min updates would likely 
be necessary. This result agrees with previous findings 
of tornado research, where tornadoes are observed to 
evolve on timescales of tens of seconds or less. The results 
of this study can be used to inform decisions regarding 
radar design, requirements, and possible scanning strate-
gies for a NEXRAD replacement system.

Andrew Mahre1, Tian-you1, David Bodine1

QUANTIFYING THE BENEFITS OF 
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1University of Oklahoma, United States
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G-band (110 – 300 GHz) radars hold considerable 
promise to improve cloud remote sensing measurement 
capabilities, both for microphysics studies because of 
the large degree of non-Rayleigh hydrometeor scatter-
ing and for in-cloud humidity sounding using differ-
ential absorption radar near the 183 GHz water line. 
Until recently, the development and implementation 
of G-band atmospheric radars was practically impossi-
ble due to the lack of essential electronic components 
operating at these frequencies, with the exception be-
ing vacuum-tube-based cloud radars deployed briefly 
in the 1980s. However, recent advances in solid-state 
component technology have enabled the first modern 
G-band cloud radar, called the Vapor In-cloud Profiling 
Radar (VIPR). VIPR is a proof-of-concept airborne ra-
dar developed at the Jet Propulsion Laboratory under 
NASA ESTO’s Instrument Incubator Program that 
primarily targets high-resolution humidity profiles in-
side of boundary-layer clouds. With a broadly tunable 
transmitter from 167-174.8 GHz positioned on the left 
flank of the water line, VIPR measures differential ab-
sorption within hydrometeor layers due to water vapor, 
allowing for the retrieval of range-resolved humidity 
with a precision better than 1 gm$^{-3}$ and resolution 
of 180 m.

In this talk, we detail recent ground-based deploy-
ments, including a humidity measurement validation 
campaign at the Department of Energy’s Atmospheric 
Radiation Measurement site in Oklahoma. From com-
parisons with numerous coincident radiosonde humid-

ity profiles, we find a median bias of < 0.5 gm$^{-3}$ 
and root-mean-square error (RMSE) of 0.8 gm$^{-3}$ 
for in-cloud humidity profiling from the surface to 10 
km height. We also discuss results from a deployment 
at Stony Brook University’s Radar Observatory for 
the first ever multi-frequency radar observations that 
include a G-band radar for ice and snow microphysics 
studies.

Lastly, we discuss the results of VIPR’s first airborne 
campaign, which took place aboard a Twin Otter air-
craft off the Southwest coast of the US from October 
2019 to January 2020. In addition to assessing the in-
cloud profiling capabilities from an airborne platform, 
we demonstrate the ability to use G-band differential 
absorption radar to measure column-integrated water 
vapor between the aircraft and the Earth’s surface with 
a precision of 0.8 mm for 0.5 seconds averaging. We 
also evaluate the angle dependence of the ocean surface 
cross section from aircraft banking maneuvers, and find 
a normal incidence value of about 8 dB at 167 GHz for 
the particular wave roughness conditions at the time of 
the measurement. Technical considerations related to 
clutter from the strong ocean surface reflection will also 
be discussed.

Richard Roy1, Matthew Lebsock1, Ken Cooper1, Luis Millan1, Raquel Rodriguez Monje1, Robert Dengler1, Jose Siles1

THE VAPOR IN-CLOUD PROFILING 
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MICROPHYSICS MEASUREMENTS

1Jet Propulsion Laboratory, California Institute of Technology, United States 

We review the characteristics of dual-polarized weather 
radar variables observed by a planar phased-array radar 
(PPAR). The characteristics are governed by the projec-
tion of the polarizations radiated by the array's elements 
into the canonical spherical coordinates defining the 
measurement geometry of ground-based weather ra-
dars. The direction-dependent gain and phase pattern 
of the radiating elements, the orientation of the radiat-
ed polarizations, and the mechanical tilting of the array 
all contribute to a transformation matrix that relates 
the polarimetric variables observed by a PPAR to the 
intrinsic polarimetric variables that would be observed 
by a mechanically-scanned weather radar employing a 
reflector antenna.

We decompose the transformation into components 
that can be separated and customized for various PPAR 
configurations including consideration of possible 
cross-polarized radiation by the array elements and the 
effect of a wet radome covering the array face. These 
are represented by individual transformation matrices 
whose product comprises the total transformation. We 
then show that polarimetric variables observed by a 
PPAR can be represented as the product of the intrin-
sic variables, a projection-dependent term that depends 
upon the transformation matrix only, and a target-de-
pendent term that depends upon both the transforma-
tion and the intrinsic properties of the scattering. In 
many instances, the projection-dependent corrections 
are sufficient to achieve acceptable estimates over most 
of the scan range.

William Heberling1, Stephen Frasier1

A MODULAR APPROACH TO 
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The operational U.S. Weather Surveillance Radar – 
1988 Doppler (WSR-88D) network has exceeded its 
expected life span and intrinsic architecture limitations 
prevent this rotating parabolic-reflector system from 
attaining desired future performance capabilities. The 
National Oceanic and Atmospheric Administration 
(NOAA) has begun evaluating strategies for replace-
ment of the WSR-88D by 2040, and have defined ex-
pected performance through the NOAA-NWS Radar 
Functional Requirements. The threshold requirements 
defined describe the minimum expected functionality 
and the optimal functional requirements describe the 
desired performance.

Recent research efforts aimed at exploiting unique po-
larimetric Phased Array Radar (PAR) capabilities indi-
cate this technology is a strong candidate to meet opti-
mal requirements. This is because it provides for a more 
rapid update of volumetric data as well as the capability 
to perform adaptive observations both of which are 
expected to produce substantial data quality improve-
ments. An affordable rotating PAR (RPAR) architec-
ture is one of the options being considered. Important 
RPAR architecture tradeoffs have to be examined to 
evaluate the degree to which optimal requirements can 
be met and to indicate what architecture-specific func-
tionality may be required to enable the associated con-
cepts of operations (CONOPS).

This paper discusses options for RPAR architectures. 
We present illustrative CONOPS consistent with each 

RPAR architecture discussed, with the goal of achiev-
ing faster volumetric updates without significant deg-
radation in data quality, sensitivity, or spatial coverage 
of weather phenomena. Specific architectures discussed 
include: an overlapped subarray architecture, similar to 
NSSL’s Advanced Technology Demonstrator (ATD) 
with rapid scanning achieved via a novel “distributed 
beam” approach; a row-digital architecture exploiting 
the “Multi-beam Technique” to sample multiple ele-
vation beams simultaneously in order to increase the 
volumetric observation rate; a digital-at-the element ar-
chitecture exploiting multiple beams in both azimuth 
and elevation, capable of maximizing scan efficiency. We 
hope that our study provides valuable information for 
the design of a future RPAR U.S. Weather Surveillance 
Radar Network.

David Schvartzman1, Henry Thomas2, Igor Ivić1, Sebastian Torres1, Mark Weber1
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SURVEILLANCE ROTATING PHASED 
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It is nowadays anticipated that severe weather phenom-
ena can give massive damages especially to well-urban-
ized areas. Weather radar networking and/or angular 
imaging are one of recent technological updates in the 
weather radar engineering field, and they allow us to 
detect severe weather phenomena in their early stage, 
and to provide accurate warning information, which 
can reduce the damages. However, both the weather 
radar networking and angular imaging increase a prob-
ability of mutual interference between weather radars. 
This is because, in weather radar networks, multiple 
weather radars are closely deployed and operated at the 
same time, and weather radars with the angular imaging 
broadly radiates electromagnetic waves. This research 
proposes a signal processing method to mitigate mutual 
interferences on weather radar network environment. 
Considering one weather radar which is observing and 
is interfered by the other weather radar (call the former 
the interfered radar, and the latter the interfering radar, 
hereafter), the interfered radar’s receiving signal is for-
mulated by an addition of its monostatic observation 
signal model and a bistatic observation signal model 
with the interfering radar. Since both of the signal mod-
els are linear, a mutual interference signal model is also 
linear. This research utilized the Yoshikawa’s MMSE 
method which was developed for solving linear equa-
tions supposing distributed targets such as precipita-
tion particles, and achieved mutual signal suppression 
and signal retrievals of both the monostatic and bistatic 
observations.

The presentation will explain mathematics of the mu-
tual interference signal model, an application of the 
MMSE method to the interference model, and perfor-
mances evaluated in some cases of mutual interferences.

Eiichi Yoshikawa1, Taihei Uchida2, Hiroshi Kikuchi3, Dong-Kyun Kim4, Tomoaki Mega4, Tomoo Ushio4
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Precipitation estimation using commercial microwave 
links represents a valuable source of additional infor-
mation to complement existing weather radar and rain 
gauge networks. Many studies show the benefit and 
applicability of microwave link measurements to fill 
the gap between radar and rain gauge measurements. 
Nevertheless (as every other method) the precipitation 
estimation using microwave links has some inaccuracies 
or shortcomings since it is – as weather radar – an in-
direct method, which relies on some sometimes more, 
sometimes less justified assumptions. One source of er-
ror may be the change of the propagation conditions.
The propagation of electromagnetic waves in the low-
er atmosphere depends mainly on the spatial variations 
of the radio refractive index. The radio refractive index 
is itself governed mostly by the atmospheric variables 
pressure, temperature and humidity, whose differences 
normal to the waves propagation vector cause a more or 
less pronounced bending of the electromagnetic wave.

Most of the time the profiles of pressure, temperature 
and humidity and thus the refractive index lie within 
a manageable range, which leads to propagation condi-
tions, that don’t exhibit big differences. Thus ‘standard’ 
propagation proves to be sufficient in most meteorolog-
ical situations.
Nevertheless under certain circumstances the propa-
gation of the electromagnetic waves can deviate signif-
icantly from the standard conditions. This is true espe-
cially when – so called – ducting layers are present, by 
which the electromagnetic wave is bend downward to 

the earth, or when - during subrefraction conditions 
- the electromagnetic wave gains increasingly height 
above the ground while propagating in space.

In this study we first perform a sensitivity analysis by 
calculating the propagation of electromagnetic waves 
for several distinct refractivity profiles. For that we di-
rectly solved the beam propagation equation based on 
the Fermat’s principle as published by Hartree et al. in 
1946. We then estimate the deviation of the received 
power at the receiver at the end of a microwave link 
path for the different profiles from the received pow-
er at standard conditions. By this we were able to de-
termine the profiles which lead to significant received 
power differences.
Using these obtained ‘thesholds’ we then investigated 
how often the conditions occur in the real atmosphere. 
The needed profiles of pressure, temperature and hu-
midity were extracted (a) from high-resolution rawin-
sonde data of the operational rawinsonde site in Stutt-
gart (DWD, WMO-ID: 10739) and (b) from data of a 
200 m high measurement mast at Karlsruhe.

Malte Neuper1, Jan Handwerker2
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The collection of high temporal resolution radar ob-
servations without compromising data quality requires 
adaptability and agility. So far, radar beam steering has 
been mostly guided by i) the expert judgment or ii) 
stand-alone automated identification and tracking algo-
rithms operating on measurements collected by the ra-
dar itself. The current study proposes a new paradigm, 
where external observations are used to optimize a ra-
dar’s sampling strategy. Here the sampling strategy of a 
phased-array radar and a polarimetric scanning cloud ra-
dar, two different yet uniquely complementary systems, 
is guided by an algorithm that uses observations from a 
geostationary satellite, a surface camera and the ground-
based radars themselves to identify and track atmos-
pheric phenomena. The tailored pointing and increase 
in sensitivity realized through this framework enables 
the steered radars to sample a diverse set of atmospheric 
phenomena such as shallow cumuli, lightning-induced 
ice crystal orientation and a series of waterspouts.

Pavlos Kollias1, Edward Luke2, Mariko Oue1, Katia Lamer2
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COW: CSWR has recently developed the C-Band On 
Wheels (COW). This truck-borne radar has a 12.5-ft 
dish, which is assembled quickly onsite, using an on-
board crane, with no site preparation. The 1-degree 
beam antenna provides DOW-like resolution, and 
the C-band transmissions permit observations deeply 
into intense precipitation. While not as nimble as the 
DOWs, the COW can be operational within 2-3 hours 
at a targeted location. The COW can be disassembled 
and re-deployed to different locations throughout a 
project. The loss of fast chasing capability is an excellent 
trade-off for fine-scale, penetrating C-band, targeted 
observational capability. The dual-pol dual-frequency, 
2x1 megawatt COW was first deployed in 2018 during 
RELAMPAGO 2018 and has been updated recently. 
Example data will be shown.

SOW: Large stationary S-band research radars have been 
central to dozens of field projects, contributing critically 
to major advances in the understanding of a wide range 
of atmospheric phenomena. Advances in technology, 
and evolution of research objectives, motivate re-analy-
sis of how best to continue and move beyond the capa-
bilities of large stationary expensive-to-deploy S-band 
research radars. An alternative concept, blending the 
advantages of the DOW/COW paradigm with the ben-
efits of S-band radars, will be presented. Similar to the 
COW, 3 to 4 truck-borne S-band On Wheels (SOWs), 
with modular 18-foot dishes, can be deployed in a few 
hours. Each SOW will have a 1.5-degree beam, but, since 
there are multiple SOWs, the typical range to targets will 

be much less, resulting in comparable spatial resolution 
to many similar existing S-band radars. 18-foot dishes 
have ½ the sail-area, less than ½ of the weight, simplify-
ing/shrinking pedestals, motors, generators, etc. SOW 
arrays can be 2D polygons or linear, and can change 
during a project, allowing for greater observing flexibil-
ity. A major benefit is multiple-Doppler and multiple 
independent observations of dual-polarization quanti-
ties.

BARN: Multiple-Doppler data are the foundation to 
many research objectives, but the underlying multiple 
monostatic radar deployments are expensive, and the 
process of preparing data for research-quality vector 
windfield retrievals is time consuming and smooths 
out small-scale temporal and spatial features through 
objective analysis. Bistatic radar networks, tested in the 
1990’s, provide a low-cost, and less-smoothed alterna-
tive. Advances in low-cost computational capability, 
and high-speed cellular communications make bistat-
ic networks much easier to establish. CSWR proposes 
to construct a network of bistatic receivers, carried by 
pick-up trucks, surrounding each DOW/COW/SOW, 
to provide 3D unsmoothed vector wind fields whenever 
DOWs/COW/SOWs are deployed.

Josh Wurman1, Karen Kosiba1, Brian Pereira1
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Flash floods events can hardly be forecast with the 
use of Numerical Weather Prediction (NWP) systems 
alone; this is due to their small scale, both spatial and 
temporal. In recent years this kind of events caused 
many victims and damages in the Mediterranean area, 
particularly exposed to the risk of flash floods due to its 
geomorphological configuration and to the massive ur-
ban development of the last decades.
A suitable approach to forecasting this kind of events 
should start from the most accurate prediction of the 
rainfall field to be provided in input to the hydrological 
model. For this purpose, it is possible to take advantage 
of the output of the nowcasting, that is a forecast at very 
short lead time (0 to 6 hours), but also of a NWP sys-
tems. The use of an integrated approach that combines 
the useful information provided by a NWP forecast 
and the short-term forecast provided by a nowcasting 
system can offer a full description of the evolving situa-
tion starting from the next future. The realization of an 
integrated hydrological nowcasting chain coupling the 
combination of different rainfall fields and the hydro-
logical model can improve the discharge forecast.
In this work the idea is to take advantage of all the 
Quantitative Precipitation Forecast available at each 
time of the forecast. The technical elements involved 
are the nowcasting technique PhaSt, a spectral-based 
nowcasting procedure, the convection-permitting nu-
merical model MOLOCH corrected with data assimila-
tion and Continuum, a continuous distributed hydro-
logical model. An integrated hydrological nowcasting 

chain has been realized suitably coupling these elements 
together and has been tested on some case events over 
the north Italian domain.

Maria Laura Poletti1, Francesco Silvestro1, Silvio Davolio2, Flavio Pignone1, Nicola Rebora1
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Quantitative precipitation estimation by radar is sub-
ject to several errors related to the assumptions con-
cerning the targets (nature, phase, shape, size, etc.), to 
the conditions of wave propagation in the atmosphere 
(ground clutters, anomalous echoes, beam blocking, 
attenuation, etc.) or to problems of spatial and tempo-
ral representativeness (volume of resolution, difference 
between the altitude of the measurement and that of 
interest, etc.). This study proposes to quantify the esti-
mation errors due solely to the variability of the Drop 
Size Distribution (DSD) which makes the relationships 
between rain intensity and the variables observed by 
radar "unstable". For this purpose, a network of several 
disdrometers installed for several years in and around 
the Cevennes region (mountainous area of southern 
France, regularly subjected to heavy rainfall, OHMCV 
observatory, HyMeX project) has been operated. From 
the recorded DSDs, radar observables (single and dual 
polarisation) and reference rainfall intensities are com-
puted. The rainfall rates are estimated from the radar 
observations using classical or adapted relationships. 
Errors in rainfall quantity estimates are thus calculated 
independently of any source of error other than the var-
iability of the DSD. The study pays particular attention 
to the ranges of intensities, integration times as well as 
increments of accumulations considered. An overall 
analysis of the errors (all stations combined over several 
years) is proposed as well as a more detailed analysis by 
weather type, rainfall type, season and type of environ-
ment (mountain, foothills, plains and hills) of the Ce-

vennes. The interest of radar variables - rainfall rate rela-
tionships adapted to these conditions is also discussed.

Brice Boudevillain1, Guy Delrieu2, Imene Diabi Skhakhfa3
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Modern vehicles are equipped with numerous sensors 
collecting a variety of data in real time. Rain sensors 
for instance measure the wetting of the windscreen op-
to-electronically and are used to automatically regulate 
wiper frequencies, whereas integrated light sensors en-
able automatic control of the low beam and fog lights. 
These sensors are primarily designed to internally con-
trol miscellaneous comfort and safety functions but are 
also offering potential to be used externally in cross-sec-
toral applications.

The general suitability of vehicle sensor data for water 
management applications is one of the key issues of the 
research project ‘mobileVIEW’, which is being funded 
by the mFUND research initiative of the Federal Min-
istry of Transport and Digital Infrastructure (BMVI). 
One of the main objectives of the joint research project, 
consisting of the Research Institute for Water and Waste 
Management at RWTH Aachen University (FiW) e. V., 
Emschergenossenschaft/Lippeverband (EGLV) and 
IAV GmbH, is the real-time agglomeration of precipita-
tion information from vehicle sensor data in combina-
tion with existing precipitation products, such as data 
from rain gauges and precipitation radar. Study area is 
the Emscher and Lippe region in North Rhine-West-
phalia, Germany. For this purpose, a total of 100 vehi-
cles located at water management facilities in the study 
region have been equipped with suitable data transmis-
sion technology.

A major challenge in implementation in order to be 

able to conduct spatio-temporal adjustments of precip-
itation data is to derive valid precipitation values from 
vehicle sensor measurements. Since the quantitative 
precipitation estimation of the rain sensors does not of-
fer a sufficient sensitivity and resolution, a decision tree 
trained with historical precipitation radar data is used 
to derive precipitation intensities from a combination 
of rain related measurements with additional environ-
mental values based on the location of the vehicle. First 
findings suggest an adequate capability of reproduction 
training data by means of vehicle sensor data alone.

If further analysis confirms the suitability of this data 
as a promising input to hydrological modelling and 
nowcasting applications, considering the number of 
registered vehicles, there is great potential in real-time 
measuring of ground-level precipitation with signifi-
cantly increased coverage compared to conventional 
measuring networks.

Dimitri Falk1, Adrian Treis1, Mark Braun2, Magnus Hoffmann2, Etienne Costa-Patry3

DERIVATION OF REAL-TIME 
PRECIPITATION INTENSITIES USING 
VEHICLE SENSOR DATA

1Emschergenossenschaft/Lippeverband, Germany; 2Research Institute for Water and Waste Management at RWTH 
Aachen University (FiW) e. V., Germany; 3IAV GmbH, Germany

Records of precipitation extremes are essential for hy-
drological design. In urban hydrology, intensity– du-
ration–frequency–curves are typically estimated from 
observation records. However, conventional approach-
es seldom consider the areal extent of events. If they do, 
duration-dependent area reduction factors are used, but 
precipitation is measured at only a few locations. Due 
to the high spatial variability of precipitation, it is rel-
atively unlikely that a gauged observation network will 
capture the extremes that occur during a precipitation 
event. Therefore, the area reduction approach cannot 
be regarded as the reduction of an observed maximum. 
To investigate precipitation extremes, spatial aspects 
need to be considered using different approaches. Here, 
we both address the conventional practice of area re-
duction, and consider a within-area chance of increased 
precipitation, defined as the maximum precipitation in-
tensity observed in a cluster within a selected domain. 
The results show that (1) the risk of urban flooding is 
routinely underestimated in current design practice, 
and (2) traditional calculations underestimate extremes 
by as much as 30% up to 50%. We show how they can 
be revised sensibly.

Geoff Pegram1, András Bárdossy2

INTENSITY DURATION FREQUENCY 
CURVES EXPLOITING NEIGHBOURING 
EXTREME PRECIPITATION DATA

1University of KwaZulu Natal, South Africa; 2University of Stuttgart, Germany
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Currently design storms used in fields of hydrology, 
urban planning, and dimensioning of structures are 
typically point scale rainfall events with a steady rainfall 
intensity or a simple temporal intensity pattern. This 
can lead to oversimplified results, because real rainfall 
events are more complex weather phenomena than 
simple time series. In addition to that, the interest of 
hydrologists is usually in areal estimates rather than in 
point values, most commonly in drainage basin wide 
areal mean rainfall estimates. Hydrologists thus benefit 
from the constantly increasing availability of weather 
radar data worldwide, and usage of such a data has sub-
stantially increased in hydrological applications during 
the last years. By utilizing weather radar data, this re-
search aims to generate more realistic two-dimension-
al design storm fields with a spatial structure evolving 
in time. This research utilizes the short-term ensemble 
prediction system pySTEPS, which has so far been used 
for precipitation nowcasting but not for generating sto-
chastic design storms with desired statistical properties. 
Therefore, the model is complemented from the hydro-
logical perspective by adding components necessary for 
generating stochastic simulations. In the first phase, the 
most crucial components, being a time series model for 
the areal average rainfall over the simulation domain 
and a time series model for the field advection vectors, 
are added. The model is then used to create ensembles 
of high-resolution stochastic rainfall simulations with 
desired spatiotemporal statistics. These ensembles en-
able more realistic rainfall-runoff simulations as the 

hydrological response of a basin to rainfall is affected 
by both the spatial and the temporal structure of rain-
fall. The study area in this research is the Kokemäen-
joki drainage basin located in Western Finland and the 
model parametrization is carried out utilizing Finnish 
Meteorological Institute’s weather radar data from years 
2013 to 2016 generated in the OSAPOL project. This 
research emphasizes the role of areal rainfall in hydrolo-
gy by shifting the thinking in design storms from simple 
point rainfall to areal based rainfall fields and so paves 
the way towards more thorough and wide-spread as-
sessment of the hydrological impacts of spatiotemporal 
rainfall characteristics.

Ville Lindgren1, Tero Niemi2, Teemu Kokkonen1, Harri Koivusalo1

2D DESIGN STORMS FOR HYDROLOGY 
USING RADAR RAINFALL DATA

1Aalto University, Finland; 2Finnish Meteorological Institute, Finland

Raindrops observed by slant radar beams are always at a 
certain height above the ground, and this height depends 
on the raindrops' distance to the radar and topography. 
The raindrops, falling from precipitating clouds, are ad-
vected by the environmental winds, and thus deviate from 
the horizontal direction of precipitating clouds. It results 
in the horizontal displacement between the location where 
the raindrops are observed by radar and the location where 
raindrops exactly fall on the ground. This horizontal dis-
placement introduces discrepancy when evaluating the ra-
dar observations against the rain gauge measurement.

To correct this discrepancy introduced by the wind drift, 
we develop a radar echo wind-drift model using a 5-month 
dataset of high-resolution X-band radar dual-polarimetric 
measurements in Stuttgart in summer. As approximations 
to the wind field, we derive both (I) wind profiles from 
volume velocity processing (VVP) and (II) the movement 
of precipitation system from radar echo tracking (CO-
TREC) algorithm along with the assumed fall velocity of 
raindrops. Our results show that the radar-based quan-
titative precipitation estimates exhibit slightly stronger 
correlations with rain gauge rainfall measurements after 
taking the wind-drift effect into account, rather than the 
conventional Radar-Gauge (R-G) comparison relying on 
the radar measurements geographically close to rain gaug-
es. Furthermore, the X-band radar data used here is char-
acterized with two spatial resolutions (75m and 250m), so 
the value of having higher-resolution data (75 m v. 250 m) 
to improve radar-gauge correlation in the context of cor-
recting for wind drift will also be investigated.

Yaoyao Zheng1, Jan Handwerker1, Frédéric Fabry2, Norbert Kalthoff1

WIND-DRIFT EFFECT ON THE RADAR-
GAUGE COMPARISONS

1Karlsruhe Institute of Technology, Germany; 2McGill University, Canada
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Toshiba Infrastructure Systems & Solutions Corpo-
ration has developed a dual polarization phased array 
weather radar also known as “Multi-Parameter Phased 
Array Weather Radar: MP-PAWR”. Since this weather 
radar has been made into an active phased array, three-di-
mensional observation of weather phenomena can be 
realized at high speed by means of electrical scanning 
in the elevation direction and mechanical scanning in 
the azimuth direction. Because of these characteristics, 
it is expected that the hydrological processes in the river 
basin such as urban rivers with quick response will be 
clarified and the prediction accuracy will be improved.
In this study, we have estimated river water level in ur-
ban area based on the results of VILNC, a meteorolog-
ical forecasting method utilizing the three-dimensional 
observation data of MP-PAWR, using synthesized ra-
tional formula. The runoff analysis has carried out in 
urban basins using the rainfall forecast results based on 
observation data of MP-PAWR. The analysis procedure 
up to the runoff analysis is as follow. First, VIL is calcu-
lated from the observation result of MP-PAWR. Next, 
rainfall forecasting is performed using the calculated 
VIL and rainfall intensity observed by MP-PAWR. Af-
ter that, runoff analysis has been performed using the 
forecasted rainfall as an input, and the water level of the 
target point has been estimated.
It is known that this formula can reproduce the runoff 
phenomena in the basin which response time is fast, 
and it may be possible to fully exploit the features of 
MP-PAWR. In other words, this study provides funda-

mental results on how the characteristics of MP-PAWR 
transmit in a series of hydrological processes.
At the conference presentation, we will report the re-
sults of the basic study on water level prediction based 
on the observation data of MP-PAWR and we will also 
present future prospects.

VIL: vertically integrated liquid water content
VILNC: VIL nowcast

Kazuhiro Yoshimi1, Masakazu Wada1, Fumihiko Mizutani1, Katsuhiro Nakagawa2, Hiroshi Hanado2, Keita Shimizu3, 
Tadashi Yamada3
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MULTI-PARAMETER PHASED ARRAY 
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The highest 10-min rainfall intensity in Switzerland (to-
tal volume: 41 mm) was recorded on 11th of June 2018 
in Lausanne, flooding some areas in the city and caus-
ing damages to infrastructures and buildings. Being the 
most intense storm recorded, it can be used to explore 
urban flooding in other large cities in Switzerland (e.g. 
Geneva, Zurich, and Bern), replacing the tradition-
al synthetic design storms (e.g. ‘Chicago type’ storm). 
Moreover, with careful consideration, the spatial struc-
ture of the storm can be modified to simulate storms 
and urban flooding in future periods. The space-time 
structure of the storm at a 5-min and 1-km resolution 
was analyzed using the MeteoSwiss weather radar data. 
A rainfall generator model (AWE-GEN-2d) was set to 
stochastically simulate multiple storm trajectories based 
on the radar analysis, and the simulated storms were 
used as inputs into a two-dimensional cellular autom-
ata dual-drainage model (CADDIES) to simulate ur-
ban flooding. A high-resolution convective-permitting 
model (CPM) was used to study the projected changes 
to intense storms in future periods. First, the rainfall 
spatial structure simulated by the CPM for the present 
period was compared to the spatial structure obtained 
from the weather radar archive for validation purposes. 
Then, the rainfall generator model was reparametrized 
to stochastically simulate multiple storms considering 
the projected changes to the storm’s spatial properties. 
Last, the changes in flood response between the present 
and future periods were analyzed and quantified.

Nadav Peleg1, Joao Leitao2, Nikolina Ban3, Albert Chen4, Paolo Burlando1

PROJECTED CHANGES TO THE 
STRUCTURE OF SUB-HOURLY EXTREME 
STORMS IN SWITZERLAND AND ITS 
POTENTIAL IMPACTS ON FLOODING IN 
URBAN AREAS

1ETH Zurich, Switzerland; 2EAWAG, Switzerland; 3Universität Innsbruck, Austria; 4University of Exeter,  
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Progress in precipitation estimation is critical to ad-
vancing science and applications in weather and wa-
ter budget studies and to predicting natural hazards 
caused by extreme rainfall events from the local to the 
global scales. An interdisciplinary challenge in remote 
sensing, meteorology, and hydrology is the impact, rep-
resentation, and use of uncertainty. Understanding hy-
drometeorological processes and applications requires 
more than just one deterministic “best estimate” to 
adequately cope with the intermittent, highly skewed 
distribution that characterizes precipitation. Yet the 
uncertainty structure of quantitative precipitation es-
timation (QPE) from ground-based radar networks 
like NEXRAD and satellite-based active sensors of the 
Global Precipitation Measurement is largely unknown 
at fine spatiotemporal scales. We propose to advance 
uncertainty’s use as an integral part of QPE for ground-
based and spaceborne radars. This approach preserves 
the sensor’s sampling properties and integrates sources 
of error in QPE. It provides a framework for diagnosing 
uncertainty when instruments sample raining scenes or 
processes challenging QPE algorithms’ assumptions. 
Probabilistic QPE (PQPE) was introduced across the 
conterminous US with the NOAA/NSSL Multi-Ra-
dar/Multi-Sensor to increase the values of QPE for risk 
decision processes and expended to the NASA/JAXA 
TRMM and GPM space-based radars. Probabilistic 
QPE is shown to increase the information content in 
QPE, mitigate systematic biases from deterministic re-
trievals, quantify uncertainty, and advance the monitor-

ing of precipitation extremes. Precipitation probability 
maps compare favorably to deterministic QPE. For 
the first time, the Hydrometeorology Testbed (HMT) 
Multi-Radar / Multi-Sensor (MRMS) Hydro Exper-
iment (HMT-Hydro) 2019 allowed NWS forecasters 
and NSSL scientists to investigate the use of probabil-
istic grids for flash flood warning decision making. The 
presentation will discuss the evaluation of precipitation 
probability maps in this context. PQPE provides the 
basis for precipitation ensembles needed for multi-
sensor merging and precipitation assimilation, hydro-
meteorological hazard mitigation, decision making, 
and hydrological modeling. Perspectives on improved 
understanding and parameterizations of precipitation 
processes, estimation at multiple scales, hydrological 
prediction, and risk monitoring will be presented.

Pierre Kirstetter1,2, Micheal Simpson3, Jian Zhang2, Jonathan Gourley2, Steven Martinaitis3, Nathaniel Indik3

PROBABILISTIC QUANTITATIVE 
PRECIPITATION ESTIMATION WITH 
GROUND- AND SPACE-BASED RADARS
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Characterizing and predicting floods is becoming in-
creasingly important at multiple scales. Over small to 
medium size basins, flood characteristics such as tim-
ing and duration are primarily driven by the causative 
rainfall and basin geomorphology. Rainfall spatial vari-
ability is especially key for the prediction of flash floods. 
Disentangling the complex interactions between pre-
cipitation forcing and hydrological processes is a chal-
lenge because of the lack of consistent and diverse ob-
servation datasets. We propose an analysis based on a 
database comprised of morphological, climatological, 
bioclimatic, streamflow, and precipitation data from 
over 21,000 flood-related rainfall events that occurred 
over 900+ basins over the Conterminous U.S. during 
2002-2011. Our objective is to develop a robust under-
standing of how rainfall spatial variability impacts flash 
flood severity and to quantify its contribution relative 
to basin physiography. Event-based rainfall spatial mo-
ments representing sub-basin scale rainfall spatial var-
iability are derived from a Multi-Radar/Multi-Sensor 
(MRMS) decadal archive of radar precipitation rates. 
The database has been subjected to rigorous quality 
controls, e.g. by accounting for radar beam height and 
percentage snow in basins. We specifically focus on the 
impact of rainfall variability on basin lag time and peak 
discharge. Data-driven supervised machine learning 
approaches and variable importance analysis enable 
to determine relevant hydrometeorological processes. 
Precipitation moments demonstrate significant explan-
atory power relating to lag time and peak value charac-

terization. A large-scale approach is expected to provide 
a deeper insight into how sub-basin scale precipitation 
variability affects flooding.

Pierre Kirstetter1,2, Jorge Duarte3, Akhil Potdar1, Manabendra Saharia4, Humberto Vergara5,1, Jonathan Gourley2
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PRECIPITATION VARIABILITY IN FLOOD 
CHARACTERIZATION
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Data from the operational Dean Hill dual polarisation 
radar in the UK and from high resolution ground-based 
gauges have been used to examine four potential sourc-
es of the discrepancies in the inferred rain rates: a) the 
temporal sampling mismatch due the 5-minute radar 
snapshots, b) the spatial sampling mismatch of the ra-
dar pulse volume (~ 0.1 km^3 at 30km range) and the 
gauge which is a factor of ~10^6 smaller, c) calibration 
of both the gauges and the radar, and d) the uncertainty 
in the Z-R relationship. Radar data are only used when 
the co-polar correlation is > 0.99 to ensure that the tar-
gets are only rain drops.

a) Temporal Sampling. Several years of minutely rain 
rates from the gauges predict a random error of 20-30% 
in the hourly totals from radar snapshots every 5 min-
utes.
b) Spatial Sampling. We find a random difference of ~ 
3dB between the individual Z values from the disdrom-
eter and the radar 500m above the disdrometer. Averag-
ing over time reduces this error, implying it is random 
and due to the different sample volumes.
c) Calibration. Two years of comparisons as in b) con-
firm the radar calibration and its 0.5dB stability. The 
redundancy of three rapid response gauges, each sensi-
tive to 0.003mm of rain, ensures data quality. Tipping 
bucket gauges should be calibrated every 6 months.
d) Z-R. Analysis of Z and R each minute from the dis-
drometer, using an optimal Z-R, implies that hourly R 
totals have a random error of 25%, reducing to 13% if 
ZDR is available.

Case studies with 20-30mm total rainfall lasting 7 to 
10 hours, using 8 tipping bucket gauges within 30km 
of the Dean Hill radar, suggest that the accuracy of the 
hourly rainfall totals inferred from the radar is limited 
to ~25% by the 5-minute scan frequency; this random 
error is reduced for the total rainfall of the event. We 
are currently examining if interpolation of the radar 
echoes using an optical flow algorithm can improve 
the hourly totals, or if the only solution would be to 
increase the scan frequency. Analysis of different events 
suggest significant changes in Z-R from event to event. 
This should be detectable from the changes in the dif-
ferential reflectivity, ZDR. We find that the scatter of Z 
and ZDR for these events is much larger than expected. 
Nevertheless, initial results using ZDR averaged over an 
event show some skill.

Robert Thompson1, Anthony Illingworth1

RECONCILING THE DIFFERENCES 
BETWEEN RADAR AND RAIN GAUGES – 
BOTH ARE CORRECT
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The University of Massachusetts S-band Frequency 
Modulated Continuous Wave radar (UMass FMCW) 
was deployed to monitor the growth of the convective 
boundary layer over northern Alabama during the Veri-
fication of the Origins of Rotation in Tornadoes Exper-
iment-Southeast (VORTEX-SE). The Doppler spectra 
collected in 2016 from the vertically-pointing UMass 
FMCW contain spurious peaks that were caused by 
high-voltage switching power supplies in the traveling 
wave tube amplifier. A median filtering method was 
used to eliminate most of the spikes, but the largest ones 
persisted, which significantly degraded the quality of 
derived radar moments (e.g., reflectivity, Doppler veloc-
ity, and spectrum width) and hindered further analysis 
of these data (e.g., precipitation classification, boundary 
layer height tracking). In this study, we apply an image 
processing technique called “in-painting” to remove the 
power spurs in the Doppler spectra. A Laplacian filter 
identifies and masks spikes in the spectra that are char-
acteristic of the power spurs in shape and amplitude. 
The in-painting method then fills in the masked area 
with surrounding data.

In preliminary tests, the in-painting method was found 
to be more effective than the median filter at removing 
the power spurs from the Doppler spectra. It also pre-
served more of the underlying Doppler spectral struc-
ture of the scatterers, resulting in cleaner derived mo-
ment data. At the time of this writing, the in-painting 
method is being applied to all spectra (approximately 
14,000) from the 2016 VORTEX-SE campaign, and 

new moments data are being generated in tandem. Ex-
amples of spectra and moments from the median fil-
tered and in-painting methods will be shown, and their 
differences analyzed statistically.

Susan Beveridge1, Robin Tanamachi1, Matthew Asel1, Grant Dennany1, Stanley Chan1, Stephen J. Frasier2

REMOVAL OF POWER SPURS 
IN DOPPLER SPECTRA FROM A 
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PROFILING RADAR
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Local severe weather phenomena such as a gust front, 
wind shear, and microburst near the airport threaten to 
aviation operations. The airport wind information sys-
tem in high spatiotemporal resolution is necessary for 
early monitoring of the hazardous weather phenome-
na. We proposed a fine-scale wind information system 
(WISSDOM-AiR) for aviation meteorological service 
based on WISSDOM. The WISSDOM-AiR provides 
3-D wind vectors (u, v, w), vorticity, and divergence 
with a horizontal resolution of 0.2 km and vertical res-
olution varying from 0.02 to 0.5km over the domain of 
50km x 50km around Incheon International Airport 
(IIA).
In this study, we conducted a reliability demonstration 
test of a microburst (or wind shear) of WISSDOM-AiR 
using the Observing System Simulation Experiment 
(OSSE) based on simulated ideal microburst by WRF 
model. The wind field of the simulated microburst was 
converted to the radial velocity of four weather radars 
around the IIA as an input data of the OSSE test. We 
evaluated the reliability of the microburst demonstra-
tion of WISSDOM-AiR by comparing the horizontal 
and vertical wind speed, the location, and the size of 
the microburst of WISSDOM-AiR and WRF model. 
While overall pattern (wind direction, the position of 
a microburst, and its size) of the wind field from WISS-
DOM-AiR showed good agreement with the simulated 
wind fields, its wind speeds underestimated by 45% and 
35% in vertical and horizontal, respectively. We con-
cluded that the WISSDOM-AiR could be useful for 

the early monitoring of small-scale hazardous weather 
phenomena such as microbursts. We are planning to ap-
ply WISSDOM-AiR to aviation hazard weather events, 
which were issued microbursts and wind shear alerts 
around IIA. This study can lead to enhance our ability 
to support the aviation meteorological service.
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Radio Frequency Interference (RFI) has become a 
growing concern for weather radar, distorting radar 
variable estimation. In this research, real RFI measure-
ments from an operational C-band weather radar are 
used to characterize the RFI spectral and polarimetric 
features. Using the acquired knowledge about the spec-
tral polarimetric properties of RFI, this interfering sig-
nal is simulated in a full-polarimetric X-band radar to 
investigate spectral polarimetric RFI mitigation and to 
quantify the performances of spectral polarimetric fil-
tering. Spectral polarimetric processing for clutter and 
noise removal, takes advantage of the differences in mi-
crophysical and dynamical features of precipitation and 
non-precipitation signal. In particular, two spectral po-
larimetric filters (SPFs) are considered, namely the mov-
ing double spectral linear depolarization ratio (MD-
sLDR) and the object-orientated spectral polarimetric 
(OBSpol) filter. These SPFs were designed to mitigate 
narrow-band clutter (both stationary and moving) for 
polarimetric weather radar with and without cross-po-
lar measurements. This work extends the application of 
these filters to remove RFI. Based on the spectral polari-
metric features and range-Doppler continuity of precip-
itation, clutter and noise, the SPFs are implemented in 
the range-Doppler domain to generate a filtering mask 
to keep the precipitation and mitigate the RFI and oth-
er clutter. The filters have the potential to fully suppress 
RFI which is 10 dB above the radar noise level, while 
retaining weak precipitation. The overall image quality 
of weather radar PPIs is greatly enhanced by the filters.
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Accurate wind information is important for weather 
and circulation models. The three-beam Transportable 
Atmospheric Radar (TARA) located at Cabauw Exper-
imental Site for Atmospheric Research (CESAR) in the 
Netherlands is a useful tool for wind retrieval due to its 
high temporal and spatial resolutions. The main factor 
hindering the application of TARA measurements is 
the unwanted echo, namely ground clutter and mov-
ing vehicle clutter. Recently, two spectral polarimetric 
filters, the moving double spectral linear depolarization 
ratio (MDsLDR) filter and the object-orientated spec-
tral polarimetric (OBSpol) filter, were proposed to mit-
igate the clutter for polarimetric weather radar. These 
filters can be used for the main-beam of TARA, but 
not for the two off-beams which have no polarimetric 
measurements. To solve the off-beam clutter contami-
nation issue, a technique named adaptive object-orien-
tated spectral (AOBS) filter is put forward in this work. 
The AOBS filter is implemented on the range-Dop-
pler spectrogram, and one key element is the OBS fil-
ter which is similar to the OBSpol filter except Step 1. 
Specifically, for the OBSpol filter, Step 1 is the spectral 
polarimetric variable thresholding, while for the OBS 
filter is the power thresholding. The OBS filter with 
different power thresholding will generate a series of 
filtered spectrograms. We define the difference between 
two neighboring filtered spectrograms as the differen-
tial spectrogram, and a series of mean powers of the dif-
ferential spectrograms can be estimated. The values of 
the mean powers will gain with the value increase of the 

power thresholding. Thus, by comparing the obtained 
mean powers with the pre-set threshold, the adaptive 
filtering process will stop. The good performance of the 
AOBS filter is verified by the TARA measurements in 
both spectrogram and profile scales. The AOBS filter 
might be adjusted to apply for wind profilers and more 
research can be done in this direction.

Jiapeng Yin1, Jianbing Li1, Xuesong Wang1

ADAPTIVE OBJECT-ORIENTATED 
SPECTRAL FILTER DESIGN FOR 
WEATHER RADAR

1National University of Defense Technology, China 

It is a well-known fact that the noise power received by 
a radar varies significantly in time and space whereby 
multiple factors contribute to this variability. In this 
regard, changes in the receiver in time, such as varia-
tions in the receiver gain, affect the noise power level. 
Secondly, the differences in emissivity of the landscape 
surrounding the radar, particularly at low elevation 
angles, can result in the spatial variability of the noise 
power. Furthermore, heavy precipitation also emits a 
non-negligible amount of radiation. Finally, external 
interferences, such as sun hits, can also contribute to an 
increase in the received noise power.
We present here an analysis of the spatial and temporal 
variability of the received noise power in a mountain-
ous region. On day 2019.12.13 at 20:00 UTC the trans-
mitter of the Plaine Morte radar, one of the 5 C-band 
Doppler polarimetric weather radars stopped working 
but the radar kept collecting data until 2019.12.15 at 
16:30 UTC. Thus, several hours of signal-free data are 
available. Over this period we have computed the noise 
power per radial using the method presented in Ivic et 
al. [Journal of Atmospheric and Oceanic Technology, 
30, 2737-2753 (2013)], and examined its spatial and 
temporal variability. Our analysis shows that the noise 
in this Alpine region exhibits a large variability (above 
2 dB) both in azimuth and in elevation, with sharp gra-
dients depending on where the radar is pointing. The 
measured noise at each ray though is relatively stable. 
There is some sub-dB variability that can be linked to 
snow events in the vicinity of the radar.

Jordi Figueras i Ventura1, Igor Ivic2, Maurizio Sartori1, Martin Lainer1, Zaira Schauwecker1, Jacopo Grazioli1

SPATIAL AND TEMPORAL VARIABILITY 
OF NOISE IN AN ALPINE REGION

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland; 2CIMMS/NSSL, United States
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Pyrad is an open-source Python-based real-time data 
processing framework developed by MeteoSwiss. The 
framework is aimed at processing and visualizing data 
(from IQ signals to composite Cartesian products) 
from weather radars (and up to some extent other ac-
tive remote sensing sensors such as lidars) both off-line 
and in real time. Its general features were first presented 
during the AMS radar conference (2017) in Chicago, 
USA. In this contribution, we will highlight the major 
updates that occurred since then.
In the last years, we have worked in three directions: in-
crease the functionality, increase its potential user base 
and improve the usability by external users. In terms of 
functionality expansion, it is noteworthy that we have 
added the capability to process IQ data, including the 
production of polarimetric moments using standard 
time domain techniques. In addition, we have added 
functions for spectral processing of the data. Further-
more, we have also added functionality to visualize and 
do some basic processing with Cartesian radar compos-
ites. In order to increase its potential user base, we have 
included readers for level-2 NEXRAD, ODIM_H5 
and CfRadial v2 files. We also provide an ODIM_H5 
writer. In addition to the already existing Rainbow and 
CfRadial v1 readers, it makes the software usable by a 
very large portion of the weather radar community. Fi-
nally, in order to improve the usability by external us-
ers, compiled versions of the software are now available 
in PyPI and conda-forge repositories. Furthermore, we 
have improved the documentation and created exam-

ples of configuration files.
Further details and examples are going to be provided 
during the presentation.

Jordi Figueras i Ventura1, Martin Lainer1, Zaira Schauwecker1, Jacopo Grazioli1

CURRENT STATUS OF THE PYTHON-
BASED OPEN-SOURCE WEATHER 
RADAR DATA PROCESSING SOFTWARE 
PYRAD

1Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland

The Weather Radar Center (WRC) of Korea Meteor-
ological Administration (KMA) has provided three-di-
mensional radar wind fields based on the “WInd 
Synthesis System using Doppler Measurements (WISS-
DOM)” in real-time since February 2019. Its accuracy 
is significantly subject to the quality of Doppler ve-
locity such as a velocity aliasing. For the de-aliasing of 
Doppler velocity, dual pulse repetition frequency (du-
al-PRF) technique is commonly utilized for commercial 
Doppler Weather radar. The Doppler weather radars of 
KMA have extended their Nyquist velocity up to 132 
m s-1 using dual PRF of 5:4. However, the dual-PRF 
technique produces significant noises and losses of ra-
dial velocity.
In this study, we have developed the technique of noise 
cancellation and recovery of radial velocity to improve 
the quality of WISSDOM wind fields. A proposed ap-
proach identifies and removes speckles of abnormal ra-
dial velocity by comparing a sign of median radial veloc-
ity at surrounding radar bins. And then, we recovered 
the eliminated radial velocity using the median inter-
polation technique. To recover the losses of radial ve-
locity over a wide area by dual-PRF technique, we used 
the VAD curve-fitting technique of radial velocity. The 
techniques are straightforward and preserve spatial gra-
dients as well as suppress the local extrema. We conclud-
ed that the process helps to improve the quality of radial 
velocity and the accuracy of the WISSDOM wind field.
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One option for the replacement of WSR-88D are sys-
tems based on polarimetric phased array radar (PPAR) 
technology. However, in PPARs, cross-coupling con-
tamination, caused by the antenna cross-polar patterns, 
is likely to be one of the major sources of biases in the 
estimates of polarimetric variables. Consequently, sig-
nal-processing techniques are required to separate and 
remove unwanted antenna cross coupling. Moreover, 
range/velocity ambiguity resolution in PPARs will still 
be required. The SZ-2 processing, successfully imple-
mented on the WSR-88D network, effectively mitigates 
range/velocity ambiguity. In the WSR-88D, the imple-
mentation of SZ-2 involves a split-cut scan strategy (i.e., 
two 360-degree azimuth scans). The first scan is uni-
formly sampled with a long PRT (i.e., surveillance scan) 
for unambiguous long-range coverage followed by a 
second scan using uniformly sampled shorter PRT (i.e., 
Doppler scan) with SZ(8/64) phase coding to facilitate 
separation of overlaid echoes for near-unambiguous 
velocity coverage. Mitigation of estimate biases due to 
cross-polar contamination of the surveillance scan can 
be accomplished using pulse-to-pulse phase coding (e.g., 
alternating 180º phase changes between pulses applied 
to either the vertical or horizontal channel on trans-
mission); however, mitigation of estimate biases on the 
Doppler scan from both cross-coupling and range-over-
laid signal contamination may require compromises 
in phase coding schemes. The National Severe Storms 
Laboratory recently acquired a phased array system, the 
Advanced Technology Demonstrator (ATD), which 

includes the capability to apply distinct phase codes to 
the horizontal and vertical channels. In this paper, we 
explore phase codes to mitigate both cross-coupling and 
overlaid contamination while resolving range-velocity 
ambiguities using SZ-2 like processing.

David Warde1, Igor Ivić1

RANGE-VELOCITY AMBIGUITY 
RESOLUTION WITH CROSS-COUPLING 
AND RANGE-OVERLAID MITIGATION 
FOR A POLARIMETRIC PHASED ARRAY 
WEATHER RADAR

1CIMMS, University of Oklahoma, United States

Accurate estimation of radar variables from received 
signals in additive white noise is essential for mean-
ingful interpretation of weather phenomena and al-
gorithm-derived products. For polarimetric weather 
radars, these estimates are calculated from signal correla-
tions in time and across polarization channels. However, 
conventional estimators only use 1 or 2 time-lags from 
these correlations and may not utilize all the available 
information intrinsic in the received signals. Estimates 
could benefit from the use of all intrinsic characteris-
tics in the data; accordingly, more complex estimators 
use multiple lags (i.e., multi-lag estimators) to extract 
additional information. However, not all estimates are 
improved by the use of more lags; in fact, improvement 
in estimates requires that the additional correlation lags 
provide new information. In this paper, we examine 
the conventional and multi-lag estimators using Mon-
te-Carlo simulations on different weather signal charac-
teristics to find estimators that can improve the accuracy 
and quality of the radar variables. Then, we propose to 
combine these estimators to create hybrid estimators 
with the optimal characteristics from the individual es-
timators. We present the performance of the proposed 
estimators using simulations and re-processing archived 
WSR-88D time-series IQ data.

David Warde1, David Schvartzman1
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The retrieval of radar Doppler velocities is an important 
tool not only in operational nowcasting, but also for dy-
namical research. Doppler velocities are measured un-
ambiguously within a certain interval, which is bound-
ed by the positive and negative Nyquist velocity. If the 
actual velocity exceeds this limit, its value is folded into 
the interval, causing aliasing.
Region-based Recursive Doppler Dealiasing (R2D2) is 
a novel dealiasing approach to unfold Doppler velocity 
fields obtained by operational radar. It specialises in re-
solving issues when the horizontal velocity shear exceeds 
the Nyquist velocity. This occurs either in very turbu-
lent situations, or when the Nyquist velocity is very low. 
R2D2 masks high-shear areas or folds and adds a spatial 
buffer around them. The areas between the buffers are 
then identified as continuous regions that lie within the 
same Nyquist interval. Each region is assigned its most 
likely Nyquist interval by applying vertical and tempo-
ral continuity constraints as well as supplemental wind 
information from a mesoscale model. The shear zones 
are subsequently resolved using 2-D horizontal conti-
nuity. This procedure is repeated until no further im-
provement can be achieved. Each iteration with fewer 
folds identifies fewer, but larger continuous regions and 
less shear zones until an optimum is reached. Residual 
errors, often related to shear greater than the Nyquist 
velocity, are contained to small areas within the buffer 
zones. This approach maximizes operational perfor-
mance in high-shear situations and contains errors to 
minimal areas to mitigate error propagation. Addition-

ally, the advantages of utilising numerical weather pre-
diction model data as reference wind information, to 
help initialise the dealiasing procedure, is demonstrated.
R2D2 is tailored towards performing well in convec-
tive situations with high shear and low data coverage. 
It has shown significant improvements in supercellular 
and multicellular convection, as well as with a mesos-
cale convective system. Its performance is also robust in 
stratiform situations and high velocity situations, mak-
ing it suitable for a general operational implementation.
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Knowledge of the wind field near the ground in torna-
does is of great scientific interest. Mapping the Doppler 
velocity field near the ground in tornadoes accurate-
ly using Doppler radars, however, is difficult not only 
because there is ground-clutter contamination, but 
also because debris and large raindrops are centrifuged 
radially outward, leading to a bias of divergence near 
center of the vortex. In order to separate the debris mo-
tion from the air motion, we are trying to see if we can 
find two separate peaks in the Doppler spectrum, one 
representing the latter and one the former. Preliminary 
simulation experiments using SimRadar suggest that 
this might be possible, but may not be likely. In previ-
ous work, Wienhoff et al (2019) showed that Doppler 
spectra could be successfully computed from raw I and 
Q data collected in a mesocyclone just prior to torna-
dogenesis, using RaXPol, a mobile, rapidly mechan-
ically scanning, X-band, polarimetric Doppler radar; 
RaXPol has been used many times to collect rapid-scan, 
moment data in tornadoes. During the spring field pro-
gram in 2020, efforts will be made to compute separate 
spectra from time series of both horizontally and ver-
tically polarized raw data at a single wavelength, at the 
highest possible PRF possible without range folding, in 
tornadoes in the Plains of the U. S. To collect raw data, 
the radar will have to scan very slowly. The data will be 
compared with moment data collected in rapid-scan 
mode just prior to and just after collection of the raw 
data.

Howard Bluestein1, David Bodine2, Boon-Leng Cheong2, Sebastian Torres3, Morgan Schneider1, Dylan Reif1,  
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ATTEMPTS TO SEPARATE DEBRIS 
MOTION FROM AIR MOTION IN 
TORNADOES USING POLARIMETRIC 
DOPPLER SPECTRA
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We propose new workflows to process X-band weather 
radar observations facing high-quality and -resolution. 
An operational, single-polarized X-band weather radar 
provides measurements in Hamburg’s city center for 
already seven years. The single-polarization and small 
wavelength comes along with high-resolution but at 
the same time high uncertainties. The temporal (30 s), 
range (60 m), and sampling (1°) resolution yields high 
information density within the 20 km radius. Still, 
attenuation, noise, and non-meteorological echoes 
appear as challenging issue. The high sampling rate re-
quires a fast processing chain. Additionally, the current 
urban hydrology research within the Cluster of Excel-
lence CliCCS – Climate, Climatic Change, and Society 
– demands high-quality precipitation data within the 
focus area of Hamburg.
Firstly, we demonstrate how we combine all steps of 
processing the measurements in one python package 
– pylawr. This package includes well-established al-
gorithms of image processing and radar meteorology, 
which facilitates a successive, process-specific analysis. 
For example, the measurements by the German na-
tionwide C-band radars supplement the observations 
X-band radar. The object-oriented design of the pack-
age ensure the extension of the workflow.
Secondly, we present a data driven approach based on a 
Convolutional Neural Network as a new and potential 
method for our weather radar product. The developed 
neural network uses raw reflectivity measurements as 
input and results in clean data, which is free of noise 

and non-meteorological echoes. Is this neural network 
the workflow of the future? Since the package is rela-
tively slow and the neural network lacks flexibility, we 
encourage one combined workflow.

Finn Burgemeister1, Tobias Sebastian Finn1, Tobias Machnitzki1, Marco Clemens1, Felix Ament1

TWO NEW WORKFLOWS TO DERIVE 
A HIGH-QUALITY AND -RESOLUTION 
WEATHER RADAR PRODUCT

1Meteorological Institute, Universität Hamburg, Germany

The cross-correlation coefficient (ρHV) is useful to dis-
tinguish between the meteorological and non-meteor-
ological echoes. The ρHV is a non-dimensional polari-
metric measurement that varies from 0 to 1. The ρHV is 
close to 1(>0.98) for homogeneous hydrometeors (i.e., 
pure rain, snow, and ice particles). For mixed hydro-
meteors such as melting snow, the ρHV is smaller than 
0.9, and non-meteorological targets (i.e., chaff, birds, in-
sects) show ρHV smaller than 0.7. However, we found 
that ρHV is lower than 0.8 when the signal-to-noise ra-
tio(SNR) is low even in the meteorological echo area, In 
particular, at the edge of the precipitation system. The 
meteorological echo with abnormal low ρHV leads to 
classify into non-meteorological echoes. In this study, 
we aim to correct the low ρHV over the meteorological 
echoes area based on the SNR.

The ρHV is corrected by the iterative correction ap-
proach based on the median difference between the cor-
rected ρHV and the original ρHV for every 1dB interval 
of SNR until the ρHV between 5 and 15 dB of SNR 
is flattened. Therefore, the ρHV is corrected differently 
as a function of SNR. The ρHV is significantly fixed at 
low SNR and is relatively less corrected at high SNR.If 
the radar echo area is too small, the ρHV is adjusted us-
ing the whole SNR. The developed the ρHV correction 
method is evaluated by applying the corrected ρHV to 
the hydrometeor classification algorithm.

In-Hae Cho1, Soohyun Kwon1, Sung-Hwa Jung1

CORRECTION OF CROSS CORRELATION 
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The estimation of rainfall rates at high spatial (100 m 
x 100 m) and temporal resolution (1 min) is becoming 
more and more relevant for urban applications. To es-
tablish high quality rainfall products, it is important 
to correctly separate hydrometeor signals from other 
signals. The signal separation can be achieved using 
spectral polarimetry and advanced filtering techniques. 
The filtering techniques are applied in a real-time envi-
ronment by using CUDA graphics cards. This study is 
making use of two X-band radars located in Delft and 
Rotterdam in the Netherlands.

Estimation of the noise level uses a passive measurement 
(i.e. without transmitting power).
Typically, rain and ground clutter signals can be sepa-
rated by removing near-zero-Doppler-velocities. Noise 
and moving clutter can be mitigated using spectral po-
larimetric processing. We have initially chosen a filter 
based on the spectral linear depolarization ratio. Such 
techniques work well in a rural site. However, in an 
urban environment, these filtering techniques become 
insufficient.

In this study, spectral polarimetric filtering is compre-
hended and optimized for the urban weather radar. A 
first improvement is to estimate noise levels from active 
measurements (with transmission on). This is done, as 
the noise levels vary greatly as a function of azimuth, 
elevation and time in an urban environment, which 
cannot be captured by using passive measurements. 
The removal of noise and clutter is enhanced by consid-

ering filtering based on the spectral co-polar correlation, 
spectral speckle filtering and the addition of a spectral 
filtering quality index.

Data discarding conditions are reconsidered. Typically, 
data is discarded based on signal saturation or insuffi-
cient reliable data. A new quality index is developed, 
which combines several quality measure into one.

PPIs and Doppler spectra are shown to demonstrate the 
usage of the newly developed filters.

This study has received funding from the ATTRACT 
project funded by the EC under Grant Agreement 
777222
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New advanced signal processing techniques allow you 
to get more meteorologically relevant data and less un-
wanted signals out of your weather radar hardware. 
Those sophisticated algorithms address strong clutter, 
multi-trip echoes, radio frequency interference, and 
wind turbine clutter.

Johannes Vieten1, Matthias Toussaint1

ADVANCED SIGNAL PROCESSING FOR 
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Attenuation is still a major uncertainty for weather ra-
dars operating at small wavelengths, like cost-effective 
X-band radars. However, this drawback can be com-
pensated by operating radars in a network with over-
lapping scans. We will present a novel retrieval method 
to estimate reflectivity and specific attenuation from 
networked observations of single-polarized radars. This 
retrieval method derives a linear system of equations 
(LSE) based on the observed radar reflectivities and net-
work’s geometry. The intrinsic reflectivities are assumed 
to be simultaneous and equal for common nodes across 
the network. A major advantage of this LSE-method is 
its independence of explicit constraints, like statistical 
relations of the k-Z-relation.
The retrieval algorithm is tested using synthetic weath-
er radar data to prove the validity and sensitivity of the 
method. The sensitivity of the LSE-method is discussed 
for several uncertainties, including local perturbations, 
noise, missing values, and biases. Especially, a noise sig-
nificant greater than the specific attenuation and biases 
between the observed reflectivities corrupt the retriev-
al's solution. Nevertheless, the LSE-method is found 
to be applicable to synthetic data of weather radar net-
works, considering the underlying assumptions of the 
observations and methodology.
The LSE-method is applied to real observations pro-
vided by three single-polarized X-band weather radars 
operated in a dense network design of the project Pre-
cipitation and Attenuation Estimates from a High-Res-
olution Weather Radar Network (PATTERN). The 

elevated scanning and vertical inhomogeneity of the 
reflectivity lead to different simultaneous reflectivities. 
These inconsistencies to the theoretical assumptions 
strongly deteriorate the accuracy of the retrieval. Addi-
tionally, clutter and strong attenuation causes missing 
values in the observations leading to the underestima-
tion of the path integrated attenuation. These effects 
severely limit the practical application of the method. 
In summary, the fundamental analysis of the presented 
method to retrieve reflectivity and specific attenuation 
in a weather radar network proves its theoretical valid-
ity.

Finn Burgemeister1, Marco Clemens1, Felix Ament1

DIRECT RETRIEVAL OF ATTENUATION 
AND REFLECTIVITY IN A NETWORKED 
RADAR ENVIRONMENT
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With the increased use of dual-polarization weather 
radars, improving dual-polarization radar-variable esti-
mators has become a growing research area. Most of the 
research focuses on minimizing the bias and variance of 
estimators using a variety of approaches. In this work, 
the focus is addressing the significant positive bias of 
the conventional lag-0 correlation coefficient estimator 
at low signal-to-noise ratios (SNRs). The fundamen-
tal cause of this bias comes from the ratio that is at the 
center of the calculation. The new approach is to utilize 
a more generic estimator, Beale’s ratio estimator, to deal 
with ratio effects. A modified version of Beale’s ratio es-
timator was developed to address the complex values in 
the calculation and the multiple factors in the denom-
inator. This modified estimator greatly minimizes the 
bias of the conventional estimator over a wide range 
of weather signal characteristics without increasing the 
variance. In fact, it reduces the variance and increases 
the number of valid estimates. A major advantage of 
this approach is that it can be applied to other estima-
tors that incorporate ratios. This could lead to a more 
general way to resolve bias issues with ratio estimators.

Christopher Curtis1
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The two main metrics for the performance evaluation of 
the Doppler moment and polarimetric variable estima-
tors are the bias and standard deviation (SD). Depend-
ing on the estimator properties, the bias may increase 
as the SNR decreases. The standard deviation, however, 
always rises with SNR decline. For instance, if estimates 
are computed from 15 samples using a rectangular data 
window and the Nyquist co-interval is ~±9 m s-1, the 
standard deviation of reflectivity estimates increases 1.2 
times as the SNR drops from 20 to 2 dB (where 2 dB 
is the default significant signal SNR threshold on the 
WSR-88D network). But for estimates of differential 
reflectivity, differential phase, and copolar correlation 
coefficient, standard deviations increase is approximate-
ly 6.3, 5.6, and 73 times, respectively. Hence, for the po-
larimetric variables, this effect is significantly more sub-
stantial than in the case of the Doppler moments. Such 
significant increases in the variability of estimates are 
observable in the fields of dual-polarization products 
as an increased spatial inhomogeneity (or noisiness) in 
the areas where echoes exhibit low-to-moderate SNRs. 
These effects can obscure visual identification of weath-
er features as well as adversely impact the operation of 
algorithms. Moreover, this raises the question about the 
value of dual-polarization products at SNRs for which 
the standard deviation and/or bias are exceptionally 
high.

One approach to improve the polarimetric data quali-
ty is to reduce the statistical fluctuations of fields in the 
areas of low-to-moderate SNR at the expense of deg-

radation in the range resolution. The rationale for this 
approach is that weather returns in these areas typically 
exhibit low-to-moderate gradients, so the range resolu-
tion may be degraded with little impact on the value of 
the radar data. Herein, methods that achieve this are dis-
cussed with particular attention to an adaptive range av-
eraging where the number of averaged samples depends 
on the estimated SNR.

Igor Ivić1

AN ADAPTIVE RANGE-AVERAGING 
TO IMPROVE THE QUALITY OF 
POLARIMETRIC VARIABLE ESTIMATES 
AT LOW-TO-MODERATE SNRS
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Over the years, many schemes (colorbrewer.org, hclwiz-
ard.org, kennethmoreland.com, fabiocrameri.ch, etc.) 
have been proposed to improve the representation of 
scientific data through improved color maps.

Despite widespread adoption of Python as a program-
ming language in the scientific community, it remains 
difficult to use these color schemes programmatically. 
While Python implementations are generally available, 
making any modifications to existing code requires con-
siderable knowledge and time. Also, simple tasks, such 
as the designation of colors for exception values (say, for 
missing data), can be laborious.

“Legs” is a community-oriented and open-source Py-
thon module that simplifies the construction of custom 
color mappings. The general idea is to break the data 
space into any number of contiguous intervals and to 
assign one color mapping function to each interval. 
This approach makes is easy to build continuous or di-
vergent color palettes of any kind. It is also simple to 
prescribe color changes at pre-defined data values. Legs 
supports external color mapping functions such that 
any existing color schemes can be used, possibly in com-
bination with others. A simple mechanism also allows 
to assign colors to any number of exception values.

Built in checks are provided to prevent errors when 
generating color figures. For example, the specification 
of units is mandatory for unambiguous interpretation 
of results. Also, the user gets warned if data values are 

found outside of an exact color palette or if any interval 
in data space is not being mapped to a color.

The module “legs” is part of the “domutils” pack-
age available on github, its use will be demonstrated 
through examples.

Dominik Jacques1

LEGS, A PYTHON MODULE THAT MAKES 
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The intrapulse pulse compression (PC) technique is an 
effective way of achieving high resolution and improved 
sensitivity in weather radars through modulation inside 
the transmit pulse by frequency or phase coding. This 
technique has enabled implementation of weather ra-
dar systems using solid-state transmitters, thus saving 
power while increasing reliability.

The specific waveforms employed for PC in these sys-
tems are generally known coded signals (polyphase and 
S-Z code) or variation of non-linear frequency modula-
tion (NLFM). In the former case, the code lengths are 
usually fixed to provide ideal correlation properties and 
solutions for arbitrary lengths are difficult to come by. 
The latter approach designs a mismatch filter through a 
least-squares solution of the minimization of integrated 
sidelobes (ISL). However, theoretical guarantees in this 
approach are weak. In both cases, the effect of hardware 
quantization of waveforms results in poorer autocorre-
lation than the theoretical results.

In this paper, we focus on designing low sidelobe wave-
forms for meteorological radars by exploiting some re-
cent applications of optimization theory. It has been 
shown that the derivation of optimal sequences is 
possible through continuous/discrete phase methods 
(CPM/DPM) yields constant-modulus sequences with 
good aperiodic and periodic ISL. The discrete-phase 
and constant modulus constraints ensure robustness 
against hardware quantization of the waveforms and 
any sudden spikes in power. The CPM/DPM algo-

rithms directly obtain the optimal solution of ISL, by 
solving a fractional quartic polynomial in an alternative 
way through coordinate descent (CD). Moreover, the 
use of fast Fourier transform (FFT) renders the meth-
od computationally efficient. More importantly, we 
incorporate discrete-phase constraints in our approach 
thereby making the waveforms robust to hardware 
quantization errors. We validate our approach through 
numerical experiments on data collected by the Iowa 
X-band POLarimetric (XPOL) radars.

Kumar Vijay Mishra1, Mohammad Alaeekerahroodi2, M. R. Bhavani Shankar2, Anton Kruger1, Witold Krajewski1, 
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The Lidar Radar Open Software Environment 
(LROSE) is being developed to meet the challenges 
of complex lidar and radar processing needs and help 
address the 'big data' problem faced by users in the re-
search and education communities. Through support 
from the National Science Foundation, Colorado State 
University and the National Center for Atmospheric 
Research are developing the LROSE 'Virtual Toolbox' 
stocked with core algorithm modules for those typical 
processing steps that are well understood and docu-
mented in the peer-reviewed literature. LROSE focuses 
on key software building blocks for a data processing 
and analysis workflow: Convert, Display, Quality Con-
trol, Grid, Echo, and Wind. The 'stable' release is called 
"Cyclone" (a red rose) and the 'development' release is 
called "Elle", which consist of a suite of well-document-
ed software modules for performing radar and lidar 
analysis with tutorials and starter kits aimed at facili-
tating community development and enhancement. By 
combining the open source approach with recent devel-
opments in virtual machines and cloud computing, we 
are developing a system that is both highly capable and 
easy to run on virtually any hardware. The current sta-
tus of LROSE will be presented, along with a roadmap 
for future software releases.

Michael Bell1, Mike Dixon2, Wen-Chau Lee2, Brenda Javornik2, Jennifer DeHart1, Ting-Yu Cha1

CURRENT STATUS OF THE 
LIDAR RADAR OPEN SOFTWARE 
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1Colorado State University, United States; 2National Center for Atmospheric Research, United States
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203   DSD retrievals from polarimetric radar: the importance of scale Polarimetric radar measurements have been used in the 
past to identify different ice hydrometeors species such 
as hail, graupel, aggregated snowflakes, and ice crystals. 
Quantitative information on particle shapes is not typ-
ically provided by existing hydrometeor identification 
(HID) methods. However, in many practical applica-
tions, such as snowfall rate retrievals using polarimet-
ric radar algorithms, verification of advanced model 
parameterizations, and studies of cloud and precipita-
tion processes on the microphysical level, quantitative 
information about particle average shapes is essential. 
Recently a radar-based remote sensing algorithm was 
developed for retrievals of the mean ice hydrometeor 
shapes as expressed in particle aspect ratios, which are 
defined as a ratio of particle-minor-major dimensions. 
This algorithm uses polarimetric radar measurements 
of reflectivity, Z, differential reflectivity, ZDR, and co-
polar correlation coefficient, rhohv. This presentation 
will show applications of this algorithm to study verti-
cal and horizontal spatial variability of ice hydrometeor 
shapes in precipitating clouds. The polarimetric data 
sets used in this study were collected by the scanning 
dual-frequency (Ka and W-bands) cloud radar during 
its deployment at the Oliktok Point, Alaska, Atmos-
pheric Radiation Measurements (ARM) Mobile Facil-
ity 3 (AMF3). The analysis of measurements and re-
trievals indicates high spatial and temporal variability of 
average particle shapes even in mostly stratiform precip-
itation. Retrieved mean aspect ratios vary from less than 
about 0.1, which are typical single dendrites and plates, 

to 0.9-1.0 which are characteristic of quasi-spherical ir-
regular shape particles. Negative correlation of mean 
aspect ratios and reflectivities was often observed. Pro-
nounced changes in vertical profiles of particle aspect 
ratios were also documented. These changes were often 
associated with existence of several ice hydrometeor spe-
cies as revealed by simultaneous measurements of Dop-
pler spectra using a collocated vertically pointing radar. 
Radar-based estimates of particle aspect ratios and types 
were validated by in situ measurements on the ground 
and from a balloon-based samples aloft.

Sergey Matrosov1, Maximilian Maahn1, Alexander Ryzhkov2, Gijs de Boer1
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The observation of very local weather effects, like wind 
gusts, fog or hail storms, remains a challenging issue in 
meteorology. In particular, there is a lack of ground ob-
servations of precipitation type and related quantities 
like hailstone dimensions and snow depth. In many 
cases only fragmentary observations are available e.g. 
through a climatological network or through (social or 
conventional) media. Various hydrometeor classifica-
tion schemes based on polarimetric radar measurements 
have been proposed, but these algorithms inherently 
suffer from the limitation that they can only provide 
information on hydrometeor type at the measurement 
height of the radar. Moreover, also these algorithms 
ultimately require a verification process using ground 
observations.

The rise of mobile devices like smartphones, connected 
cars and all kinds of IoT sensors, opens up new oppor-
tunities to collect in-situ meteorological information 
which can contribute to verify existing precipitation 
type schemes or to develop new ones. One promising 
approach is to collect citizen weather reports through 
smartphone apps. In August 2019, the Royal Mete-
orological Institute of Belgium (RMIB) added such a 
reporting feature in its existing smartphone app. The 
response of the app users is larger than expected, with 
on average more than 2500 reports sent daily.

In this contribution, we describe the general concept 
of the app feature and how the quality control is or-
ganised. Then, we give some general statistics of the 

aggregated data set, and discuss in more detail a few in-
teresting cases. Despite the fact that there were only a 
few snow events in Belgium during winter 2019-2020, 
some interesting conclusions could already be drawn 
by comparing the app reports with RMI’s operational 
nowcasting system INCA-BE. Finally, some recent and 
future additions of the app are discussed.

Maarten Reyniers1, Svenja Wilfert2, Laurent Delobbe1

VERIFICATION OF PRECIPITATION TYPE 
USING CITIZEN REPORTS COLLECTED 
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The use of multiple radar frequencies in the retrieval 
of snowfall microphysics has been investigated over the 
past few decades, with promising results. Relationships 
were found between dual-frequency ratios and char-
acteristic sizes of the particle size distributions (PSD); 
signatures of specific snow habits were also identified 
based on such multi-frequency measurements. Mean-
while, radar Doppler spectra were also used as insightful 
tools to study the microphysical properties of snowfall, 
for instance in the case of multimodal PSDs. The quan-
titative interpretation of scalar and spectral quantities 
often relies on a priori assumptions regarding the hy-
drometeors’ microphysical and scattering properties.

The aim of this study is to develop a retrieval method 
that combines both afore-mentioned approaches, rely-
ing on collocated measurements from vertically point-
ing Doppler radars operating at X and W bands (10 
and 94 GHz), and to loosen some of the underlying as-
sumptions. Radiometric measurements at 89 GHz will 
also be used as a constraint on liquid water path, e.g. to 
highlight the occurrence of riming.

First results will be presented, based on data collected 
during the 2017-2018 ICE-POP winter campaign in Ko-
rea. Rather than focusing on a one-time snowfall event 
to understand the exact microphysical processes that 
occurred – which requires a high confidence in meas-
urement accuracy – the aim is to define an appropriate 
statistical approach that would capture broad trends in 
snowfall properties.

Anne-Claire Billault-Roux1, Alexis Berne1

DUAL-FREQUENCY SPECTRAL 
RETRIEVAL OF SNOWFALL 
MICROPHYSICAL PROPERTIES

1Environmental Remote Sensing Laboratory, Ècole Polytechnique Fédérale de Lausanne, Switzerland
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The radar-radiometer combined algorithm of NASA 
Global Precipitation Measurement (GPM) mission 
has made significant advancement by implementing a 
self-consistent methodology, between active and passive 
instruments, for snowfall retrieval with the use of scat-
tering properties derived from an extensive database of 
realistic irregular solid hydrometeors. The next, highest 
priority objective for the GPM combined algorithm 
is to address the challenges presented by mixed-phase 
hydrometeors in the melting layer to the physics-based 
retrieval of precipitation profile. The strategy of our ap-
proach to address these challenges is essentially the same 
as that adopted for single-phase rainfall or snowfall re-
trievals. We will first numerically simulate the melting 
of solid hydrometeors in our collection to obtain and 
output the structures of mixed-phase hydrometeors 
during simulated melting at prescribed intervals. These 
synthetic mixed-phase hydrometeors in turn become 
input to a discrete dipole approximation (DDA) meth-
od for electromagnetic scattering calculations. The scat-
tering properties so derived form the foundation for 
forward modeling of instrument responses, which are 
then used as a basis for retrievals. However, in executing 
this strategy, we have encountered multiple unforeseen 
issues at various stages. The first issue is the preserva-
tion of mass conservation and consistency in relative 
liquid-solid fraction. Due to the volume-based nature 
of the numerical melting simulation and the density 
difference between liquid water and solid ice, clever 
post processing is required to ensure mass conservation 

and relative fraction consistency. This issue is especially 
acute if we wish to maximize computation efficiency by 
using larger and thus fewer dipoles, i.e. coarser dipole 
resolution, whenever it is appropriate according to the 
published DDA criterion (generally for lower frequen-
cies). A number of finer dipoles, which may be of differ-
ent phases and thus different indices of refraction, much 
be merged into one coarser dipole. A naive merging not 
only modifies the spatial liquid-solid distribution of the 
melting particle but also violates mass conservation and 
relative fraction consistency. In addition, we find that 
for lower frequencies, e.g. 14 & 35 GHz, where the con-
trast in index of refraction between liquid water and 
solid ice is high, the published and popularly accepted 
DDA dipole resolution criterion is no longer valid and 
a more stringent one must be used. In this presentation, 
we report an innovative procedure for achieving mass 
conservation and relative fraction consistency. We then 
describe our attempt in characterizing the impact of 
high contrast of indices of refraction to the dipole reso-
lution for DDA calculations.

Kwo-Sen Kuo1,2, Adrian Loftus1,2, William Olson3,2, Robert Schrom4,2, Ian Adams2, Ines Fenni5
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In this contribution, we investigated two years of sum-
mer convective events that were related to lightning 
activity in the vicinity of Milešovka observatory situat-
ed in Czechia. The Milešovka observatory is equipped 
with a Ka-band cloud profiler (35 GHz). We applied a 
hydrometeor classification on Doppler spectra of the 
Ka-band cloud profiler. The classification differentiates 
5 kinds of hydrometeors (ice & snow particles, cloud 
water, graupel, rain, and hail). It is based on Doppler 
spectra, derived vertical air velocity, which is assumed 
to be equal to that of very small particles, terminal ve-
locity range of each hydrometeor, and vertical temper-
ature profiles from ERA5 reanalyses. We focus on the 
relationship between hydrometeor classes in thunder-
clouds (of 2018 and 2019) and detected lightning up to 
20 km from the observatory. Results suggest that hail 
and heavy rain follow cloud to ground lightning and 
that a mixture of graupel, snow and ice hydrometeors 
known to take part in the cloud electrification process 
are found in the thundercloud prior to and during 
lightning discharges.

Zbyněk Sokol1, Jana Minářová1

STRUCTURE OF THUNDERSTORM 
CLOUDS DERIVED FROM 
MEASUREMENTS OF A KA-BAND 
PROFILER
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The convective storms occurred rapidly in Korean Pen-
insula have different meteorological properties than 
stratiform and contributed to severe weather such as 
flash flood, hail and CG (Cloud to Ground) lightning. 
It is important to study the characteristics of convective 
cells for reducing the cost of damage in severe weather. 
The geostationary orbit meteorological satellites and 
ground radar composites with high spatiotemporal res-
olution can observe the various rainfall systems in real 
time. Therefore, we study the structure, physical char-
acteristics and life cycle of convective storms using ra-
dar-satellite simultaneous data.
The classification procedure of precipitation types is ap-
plied using feature parameters based on mean reflectiv-
ity and vertical integration liquid water contents (VIL). 
Then statistical analysis is performed using the vertical 
profiles and contoured frequency by altitude diagram 
(CFAD) to study the vertical structure for convective 
storms. The life cycle of convective cells is also analyzed 
using time series of radar-based feature parameters and 
various brightness temperatures (TBs).
In the convective regions, the reflectivity CFADs above 
melting layer show wider distribution patterns than 
those of stratiform. The frequency distribution of con-
vective and deep system ranging 20 ~ 40 dBZ at 4~7 
km is higher than those of stratiform. These phenom-
ena might indicate that supercooled water droplet and 
rimed ice particles are coexisted caused by strong up-
draft. The peak of mean TBs at mature stage is 235 K 
whereas those of other stages (e.g. growing) is 260 K. 

The cooling rates are indicated below (above) 0 Ks-1 in 
growing (mature and decaying) stage. In the case study, 
the top 10th percentile of UVIL (Upper VIL) and UMZ 
(Upper mean reflectivity) in growing stage are relatively 
higher than those of other stages. The statistical trends 
of feature parameters consisting of various convective 
cells will be performed.
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Based on two years of summer thunderstorms during 
which lightning discharges were observed in the vicinity 
of Milešovka observatory (northwestern Czechia), we 
focused on analysis of the Linear-Depolarization-Ratio 
(LDR) values. LDR is a variable that we derive from a 
Ka-band cloud profiler (35 GHz) located at the Milešov-
ka observatory. LDR is known as a good indicator of 
melting layer. However, it also indicates structure of 
electric field in cloud because higher values of LDR are 
supposed to indicate tilted ice particles. Titling of the 
ice particles might be caused by intensified electric field. 
Our results show that higher values of LDR are found 
at an altitude of 7 to 9 km and are related to lightning 
strokes observed by EUCLID network. In this sense, 
our investigation confirms findings of other authors.

Jana Minářová1, Zbyněk Sokol1

STRUCTURE OF LINEAR-
DEPOLARIZATION-RATIO IN 
THUNDERCLOUDS MEASURED BY KA-
BAND PROFILER

1Institute of Atmospheric Physics of the Czech Academy of Sciences, Czech Republic



188 189

MICROPHYSICS MICROPHYSICS

Cloud microphysical properties are important for our 
understanding of the life cycle of clouds and their role 
in the weather and climate system, but they are notori-
ously difficult to measure. In recent years methods have 
been proposed to measure total liquid water content 
(LWC) with ground-based dual-wavelength radar sys-
tems or by using the ocean surface backscatter properties 
with air- and space-borne radars. We advanced both of 
these techniques using radar data collected during sev-
eral field campaigns with radar systems operated by the 
National Center for Atmospheric Research (NCAR).

Previous LWC estimates that were based on simulta-
neous S- and Ka-band data, collected with the NCAR 
ground based dual-polarimetric (S-PolKa) radar, 
showed promising results but were limited to proof-
of-concept case studies. We developed an algorithm 
capable of processing large data sets in near real-time. 
Promising cases, including large scale as well as scattered 
and isolated clouds, are automatically identified and 
processed. The algorithm uses a newly developed 2D 
method to remove outliers and noise, and properly han-
dles gaseous attenuation. Results are compared to LWC 
calculated from S-band Z and ZDR and to liquid water 
path (LWP) retrievals from other instruments such as 
radiometers.

Using the ocean surface backscatter properties as a ref-
erence to calculate LWC has been proven successful 
for space-borne radars (e.g. CloudSat). We applied and 
improved the methodology using high-resolution data 

collected by the NCAR airborne W-band radar. The re-
sults show that by using this method we not only learn 
about cloud microphysical properties but also about 
ocean surface properties such as wave height and orien-
tation.

Ulrike Romatschke1, Jothiram Vivekanandan1, Gwo-Jong Huang1
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The in-situ observed raindrop size distributions are 
analyzed, with focusing on the data over the ocean (on-
board research vessel) and land in the west coast of Su-
matra during field campaigns “Pre-YMC” in 2015 and 
“YMC-Sumatra” in 2017. The data are categorized as 
over the “coastal ocean”, “coastal land”, “open ocean”, 
and “inland” to compare the frequency distribution be-
tween the rainfall rate (R) and volume-weighted mean 
drop diameter (Dm). The distributions mostly agree 
with the reference relationship used in GPM/DPR al-
gorithm, except over the “coastal ocean”, in which larg-
er concentrations of large Dm for a given R are found. 
The stratiform rain is confirmed to be larger in Dm for 
given R, while the ratio of the stratiform rain is not larg-
est over the "coastal ocean". Comparison between be-
fore and during the MJO active phase revealed that the 
non-stratiform rain also differs in R-Dm relationship 
to be a factor responsible to affect the relationship over 
the "coastal ocean". The projection onto the Dm-Nw 
diagram in Bringi et al. (2003) shows that the “coast-
al ocean” data, especially before the MJO active phase, 
resemble that of the “continental” data cluster, while 
the others (including "coastal land" and "open ocean") 
resemble the "maritime" cluster. Furthermore, these 
observed data were applied to the generalized gamma 
distirbution model to examine the feasibility and repro-
ductivity.
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Ice microphysical processes (IMP) such as depositional 
growth, aggregation, riming or secondary ice produc-
tion are still one of the main sources of uncertainty in 
weather prediction and climate modelling. These un-
certainties do not only stem from an insufficient rep-
resentation of IMP in numerical models, but also from 
a lack of understanding of the fundamental details of 
these processes. Since most of the global rainfall is pro-
duced in ice clouds, an improvement of the understand-
ing of IMP will not only allow for a better modelling of 
ice cloud properties, but also the prediction of rainfall 
estimates.
We want to improve our understanding of the IMP and 
their representation in models using multi-frequency 
spectral Radar polarimetric observations and Mon-
te-Carlo Lagrangian super-particle modelling linked by 
a 1D polarimetric radar forward operator. Studies have 
shown a sensitivity of the polarimetric radar moments 
to IMP, especially to the generation of small, asymmet-
ric ice particles, or the onset of aggregation, while the 
multifrequency approach allows to detect aggregation 
and riming processes.
A three-month winter campaign was conducted be-
tween November 2018 and February 2019 in Jülich. 
During the campaign, a scanning polarimetric W-band 
Doppler radar as well as the zenith pointing non po-
larimetric X, Ka and W-Band Doppler radars were in-
stalled at the research core facility Jülich ObservatorY 
for Cloud Evolution JOYCE-CF. These measurements 
were complemented by two polarimetric Doppler Ra-

dars stationed nearby and radiosonde launches.
First results show that this novel measurement setup is 
capable to capture IMP, as many cases show evidence of 
aggregation, riming or secondary ice production (SIP). 
A first focus of this study is the investigation of SIP. For 
this, promising cases, which exhibit a secondary mode 
in the Doppler spectra of the zenith pointing radars, 
and show sufficient enhancements of KDP and spec-
tral ZDR for slower Doppler velocities, are investigated 
in more detail. In order to understand the underlying 
SIP and to explain what kind of particles are present, 
initial experiments with the Monte-Carlo Lagrangi-
an super-particle Model McSnow are conducted. The 
McSnow is currently extended with an aggregation, 
riming and a secondary ice module. The results from 
the model runs are forward simulated using the Tma-
trix approximation. A comparison of the model output 
with the observations then allows to constrain the pos-
sible SIP taking place.
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Separating regions of convective vs. stratiform precipi-
tation is important for a number of reasons, for exam-
ple: (a) a better understanding of mesoscale structures 
and physical processes; (b) improving precipitation es-
timation through the application of appropriate rain-
rate estimators; (c) providing more accurate data assim-
ilation fields for numerical models; and (d) improving 
storm identification and tracking.

Stratiform/convective partitioning is a well studied top-
ic, with 7 or more well-researched and published meth-
ods between 1995 and 2019, making use of both heuris-
tic rule-based approaches and artificial intelligence. The 
Steiner et al. paper of 1995, which uses 2-D Cartesian 
data, is still considered the seminal work. In spite of 
many good recently-published ideas, no clear upgrade 
to the Steiner method is as yet apparent.

In this work, we build on the ideas in Steiner and more 
recent papers, and extend the processing to 3 dimen-
sions, while aiming to keep the method as simple as 
reasonable and restricting the input data to Cartesian 
reflectivity only. The results are promising. We use ra-
dar data from field experiments to test the method. We 
use lightning strike data to tune the parameters of the 
algorithm, and to verify the accuracy of the technique. 
In addition we consider dual-polarization radar fields to 
further assess the utility of the classifier.

Mike Dixon1, Ulrike Romatschke1
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Precipitation in Antarctica is a crucial component 
of the ice sheet mass balance, which directly impacts 
sea-level rise. On the Antarctic coast, extratropical cy-
clones contribute to most of the precipitation accumu-
lation. However, snowfall associated with these systems 
often sublimates in the dry katabatic layer present over 
the East Antarctic coast, leading to a decrease of up to 
35% of the total snowfall accumulation. Davis station is 
located in one of the driest regions of Antarctica and ex-
periences katabatics despite being sheltered by low-lev-
el hills from the plateau. Nevertheless, sublimation of 
snowfall has not yet been properly documented there.
In this study, we analyse two contrasted snowfall events 
that took place in January 2019 in Davis station Ant-
arctica, using data from a scanning X-band polarimetric 
radar, a W-band Doppler cloud profiler, a multi-angle 
snowflake camera (MASC) and a Raman lidar collected 
during the PLATO campaign.
The first event took place on 06 January 2019. A lo-
cal-scale circulation developed offshore Davis bringing 
a shallow precipitating system with cloud top at about 
3800 m a.s.l. The katabatic layer was weak with wind 
speeds below 10 m/s. Partial sublimation can be ob-
served as a slight decrease in reflectivity and increase in 
mean Doppler vertical velocity values, but most of the 
precipitation reached the ground. A hydrometeor clas-
sification based on the polarimetric variables shows the 
dominance of crystals, as well as aggregates below 2000 
m a.s.l. (T > -16°C). After the passage of this shallow 
cloud, isolated precipitating cells containing rimed par-

ticles were observed, consistent with supercooled liquid 
water layers identified in the lidar data. The hydrome-
teor classification from the MASC shows a majority of 
aggregates followed by small particles and graupels, con-
sistent with the radar-based classification.
The second event took place between 08-09 January 
2019. An extratropical cyclone advected moist unstable 
air from the Southern Ocean. The warm front reached 
Davis with cloud top at 8000 m a.s.l and reflectivity val-
ues up to 30 dBZ at X-band. Despite the intense reflec-
tivity, most of the snowfall sublimated completely, due 
to a strong katabatic layer with wind speed up to 39 m/s 
and relative humidity as low as 60%.
These two case studies suggest that the strength of the 
katabatic layer is more decisive than the amount of ad-
vected moisture: while shallow precipitating clouds can 
lead to significant precipitation amount, strong frontal 
snowfall can almost totally sublimate in the katabatic 
layer.
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Scattering properties of ice and snow particles are essen-
tial components but also currently one of the biggest 
challenges for radiative transfer models (RTM) in the 
microwave. Large progress has been made during recent 
years in developing databases of single particle scatter-
ing properties including an increasing number of more 
and more realistic particle habits. However, by using 
single scattering properties, we strongly idealize the fact 
that any sensor observes scattering from an ensemble of 
particles rather than one specific habit.
Recently, the so called Self-similar Rayleigh Gans Ap-
proximation (SSRGA) has been presented as a new way 
to tackle this problem. SSRGA utilizes the self-similar-
ity of snow aggregates to derive their ensemble scatter-
ing properties with the Rayleigh-Gans approximation. 
After deriving a number of coefficients for the particle 
structures, all non-polarimetric scattering properties 
can be derived for a wide frequency range with analytic 
formulas.
In this contribution, we will present the performance of 
the SSRGA derived for over 100’000 various aggregate 
types and compare their physical as well as scattering 
properties with well-established single-scattering data-
bases. We will also show evaluations of the new SSRGA 
to observed scattering signatures observed by multi-fre-
quency radar observations. Finally, a python tool will 
be introduced which allows the scientific community to 
easily infer scattering and particle properties similar to 
well-established single-scattering scattering databases.
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The recent trend of climate change and the local-scale 
urbanization has severely impacted the urban precipi-
tation patterns. Keeping this in view, the present paper 
tried to study in details the morphology of clouds and 
microphysics of precipitations over the urban coastal 
city of Mumbai, which is situated in the south-west-
ern part of Indian sub-continent and experiences heavy 
rainfall spells during the pre-monsoon and monsoon 
periods from the cloud systems originating mainly from 
the eastern and western part of the region respectively.
In this study, the spatial and vertical structure of clouds 
and microphysical characteristics of precipitation dur-
ing the pre-monsoon and monsoon period forthe year 
2018 are studied over Mumbai. The study also tried to 
highlight the evolution of the clouds system along with 
the spatial structure of precipitation pattern for a severe 
rainfall event over Mumbai on September, 2019.
The collocated observations of clouds and precipita-
tion revealed a distinct diurnal variation of rainfall oc-
currences with three peaks for the pre-monsoon peri-
od while such features are absent during the monsoon 
months. These rainfall peaks are also complimented 
with clouds of higher reflectivity as observed from the 
S-band Doppler Weather Radar. The dominance of 
urban convective environment in the pre-monsoon pe-
riod and the impact of moisture supply from the ma-
rine sources over the city during the monsoon months 
are considered to be one of the contributing factors for 
these contrasting diurnal behaviour. The microphysical 
characteristics of rainfall portrays the domination of 

raindrops of larger diameter during the pre-monsoon 
months in comparison to the monsoon period. The 
role of urban convection appears to be an important 
contributor for a relatively higher localized CAPE and 
convective rainfall dominance (48% in pre-monsoon 
versus 23% in monsoon) which results a conductive en-
vironment for more vigorous updraft-downdraft lead-
ing to smaller drops shifting aloft and thereby allowing 
larger drops to precipitate locally during the pre-mon-
soon season. A detailed case study of two similar rainfall 
events during the contrasting inter-seasonal period has 
been undertaken which also replicated the similar pat-
tern of clouds and precipitation characteristics as indi-
cated for the pre-monsoon and monsoon months over 
the region. Thus the results of this study will provide 
important information for the urban planning and for 
management of the increasing traffic hazards caused by 
the enhanced severe rainfall events over Mumbai in the 
recent years.
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At millimeter wavelengths, attenuation by hydromete-
ors such as liquid droplets or large snowflakes is general-
ly not negligible. When using multi-frequency ground-
based radar measurements, it is common practice to use 
the Rayleigh targets at cloud top as a reference in order 
to derive attenuation-corrected reflectivities. By capital-
izing on this idea, this study describes an optimal quali-
ty-controlled methodology and proposes to further use 
the resulting estimates of differential path-integrated 
attenuation (DPIA) to characterize hydrometeor prop-
erties.

By analyzing collocated Ka-W band radar and micro-
wave radiometer (MWR) observations taken at two 
European sites under various meteorological configu-
rations, this work showcases the potential of this tech-
nique. When the DPIA is predominantly produced 
by cloud liquid droplets, this technique alone can pro-
vide accurate estimates of the liquid water path. When 
combined with MWR observations, this methodology 
paves the way towards profiling the cloud liquid water 
and/or quality flagging the MWR retrieval for rain/
drizzle contamination and/or estimating the snow dif-
ferential attenuation.
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The melting of snowflakes has been identified from ra-
dar observations as early as the recognition of the bright 
band. Despite the inspiring progress on radar remote 
sensing of rain and snow, the mystery of this thin layer 
bridging these two is still to be unveiled. Usually, there 
is only one layer of enhanced LDR collocated with a 
single bright band around the level of 0℃ isotherm in 
radar images. Multiple LDR layers with corresponding 
bright bands are believed to be indicative of temper-
ature inversions. Yet, to our knowledge, two layers of 
enhanced LDR within a single bright band have never 
been reported. In this study, we present observations 
of this phenomenon recorded by vertically-pointing 
C- and W-band radars. Doppler spectra observed by the 
W-band radar were employed to explain this interesting 
phenomenon.

With the analysis of fall streaks, we found that the two 
layers of enhanced LDR are caused by the melting of ice 
needles, generated within the Hallet-Mossop tempera-
ture regime, and background ice nucleated at the cloud 
top. We also found that the melting signal of small 
needles can act as a unique benchmark for detecting 
the onset of melting, and be used to verify the current 
methods for the identification of melting layer top. The 
results show, 
1. Multiple populations of ice particles may become vis-
ible in the dual-polarization radar observations of pre-
cipitation melting layer
2. Melting signatures of needles give an excellent bench-
mark for detecting the onset of melting

3. The selection of radar frequency and used radar var-
iables is important for characterizing the macroscale 
structure of the precipitation melting layer:
a) The melting layer top is best identified by the break 
point in bulk W-band LDR or C-band reflectivity ob-
servations
b) The melting layer top may be underestimated by as 
much as 100 m if using C-band LDR or mean Doppler 
velocity
c) The bottom of melting layer appears to be better rep-
resented by the C-band LDR observations, which show 
enhanced values after C-band reflectivity and W-band 
LDR values have decreased to the levels observed in 
rain.

Haoran Li1, Dmitri Moisseev1
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During 2019 numerous storm events affected the Bolo-
gna area with the occurrence of hailstorms and rainfall 
of various intensities (from severe to drizzle). These 
events have been studied by means of a C-band polar-
imetric radar and a PARSIVEL 2 disdrometer (at a dis-
tance of 28 km from the radar site) which provides, in 
addition to the drop size distribution, the fall speed of 
the hydrometeors and the classification of the type of 
precipitation.
The characteristics and the microphysical evolution of 
the observed precipitation is compared with the radar 
observables and with the classification of the hydrome-
teors obtained from the polarimetric quantities of the 
radar.
The presence of anthropogenic interference, not par-
ticularly intense, limits the possibility of comparison in 
case of weak radar echo, at the lower elevations, reduc-
ing the available dataset. The analysis showed a good 
agreement between the radar reflectivity and that cal-
culated by the DSD also allowing a verification of an 
operational hydrometeor classification algorithm.
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Pyeongchang mountainous region where Pyeongchang 
2018 Olympics is held is the snowiest area in Korea, and 
it causes heavy property damage accompanied by heavy 
snowfall in the late winter. It is important to understand 
the cloud-precipitation development mechanism to in-
crease the accuracy of forecasting snowfall. Millimeter 
wavelength cloud radar can obtain microphysical and 
dynamic information of the cloud through continuous 
observation. Therefore, in this study, we examine the 
properties of winter cloud using W-band Profiler radar 
(WProf) observations during ICE-POP 2018 (Inter-
national Collaborative Experiments for Pyeongchang 
2018 Olympic & Paralympic winter games) project held 
from November 2017 to April 2018.
To better utilize observed cloud information, system 
biases in reflectivity from the WProf are calibrated by 
direct comparison with reflectivity from collocated ver-
tically pointing X-band radar (VertiX) that are pre-cali-
brated by using drop size distributions from collocated 
two-dimensional video disdrometer (2DVD) for rain 
events. The macrophysical properties of cloud (i.e., 
cloud occurrence, base and top heights, and thickness) 
are then examined according to the cloud types that are 
classified with their altitude, presence of precipitation, 
and vertical extents. The average cloud frequency dur-
ing the experiment period is about 39.8%. In addition, 
the occurrence by cloud types shows the highest value 
in precipitation cloud (20.0%), followed by middle 
(10.1%), low (6.3%), and high (3.4%) cloud. We will 
focus on the dominant winter cloud type and vertical 

structure linked with the microphysical mechanisms in 
the Pyeongchang region.
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Tropical cyclones (TCs) are one of the most severe nat-
ural hazards that cause huge damage, loss of property 
and human lives once they reach the inland region with 
torrential rainfall. Study of TCs raindrop size distri-
bution (RSD) can be useful in understanding of their 
microphysics and in improving the cloud models. In 
this study an effort is made to inspect the raindrop size 
distribution (RSD) characteristics of Indian Ocean and 
Pacific Ocean tropical cyclones (TCs) by using ground-
based disdrometer measurements over India and Tai-
wan observational sites. Significant differences between 
RSDs of Indian and Pacific Ocean TCs are noticed. 
Number concentration of small drops is higher in TCs 
of Indian Ocean than Pacific Ocean, whereas, the num-
ber concentration of mid-size and large drops is higher 
in Pacific Ocean TCs. RSDs of Pacific Ocean TCs have 
higher (lower) mass-weighted mean diameter (normal-
ized intercept parameter) than Indian Ocean TCs. The 
RSD quantified on the basis of rain rate as well as types 
of precipitation also showed similar characteristics be-
tween the TCs of Indian and Pacific Ocean. The radar 
reflectivity- rain rate (Z-R) and slope- shape (μ-Λ) rela-
tions of Indian Ocean and Pacific Ocean are found to be 
distinctly different.
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he Cerdanya-2017 field campaign was a collaborative in-
ternational effort to study several mountain meteorolo-
gy phenomena such as cold pools, mountain waves and 
orographic precipitation effects. It took place from Oc-
tober 2016 to April 2017 in the eastern Pyrenees moun-
tain massif, near the border between Andorra, France 
and Spain (Udina et al 2020).

This study focuses on the analysis of selected precipi-
tation events occurred during the campaign observed 
with two remote sensing instruments: a UHF wind-
profiler (Degreane PCL 1300) and a K-band micro-rain 
radar (Metek MRR2). The instruments were located 
2.4 km apart and provided detailed time series of pre-
cipitation profiles, each one with their specific sampling 
characteristics (wavelength, and temporal and spatial 
resolution) so some differences are expected between 
the two resulting datasets. Data examined included pre-
cipitation vertical speed, radar reflectivity and hydrome-
teor type estimates. We considered both conventional 
processing provided by the instrument manufacturers, 
additional post-processing by existing research software 
such as Maahn and Kollias (2012) and also specific pro-
cessing developed for this study. Results include a dis-
cussion about complementary information provided 
by each instrument type. This research was performed 
under the framework of the HyMeX (HYdrological 
cycle in the Mediterranean EXperiment) programme 
and was partially funded by projects CGL2015-65627-
C3-2-R (MINECO/FEDER), CGL2016-81828-REDT 
(AEI) and RTI2018-098693-B643-C32 (AEI)
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The falling snowflakes, passing through the zero-iso-
therm layers, slowly melt from its surface and cause an 
overestimation in the radar rainfall estimates. Most po-
larimetric algorithms for identifying the melting layer 
(ML) depend on the specific polarimetric observations 
(i.e., cross-correlation coefficient and linear-depolari-
zation ratio). These algorithms have shown the poor 
performance, especially in low-elevation angles, which 
is frequently contaminated by the ground clutter and 
non-meteorological echoes. For these reasons, it is so 
challenging to identify ML regardless of the elevation 
angle. In this study, we characterize ML based on the ver-
tical structure of polarimetric observations and propose 
the ML identification technique that can be applied at 
every sweep of volumetric radar scan.
We analyzed the characteristics of ML which is identified 
using a quasi-vertical profile (QVP) of polarimetric ob-
servations at a high elevation angle (>7°). For the fuzzy 
logic classifier, the four feature parameters and their nor-
malized frequency distributions were constructed using 
polarimetric observations. The membership functions 
and their weights were determined based on the overlap-
ping area of the distribution for each feature parameter 
between the non-ML and ML. The threshold for total 
membership value was optimized based on the statis-
tical analysis. Finally, we evaluated the performance of 
the ML classifier at every elevation angle. In terms of the 
routine process for operational weather radar, we con-
cluded that the proposed technique shows suitable per-
formance for identifying ML on every elevation angle.
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Tropics nurtures three different types of convective 
clouds i.e., shallow cumulus, moderate cumulus con-
gests (CC) and very deep cumulonimbus cloud. Cloud 
vertical structure (VSC) is one single parameter that can 
encapsulate the genesis, microphysical processes, and 
evolution of these various tropical clouds as it provides 
complete information of cloud systems associated with 
altitude and temperature. Due to poor space-time sam-
pling of aircraft measurements and space-borne radars, 
it is not feasible either to have a methodical observa-
tion of different tropical cloud systems or explore their 
evolution over a specific region. To address this lacuna, 
ground-based, high-resolution, cloud radar observa-
tion is suitable. In this regard, three years (2013-2015) 
data of vertical profile of reflectivity factor (VPR) from 
Ka-band radar were used to study the inter- and in-
tra-seasonal variation of cloud vertical structure during 
the Indian summer monsoon(ISM). An algorithm is 
developed indigenously by removing biota to get pure 
cloud information which assures the data quality and 
makes more robust statistics. Shallow to deep cloud 
transition is well evident by the occurrence of CC in 
the analysis of hourly averaged VPR data spanning over 
60 days of the two consecutive ISM months. It again 
indicates that mid level moistening by the occurrence 
of CC, and generation of deep cloud play vital role in 
the increment of the rainfall accumulation during ISM. 
Frequency of occurrence of VPR is helpful to distin-
guish between a normal and a below normal monsoon 
year. Additionally, annual variability of mean VPR can 

explain the change in rainfall signature based on the re-
spective large scale background ISM conditions of that 
year. Cloud classification shows there is a subsequent 
increase of shallow cloud occurrence and decrease in 
the occurrence of CC or deep cloud with the below 
normal performance of ISM from 2013-2015. In this 
study, cloud microphysical properties are also explored 
by estimating cloud ice water content (IWC) and liquid 
water content (LWC) and validated against co-located 
observations from CloudSat, and MWR respectively. 
Two times higher IWC, four times higher thickness of 
IWC, and one order higher LWC are the key factors to 
depict the contrast between the two phases (heavy and 
no or deficit of rainfall) of ISM. Such results promoting 
the importance of ground based cloud radar which can 
provide complete picture of VSC required for better 
interpretation of ISM cloud and precipitation will be 
discussed in detail in the upcoming conference.
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The 2-parameter gamma model has been widely used 
by the meteorological community to represent drop 
size distributions (DSD). However, for DSD retriev-
als using polarimetric radar, an additional constrain 
between the shape (μ) and slope (Λ) parameters of the 
gamma model is needed to reduce the number of free 
parameters. Typically, this is done through the use of 
a μ-Λ relationship, inferred from nearby disdrometer 
measurements. The μ-Λ is then used to define a μ-Zdr 
relationship which can be applied to the radar data to 
make the DSDs retrievals. The main problem with this 
approach is that disdrometer and radar measurements 
are made over very different spatial and temporal reso-
lution volumes. Also, each sensor has its own measure-
ment errors and uncertainties. Because of this, the μ-Λ 
relationships derived from disdrometers might not be 
suitable for radar retrievals.

In this study, we propose a novel, more rigorous way to 
retrieve DSDs from polarimetric radar measurements 
that better takes into account the differences in scale 
between disdrometer and radar measurements. Using 
adjustment factors, we modify the μ-Λ and μ-Zdr rela-
tions from the disdrometer to make them more compa-
rable with the scale of a radar resolution volume. Ap-
plying the new retrieval algorithm to several episodes of 
stratiform rainfall in the Netherlands, the study aims at 
reducing the bias of the retrieved μ, Λ and Nt values.
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The use of weather radar data to produce Quantitative 
Precipitation Estimations (QPE) is often complicated 
by the height of the measurement. This is particularly 
true in mountainous areas where the beam is very far 
from the ground either because the radar are installed 
at high altitude or because the lowest elevations are par-
tially or totally hidden or both. The method conven-
tionally used in operational systems (and in particular 
at Météo-France) to extrapolate reflectivities to ground 
level, does not allow to consider some processes too 
complex to be modeled easily, such as evaporation or 
strengthening of precipitation under the radar beam. In 
addition, the spatial variability of the precipitation pro-
files is not taken into account, limiting considerably the 
performance of the rainfall estimation by the algorithm 
in both plains and mountainous regions.

It is by identifying these gaps and limitations that an 
innovative approach for estimating the radar rainfall 
accumulations has been recently developed (Le Bastard 
et al., 2019). It relies on the use of vertical precipitation 
profiles predicted by the Météo-France’s high-resolution 
nowcasting model (AROME-PI) to estimate the most 
probable one according to the available observations of 
reflectivity, and then to use it to infer the ground rain 
rate. This new methodology has already shown its rel-
evance in lowland regions, especially when the lowest 
radar beam is in the snow and in situations with a high 
spatial variability of the freezing level altitude.

This presentation aims to demonstrate the potential of 

the new method applied to complex terrain, where the 
spatial variability of precipitations is particularly signif-
icant and the radar beam generally very high. An evalu-
ation over several stratiform and convective situations 
has been conducted by comparing the performances of 
both the new and the current Météo-France operational 
methods. For this purpose, in addition to the tradition-
al rain gauge accumulations, the SAFRAN reanalysis (a 
model producing analysis and forecast of meteorologi-
cal quantities adapted for the mountain) has been used 
to evaluate the radar QPEs at the massif scale and their 
variations depending on the altitude. In particular, the 
method developed shows a remarkable ability to repro-
duce the precipitation gradient as a function of the alti-
tude of the terrain.
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Ground-based remote sensing observations are re-
quired to improve our understanding of discrepancies 
between surface precipitation and spaceborne remote 
sensing estimates based on measurements performed 
above ground level over the so-called blind zone. This is 
especially important in mountain areas where the inter-
action between the precipitating clouds and orography 
is complex, for example when orographic effects upon 
precipitation processes are relevant.
We present microphysical observations measured dur-
ing the experimental field campaign Cerdanya-2017 on 
the Eastern Pyrenees mountain massif. The campaign 
was a collaborative international effort to analyze differ-
ent mountain meteorology phenomena including cold 
pools, mountain waves and orographic precipitation 
effects and took place from January to April 2017 on 
the Cerdanya valley, near the border between Andor-
ra, France and Spain (Gonzalez et al 2019, Udina et al 
2020).
The study presented considered data from a K-band 
Doppler radar (MRR-2), a UHF wind profiler, a micro-
wave radiometer and a Parsivel disdrometer. Using data 
from these instruments, several events were examined 
and one of them illustrates well that mountain waves 
induced by low tropospheric level circulations may be 
decoupled from microphysical processes of precipita-
tion at different levels illustrating the complexity of ex-
trapolating ground precipitation using spaceborne re-
flectivity in mountain areas. This study was performed 
under the framework of the HyMeX (HYdrological 

cycle in the Mediterranean EXperiment) programme 
and was partially funded by projects CGL2015-65627-
C3-2-R (MINECO/FEDER), CGL2016-81828-REDT 
(AEI) and RTI2018-098693-B643-C32 (AEI).
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The San Francisco Bay Area is covered by two opera-
tional S-band WSR-88D: KMUX and KDAX. How-
ever, the KDAX radar is partially blocked at low eleva-
tion angles due to the mountainous terrain, whereas 
the KMUX radar is deployed at an elevation of over 
1000 m which can easily overshoot precipitation during 
the winter storm seasons in Northern California. As 
a result, these two radars are not sufficient to observe 
low-level atmospheric conditions and provide detailed 
precipitation information for quantitative hydromete-
orological applications.

The National Oceanic and Atmospheric Administra-
tion (NOAA) and collaborating partners are building 
the Advanced Quantitative Precipitation Information 
(AQPI) system aimed at improving prediction of haz-
ardous weather and flooding events in the San Francisco 
Bay area. As part of the AQPI program, high-frequen-
cy (i.e., X-band) high-resolution gap-filling radars are 
being deployed over the Bay Area to augment obser-
vations from the NEXRAD network, improve quan-
titative precipitation estimates (QPE), and resolve the 
detailed precipitation microphysics. This paper pre-
sents the overall role of AQPI X-band radars in rainfall 
estimation for complex terrain applications in the San 
Francisco Bay area. The polarimetric radar algorithms 
and high-resolution (250 m by 250 m) rainfall prod-
ucts during the 2018-2019 and 2019-2020 winter storm 
seasons are analyzed. In addition, this study integrates 
the AQPI radar QPE with the existing WSR-88D radar 
product to extend the impact of the gap-fill radar ob-

servations and produce seamless high-resolution QPE 
for the entire Bay Area. To accomplish the seamless 
high-resolution QPE, a downscaling procedure is first 
applied to the existing WSR-88D product to map this 
lower quality, coarse resolution (1 km by 1 km) data on 
the AQPI radar resolution grids. Then an innovative 
bias correction method is designed to reduce the un-
certainties associated with the downscaled WSR-88D 
QPE using surface rain gauge measurements. The in-
tegrated rainfall products combining both the AQPI 
radars and WSR-88D are evaluated through cross-com-
parison with independent rain gauge observations. Re-
sults show that the rainfall products generated by the 
integrated QPE system have superior performance to 
the WSR-88D based products currently available in this 
particular domain. The combined “hybrid” QPE is be-
ing implemented into the real-time AQPI system.

Rob Cifelli1, Haonan Chen2,3, V. Chandrasekar4,3
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Precipitation is the main positive contributor to the 
surface mass balance of Antarctica. However, ground-
based measurements of clouds and snowfall on the con-
tinent are scarce, especially inland, due to the extreme 
weather conditions and the considerable complexity of 
transporting scientific equipment and personnel on-
site.
During the austral summer 2019-2020, a set of instru-
ments dedicated to precipitation and cloud monitoring 
has been installed at the Belgian research station Prin-
cess Elisabeth Antarctica (PEA), as part of the PEA 
Orographic Precipitation Experiment (POPE). The 
base is located about 200 km from the coast, at an al-
titude of 1382 m. Because of the presence of peaks of 
almost 3000 m of altitude at a distance of fewer than 
25 km, one of the main goals of the project is to investi-
gate the influence of this complex orography on clouds, 
snowfall, and the associated microphysical processes.
In proximity of the base, we deployed a W-band, ver-
tical-pointing Doppler radar, a weighing precipitation 
gauge, a multi-angle snowflake camera, and a lidar. A 
scanning polarimetric radar, operating at X-band, was 
positioned few kilometers south-west of the station. 
The location has been chosen for its direct line of sight 
on the southern mountains and the absence of obsta-
cles on the eastern and north-eastern sectors, directions 
from which most precipitation systems reach the base. 
The last set of instruments was deployed in three differ-
ent sites across the mountain range, to monitor snowfall 
at different stages of the interactions between flow and 

orography. At each site, we deployed a K-band, verti-
cal-pointing Doppler radar (MRR-PRO) and an auto-
matic weather station. The origin point of this transect 
of MRR-PRO was in a valley coming down from the 
plateau, at about 1500 m a.m.s.l., where a preliminary 
analysis of the data collected shows significant sublima-
tion close to the ground. In the second site, amid the 
mountains at about 2000 m of altitude, we registered 
the higher values of reflectivity. We also deployed a 
pyranometer and a pyrgeometer at the same location. 
Finally, the transect ended on the opposite side of the 
mountains with respect to the base, on the plateau at 
approximately 2360 m a.m.s.l.. There we observed the 
longest periods of uninterrupted precipitation, with 
relatively low reflectivity values. The data collected by 
the different instruments introduced above will be pre-
sented, together with preliminary results concerning 
cloud and precipitation occurrence, as well as the influ-
ence of complex terrain.

Alfonso Ferrone1, Antoine Wiedmer1, Alexis Berne1
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The highly synergistic Remote sensing of Electrifica-
tion, Lightning, And Mesoscale/microscale Processes 
with Adaptive Ground Observations (RELAMPAGO) 
and Clouds, Aerosols, and Complex Terrain Interac-
tions (CACTI) field campaigns provided novel new 
observations in unprecedented detail of repeated con-
vection initiation and upscale growth in and near the 
Sierras de Córdoba Mountains in central Argentina., 
RELAMPAGO-CACTI took place from 15 October 
2018 through 30 April 2019, and, from 1 November to 
16 December 2018, a dense network of ground-based 
mobile platforms supplemented the stationary assets to 
target specific storms in finer-scale detail. Throughout 
the warm season, this region provides a natural labora-
tory for understanding convective and hydrometeor-
ological processes influenced by orography due to the 
high frequency of convection initiation and wide vari-
ety of convective modes and life cycles that occur over 
a relatively small area. During RELAMPAGO-CAC-
TI, more than 40 well-observed deep convective events 
were observed during the project’s extended observing 
period, while 19 intensive observing periods allowed for 
detailed aircraft, surface-based in situ, and multi-Dop-
pler radar observations during a variety of storm events.

In this presentation, the multitude of observations 
from the RELAMPAGO-CACTI field campaign will 
be highlighted to elucidate processes that control the 
observed rapid evolution of convective mode from con-
vection initiation, to discrete cells, some of which were 
supercellular, and ultimately into mesoscale convective 

systems. Results indicate the environment east of the 
Sierras de Córdoba support storm modes that produce 
strong convective updrafts, and produce hazards in-
cluding large hail and flash flooding in close proximity 
to the complex terrain. Case studies documenting the 
process pathways controlling the evolution of environ-
mental vertical wind shear and conditional instability 
proximate to the terrain and in the vicinity of surface 
boundaries, as observed by radiosondes, mobile and 
fixed mesonets, and radar and lidar remote sensing, will 
be presented as an illustration of the impacts on storm 
environments caused by mechanical flow around the 
terrain, diurnal slope flows, mountain waves, and pre-
vious or distant convection. These spatially-and tempo-
rally-evolving environments are examined relative to the 
timing and location of convection during their charac-
teristic diurnally phase-locked life cycle. It is found that 
the unique configuration of complex terrain modifies 
the background flows, such as the South American Low 
Level Jet, to produce spatially asymmetric, inhomoge-
neous, and rapidly evolving storm environments that 
provide for unique prediction challenges in the region.

Stephen Nesbitt1, Adam Varble2, R. Jeffrey Trapp1, Karen Kosiba3, Joshua Wurman3, V. Chandrasekar3
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Tropical “land-sea boundary zones” defined as areas of 
a few hundreds km between coastlines work as a “de-
hydrator” in the hydrological circulation which squeeze 
out water vapor from the atmosphere (e.g., Ogino et 
al. 2016 JC, 2017 GRL). In particular, the Indonesian 
maritime continent (IMC) dehydrate water vapor quite 
efficiently and bring the largest amount of precipitation 
on the earth because the IMC consists of various sizes 
of islands along the equator with long and complex 
coastlines. Jakarta, the capital city of Indonesia and as 
the largest coastal megacities in the southeast Asia, has 
suffered from large floods by coastal heavy precipitation 
which damaged social and economic activities serious-
ly in the metropolitan area. Previous studies suggested 
that an interaction among the cross-equatorial norther-
ly surge (CENS), MJO, and diurnally developed local 
circulation plays important role to generate heavy pre-
cipitation over Jakarta based on case studies (e.g., Wu 
et al. 2007 SOLA, 2013 SOLA). In addition, spatio-
temporal variation of diurnally developed convections 
over Jakarta and their relation to land-sea circulation 
were clarified based on a campaign observation named 
HARIMAU 2010 (Mori et al. 2018 PEPS) and their 
thermodynamic budget were examined in detail (Kat-
sumata et al. 2018 PEPS), however hydrometeorologi-
cal processes of the coastal heavy precipitation have not 
been well understood because the campaign period was 
only one month long.
We will launch a new field study (JFY 2019-2022) to 
examine spatiotemporal variations of rainfalls, precipi-

tating clouds, and water vapor, which must be essential 
components of coastal “dehydrator”, over Jakarta from 
diurnal to intraseasonal, seasonal, and interannual time 
scales based on a mesoscale observation network de-
ployed over Jakarta as well as data obtained operational-
ly. Furthermore, we will improve a non-hydrostatic nu-
merical atmospheric model which expresses skyscraper 
buildings, land cover change, and artificial heat exhaust 
in the downtown Jakarta to examine effect of urbaniza-
tion on the coastal heavy precipitation.

Shuichi Mori1, Reni Sulistyowati2, Fadli Syamsudin2
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The snowfall mechanism in the eastern coastal region 
of the Korean peninsula is difficult to understand due 
to various synoptic patterns, complex topography, and 
the effect by adjacent ocean which is similar to lake ef-
fect. It is necessary to understand the mechanism of 
how winter precipitation develops in this region to im-
prove forecasting skills. A field campaign named ICE-
POP 2018 (International Collaborative Experiments 
for Pyeongchang 2018 Olympic & Paralympic winter 
games) was conducted during the 2017-2018 winter 
including 2016-2017 winter to study the mechanism 
based on intensive observations. During the campaign, 
precipitation systems were observed with a comprehen-
sive observational network in this region, particularly 
with dense MRR-2 and PARSIVEL network. MRR-2s 
(PARSIVELs) were deployed at 11 (20) sites with iden-
tical observational strategies (e.g. spatial resolution). We 
could monitor the vertical development and modifi-
cation of precipitation as precipitation systems passed 
over the terrain with dense microphysical network.
We have selected 5 sites that are aligned in a straight line 
crossing the topography, which is parallel to the direc-
tion of mean wind flow when precipitation. The pre-
cipitation systems are classified into the three categories 
with prevailing winds (westerly, easterly, and mixed). 
The quality control algorithm suited for snowfall is 
applied to the MRR-2 dataset. The vertical structures 
of precipitation systems according to topography are 
compared by CFAD analysis. Size distribution charac-
teristics in the ground are analyzed using generalized 

characteristic number concentration and diameter. The 
riming signature at the mountainous sites caused by di-
rectional horizontal wind shear is noticeable through-
out the campaign. In westerly cases, a sharp decrease of 
reflectivity compared to mountainous region appears in 
the coastal region. In easterly cases, it is found that oro-
graphic updraft produces secondary frequency peaks of 
reflectivity and Doppler velocity at mountainous sites. 
We will present the results in relation to the dynamical 
characteristics.
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Precipitation over mountainous areas has been a major 
gap for hydrometeorological science and applications. 
Short-range dual polarization X-band radars provide 
key observations near ground with multiparameter 
measurements that allow to estimate drop size distribu-
tion (DSD) and rainfall rate. To advance our knowledge 
of precipitation in complex terrain, unique radar obser-
vations collected in Europe (Northeast Italian Alps, 
Swiss Alps) and the U.S. (North Carolina, Olympic 
Mountain, Southern tip of Vancouver Island, Rocky 
Mountains Colorado, Arizona) are consistently pro-
cessed with the SCOP-ME algorithm. The SCOP-ME 
algorithm uses optimal parameterization and best-fit-
ted functions of specific attenuation coefficients and 
the backscattering differential phase shift to derive 
high-quality and high-resolution precipitation and mi-
crophysical estimates. The aim of this study is to quan-
tify the error of SCOP-ME retrievals applied on the 
X-band radar measurements. SCOP-ME self-consist-
ency and accuracy of the radar signal attenuation cor-
rection are evaluated against in situ observations, and 
uncertainty estimates are derived from error character-
ization. The SCOP-ME algorithm is evaluated based 
on both radar parameters calculated from disdrometer 
data and rainfall rates measured by rain gauges. In ad-
dition, the SCOP-ME retrievals of median volume di-
ameter (D0) and normalized intercept parameter (NW) 
are evaluated against in-situ disdrometer spectra obser-
vations. Finally, the rain-path attenuation horizontal 
and differential attenuation reflectivity ray-paths are 

evaluated based on disdrometers located at different 
radar-ranges. High-quality precipitation retrievals lay 
the groundwork to document the properties of precip-
itation in complex terrain and for applications such as 
hydrologic modeling and validation of satellite precip-
itation estimates.
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The role of microphysical processes in the precipitation 
formation is still a major source of uncertainty in nu-
merical weather as well as global climate models. With-
in the context of IcePolCKa (Investigation of the initi-
ation of Convection and the Evolution of Precipitation 
using simulatiOns and poLarimetric radar observations 
at C- and Ka-band) we therefore study all microphysics 
processes that are present before and during precipita-
tion. To this end, we use synergistic radar observations 
from the C-band POLDIRAD weather radar in Ger-
man Aerospace Center (DLR), Oberpfaffenhofen and 
the Ka-band MIRA-35 cloud radar in Ludwig Maxi-
milian University of Munich (LMU).
In this study we focus on monitoring stratiform precip-
itation events that take place in the vertical cross-section 
between the two radar systems. Using the logarithmic 
difference of the radar reflectivities measured during 
RHI scans with both radar instruments, known as 
Dual-Wavelength Ratio (DWR) or Dual-Frequency 
Ratio (DFR), we tried to infer information about the 
size of atmospheric hydrometeors, taking advantage of 
the different scattering behavior of both Rayleigh and 
MIE scatterers. In addition to DWR measurements, 
polarimetric variables from both radars, i.e. Differential 
Reflectivity (ZDR) and Linear Depolarization Ratio 
(LDR), were used to gain more information about the 
shape of hydrometeors. Radar observations were aided 
by scattering simulations which were conducted using 
the T-matrix algorithm. All scattering properties were 
calculated for a variety of ice particles that follow Parti-

cle Size Distributions (PSDs) with different values of Ice 
Water Content (IWC), shapes and mass-size relations. 
Combining these scattering simulations with the radar 
observations, we retrieved microphysical properties of 
ice during three snow events over Munich in January 
2019 to further investigate the role of microphysical 
processes such as riming and aggregation in the forma-
tion of precipitation.
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Cloud radars operating at Ka and W bands (~35 and ~94 
GHz, respectively) have been successfully used for esti-
mates of ice hydrometeor parameters including snowfall. 
Although in the past, most cloud radars were operating 
in the vertical pointing measurement mode, scanning 
systems have been increasingly been used nowadays. The 
newer cloud radars have advanced polarimetric capabili-
ties. Many existing polarimetric radar methods to retrieve 
microphysical parameters of clouds and precipitation 
were developed for applications at shorter radar frequen-
cies, where hydrometeor scattering is, for the most part, 
in the Rayleigh regime. For larger hydrometeor popula-
tions, electromagnetic scattering at cloud radar frequen-
cies (especially at W-band) is often outside this scattering 
regime, so measurable multi-frequency reflectivity ratios 
are often observed. These ratios have been used for hydro-
meteor sizing and habit recognition. Much less is known 
about influence of non-Rayleigh scattering on polarimet-
ric radar variables such as differential reflectivity, depolar-
ization ratio, specific differential phase and copolar corre-
lation coefficient. This presentation will show the results 
of the assessment of non-Rayleigh scattering effects at 
cloud radar frequencies based on theoretical modeling 
and on measurements taken by a dual-frequency (Ka and 
W-bands) scanning cloud radar during its deployment at 
the Oliktok Point, Alaska, Atmospheric Radiation Meas-
urements (ARM) Mobile Facility 3 (AMF3). The poten-
tial of applying differences in polarimetric radar variables 
at these frequencies for estimating ice hydrometeor mi-
crophysical properties will be discussed.
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The long-term assessment of reflectivity (Z_H) biases 
using a paired of collocated S- (RCWF) and C-band 
dual-polarimetric radars (RCMD), operated by the 
Central Weather Bureau (CWB) of Taiwan (121.77 °E, 
25.07 °N) was analyzed in this study. The biases in-
cluding systematic bias and wet-radome effect (WRE) 
along with attenuation effect from collocated RCWF 
and RCMD were investigated. The specific differential 
phase (Φ_DP) based attenuation correction (A_H=α 
∆Φ_DP and A_DP=β ∆Φ_DP) and self-consistency 
(K_DP=aZ_H^b Z_DR^c) algorithms were applied to 
estimate the attenuation effect, system bias and WRE 
of both radars. The corresponding coefficients of α, β, 
a, b, and c were obtained from 11 years of Joss-Waldvo-
gel disdrometer (JWD) data in northern Taiwan. The 
attenuation and bias calculations due to the uncertainty 
of coefficients associated with seasonal variabilities of 
raindrop size distribution were examined by a series of 
sensitivity test. The quality of the measurements from 
both radars are improved after applied the attenuation 
and self-consistent methods, especially for the RCMD. 
The corrected ZH and ZDR of RCWF compared 
against RCMD are in good agreement lending further 
validity to the aforementioned correction schemes. The 
results indicate that RCWF has a consistent systematic 
bias (~ -2 dB) compared to RCMD (~ -2 to -4 dB). The 
WRE period identified by near radar reflectivity (Z_
NR, mean reflectivity derived within the radar radius of 
5 km) showed that additional underestimations in Z_H 
up to 6 and 12 dB can be found in RCWF and RCMD, 

respectively. The azimuthal dependency of WRE can be 
found in both radars as well. In this study, a fitted quad-
ratic polynomial equation is proposed to investigate 
the estimation of system bias and WRE. This quadrat-
ic polynomial equation has shown can simultaneously 
obtain the systematic biases and WRE using Z_NR.

Jui Le Loh1, Wei-Yu Chang1, Pin-Fang Lin2, Yu-Chieng Liou1
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Supercell storms are the most prolific producers of vi-
olent tornadoes, though only a fraction of supercells 
produce tornadoes. Past research into the differences 
between tornadic and nontornadic supercells have pro-
vided some insights, but these are of little utility to a re-
al-time warning decision process. Operational weather 
radars provide forecasters with consistent observations 
of supercells in real time and are critical for the warn-
ing process. However, conventional radar techniques 
have not been able to effectively distinguish between 
tornadic and nontornadic supercells. The United States 
national radar network was upgraded to polarimetric 
capabilites in 2013, providing forecasters with an abun-
dance of new information and new signatures to ob-
serve in supercells. One polarimetric signature observed 
in supercells is the separation of low-level enhanced dif-
ferential reflectivity ZDR and specific differential phase 
KDP values owing to hydrometeor size sorting. In this 
study, we analyze this signature in a large number of 
tornadic and nontornadic supercell cases. We calculate 
the “separation vector” in volume scans before, during, 
and after tornadogenesis to determine the separation 
distance and orientation between these two regions. 
We found that, although the separation distances are 
similar between tornadic and nontornadic supercells, 
the separation orientations are statistically significantly 
different, with tornadic supercells having orientations 
more orthogonal to storm motion and nontornadic su-
percells having more parallel orientations.
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A unique observation system has been deployed in the 
Grenoble region, France. It is composed of a X-band 
radar operated by Météo-France on top of the Mt 
Moucherotte (1970 m asl; MOUC radar hereinafter). A 
research X-band radar called XPORT and in situ sen-
sors are operated in the valley (220 m asl). We present a 
methodology for studying the relationship between the 
differential phase shift due to propagation in precipita-
tion (Φ_dp) and path-integrated attenuation (PIA) at 
X-Band. We use the Mountain Reference Technique 
for direct PIA estimations associated with decrease of 
mountain returns during precipitation. The polarimet-
ric PIA estimations are based on the regularization of 
the total differential phase shift 〖(Ψ〗_dp) profiles 
from which specific differential phase shift (K_dp) 
profiles are derived; followed by application of rela-
tionships between the specific attenuation (k) and the 
specific differential phase shift. Such relationships are 
estimated for rain by using available drop size distri-
bution (DSD) measurements. Various precipitation 
events are considered: (i) convective cases with high 
rainrates allows us to study the ϕ_dp-PIA relationship 
in rain; (ii) a stratiform case with moderate rainrates, 
for which the melting layer (ML) rose up from about 
1000 m asl up to 2500 m asl, allowed a detailed analysis 
of the ϕ_dp-PIA relationship in the ML. The study of 
the convective cases indicates that the relationship be-
tween MRT- and polarimetry-derived PIAs presents a 
considerable dispersion (explained variance of 0.78) in 
rain. The non-linear k- K_dp relationship derived from 

DSDs allows obtaining almost unbiased PIA estimates. 
For the stratiform case, the averaged PIA/ψ_dp ratio 
peaks within the melting layer with a value of about 
0.4 dB degree-1. Its value in rain below the ML is 0.27 
dB degree-1, in good agreement with the linear k- K_dp 
relationship derived from DSDs. The PIA/ψ_dp ratio 
remains high in the upper part of the ML, between 0.32 
and 0.38 dB degree-1, before tending towards 0 above 
the ML. This suggests the ϕ_dp-PIA relationship to be 
dependent on the physical processes occurring during 
the melting. Preliminary implementation of attenua-
tion corrections based on polarimetry and on the MRT 
will be proposed; an experimental plan for their inter-
comparison will be described.
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The Austrian radar network consists of four dual-pol 
C-Band radars operated by the Austro Control GmbH. 
Within the three-year FFG project HYMID, Hydrome-
teor Classification in the Alps, a hydrometeor classifi-
cation is developed with special focus on the detection 
of hail and hail size and the potential of super-cooled 
freezing. Another focus is laid on the assessment of the 
hydrometeor type arriving at ground.
The specific differential phase (KDP) is a very promis-
ing variable to assess the hydrometeor type offered by 
the dual-pol measurement technique. KDP is not af-
fected by attenuation, partial beam blockage, or radar 
miscalibration. But it is also a very sensitive variable suf-
fering strongly from the measurement quality within a 
sample bin. For C Band Radars resonance and backscat-
ter effects have to be considered when KDP is used for 
further analyses.
A comparison between different KDP derivation ap-
proaches will be shown in case studies and statistical 
analyses. Finally, the contribution of KDP to the hy-
drometeor classification developed within the HYMID 
project will be illustrated and discussed.
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The specific differential phase shift (KDP) has drawn 
the attention of radar scientists for decades since the 
R-KDP relationship is less sensitive than Z-R to the 
drop size distribution, to the shielding of the beam and 
to the impact of attenuation. At Météo-France, the 
KDP is estimated using a fixed-length window (6 km or 
25 radar gates) and has been used operationally to esti-
mate QPE since 2014 on X-band radars and since 2019 
at S- and C-band. Although the use of KDP brings sig-
nificant improvement to the heavy rainfall estimations 
(intensities above 30 mm/h), the derivation of KDP is 
not reliable at S and C band when KDP is smaller than 
1°/km and the benefit for moderate precipitation is 
not there. The high variability in the differential phase 
shift (Phidp) due to noises, wrong clutter identifica-
tion, back scattering effect, non-uniform beam filling, 
depolarization etc. cannot be totally removed by com-
mon statistical filtering methods. This study aims at the 
Phidp smoothing technique and the accuracy of the 
KDP derivation. To reduce the variability in the Phidp 
measurements, we first apply an iterative filter based 
on two monotonically increasing functions which con-
strain the maximal and minimal limits of Phidp value 
at each radar gate. Phidp values beyond these limits are 
removed until a criterion on Phidp variability is reached 
(e.g. less than 5°). A robust identification of rain seg-
ments with a monotonic increase of Phidp is obtained. 
Then the KDP at each radar gate is obtained by con-
sidering the total Phidp increase of an adaptive window 
and by weighting the Phidp increase using the reflectiv-

ity. The differences between the operational QPE esti-
mates and those obtained by using this novel approach 
will be illustrated. An objective evaluation of the new 
method using gauge data will be presented.

Nan Yu1, Nicolas Gaussiat1

AN NOVEL SCHEME TO DERIVE THE 
SPECIFIC DIFFERENTIAL PROPAGATION 
PHASE SHIFT (KDP)

1Weather radar center (CMR), Météo-France, France

As part of an ongoing effort to characterize polarimetric 
features in X-band radar observations of supercells, it is 
necessary to harmonize the observations from a hetero-
geneous array of X-band polarimetric radars with vary-
ing hardware, volume coverage patterns, and calibration 
characteristics. Collecting vertically-pointing scans in 
light rain is a standard ZDR calibration technique, but 
many observations of supercells by X-band mobile ra-
dars lack such accompanying vertical “birdbath” scans.

In this presentation, we report our preliminary efforts 
to calibrate ZDR observations from disparate X-band 
radars and cases using the “dry snow” technique posited 
previously in the literature. This technique is predicated 
upon the assumption that ZDR in dry snow at X-band 
should be narrowly Gaussian-distributed around a val-
ue of 0.15 dB in continental convective environments. 
An established hydrometeor classification algorithm is 
used to delineate regions of dry snow. Following the 
calibration, hydrometeor classification is applied again 
in order to ensure that the calibration did not drastical-
ly alter the classification. Results are validated for those 
radar deployments where birdbath, solar, or other cali-
bration scans are available.

Robin Tanamachi1

TESTING THE “DRY SNOW” TECHNIQUE 
TO CALIBRATE ZDR OBSERVATIONS 
OF SUPERCELLS FROM DISPARATE 
X-BAND RADARS

1Purdue University, United States
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The inherent uncertainty in radar snow estimates 
comes from variability in snow particle size distribu-
tions, changes in particle densities, and diversity among 
snow growth habits. As a consequence, radar-based 
retrievals in snow are very challenging. However, the 
utilization of polarimetric radar data can address some 
of these problems. A novel polarimetric method for 
quantifying the extinction coefficient in snow, based on 
the joint use of specific differential phase KDP and hori-
zontal reflectivity factor Z, is introduced in this study. A 
large 2D-video-disdrometer snow dataset from central 
Oklahoma is utilized to derive a polarimetric bivariate 
power-law relation for the extinction coefficient, σe(K-
DP, Z) = γKDP^αZ^β. This relation is validated via 
theoretical derivations and simulations. The relation-
ship’s multiplier is sensitive to variations in particles’ as-
pect ratios, the width of the canting angle distribution, 
and particles’ densities, whereas the relation’s exponents 
are practically invariant with regard to changes in the 
former two parameters. The approach is tested with op-
erational polarimetric WSR-88D data. Radar estimates 
of σe are compared to ground measurements in several 
United States locations and exhibit small bias. The re-
sults are encouraging and show good potential for im-
proving radar-based estimates of visibility, a parameter 
inversely proportional to the extinction coefficient.

Petar Bukovcic1, Alexander Ryzhkov1, Jacob Carlin1

S-BAND POLARIMETRIC RADAR 
ESTIMATION OF VISIBILITY IN 
AGGREGATED SNOW

1The University of Oklahoma - CIMMS, United States
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The scarcity and the considerable uncertainties of pre-
cipitation observation in high mountain regions are a 
major drawback for enhancing our understanding of 
climatic-cryospheric processes and limits the reduc-
tion of uncertainties in related climate impact studies. 
Weather Radar data provide a rarely explored addition-
al source of precipitation estimates, however, they also 
have important limitations, particularly in high moun-
tain topography. We are tackling the scientific challenge 
of improving precipitation estimates in high mountain 
regions by combining methods and data from atmos-
pheric and cryospheric sciences. Here, we present first 
results of a study in the Swiss Alps, which aims to pro-
duce temporally and spatially highly resolved estimates 
of Snow Water Equivalent (SWE), applying statistical 
methods.

Firstly, a calibrated, temporally highly resolved esti-
mate of solid precipitation is produced. The calibrated 
product is based on data from a Cosmic Ray Sensor 
(CRS), which provides in-situ SWE taken on two swiss 
glaciers and from weather radars (Rad4Alp network 
of MeteoSwiss) specifically, the CombiPrecip product. 
This is combined with temperature estimates from the 
high-resolution Weather Forecast Model COSMO-1 in 
order to partially take into account snow melting pro-
cesses. The model is trained with daily CRS measure-
ments from Plaine Morte, and evaluated by the meas-
urements on Findelgletscher, leading to satisfactory 
results.

Secondly, the calibrated precipitation product is extrap-
olated to the whole glacier area of eight swiss glaciers. 
In order to evaluate our results on these regions, we 
compare them with the scattered end of season SWE 
measurements provided by GLAMOS. The sum of 
our calibrated precipitations shows a good agreement 
with end of season measurements. The difference be-
tween these ground measurements and the cumulated 
winter precipitation is partially explainable by the radar 
visibility. In fact, we observed strong underestimations 
for some glacier parts, where the visibility of the radar is 
very low. Furthermore, the SWE is influenced by melt-
ing and snow drift processes too, which depend on the 
topography and local climate conditions.

To account for topography, we derived several high-res-
olution topographical indicators from a 25m resolu-
tion digital elevation model (swisstopo), which are 
combined with COSMO-1 meteorologic variables and 
the radar visibility in order to explain the differences 
between GLAMOS measurements and our derived 
precipitation estimates. The obtained model shows an 
increase in correlation with respect to GLAMOS meas-
urements. Applied to every swiss glacier, it can be used 
to produce generalized highly spatially and temporally 
resolved estimates of SWE, which are particularly im-
portant for glacier mass balance evaluation.

Matteo Guidicelli1, Rebecca Gugerli1, Daniel Wolfensberger2,3, Marco Gabella3, Nadine Salzmann1

IMPROVING TEMPORAL AND SPATIAL 
ESTIMATES OF SOLID PRECIPITATION 
AND SNOW ACCUMULATION IN HIGH 
MOUNTAIN REGIONS BY COMBINING 
VARIOUS DATA PRODUCTS USING 
STATISTICALLY-BASED METHODS

1Université de Fribourg, Switzerland; 2Environmental Remote Sensing Laboratory, Ècole Polytechnique Fédérale de 
Lausanne, Switzerland; 3Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland

Reliable snowfall measurements in the Arctic are cru-
cial for climate and water budget studies. A number 
of Arctic observational sites are equipped with verti-
cally pointing cloud radars operating at Ka-band fre-
quencies. Cloud radar measurements have been shown 
to be useful for snowfall parameter retrievals. While 
accuracy of the radar-based snowfall retrievals signif-
icantly depends on the absolute calibration of radar 
hardware, they have an advantage over traditional pre-
cipitation gauge measurements as these retrievals can 
provide high-resolution snowfall rate estimates. Radar 
estimates are also less prone to blowing snow effects. 
This presentation will show radar-based retrievals of 
winter season snowfall rates and accumulations at two 
U.S. Department of Energy’s Atmospheric Radiation 
Measurement (ARM) sites located on the Beaufort 
Sea coast Utqiagvik/Barrow and Oliktok Point sites. 
Comparisons of radar-based retrievals of snow water 
equivalent accumulations with collocated data from a 
baseline reference Climate Reference Network (CRN) 
precipitation gauge show good agreement for monthly 
accumulations, though CRN data are not suitable for 
instantaneous snowfall rate measurements. Optical pre-
cipitation gauges, which estimate snowfall rates based 
on visibility measurements, significantly overestimate 
snowfall compared to the radar and CRN gauge esti-
mates. Absolute calibrations of the vertically pointing 
Utqiagvik and Oliktok radars and retrieval uncertain-
ties due to variability of reflectivity - snowfall rate rela-
tions will be also discussed in this presentation.

Sergey Matrosov1,2, Taneil Uttal2, Maximilian Maahn1,2, Gijs de Boer1,2

CLOUD RADAR-BASED SNOWFALL 
ESTIMATES AT DOE ALASKA SITES

1CIRES University of Colorado, United States; 2NOAA Earth System Research Laboratory, United States
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Precipitation estimates in high-mountain regions are es-
sential for environmental studies in many research fields 
(glaciology, meteorology, hydrology, etc.). Although 
many precipitation records and data products are availa-
ble for the Swiss Alps, their accuracy is typically limited 
due to data sparsity and technical measurement issues 
in high-mountain altitudes. Here, we propose a novel 
approach to estimate the snow water equivalent (SWE) 
on Alpine glaciers by continuous observations of SWE 
using a cosmic ray sensor (CRS) and to spatially inte-
grate these measurements by combining conventional 
glaciological end-of-winter surveys and operational 
weather radar estimates of solid precipitation.

First, we focus on the application of readily available 
weather radar data compiled by MeteoSwiss (Combi-
Precip) to estimate continuous snow accumulation over 
the glacier surface. The comparison of the cumulative 
precipitation over the whole glacier area with winter 
mass balance measurement (snow pits and snow prob-
ing) of seven Swiss glaciers shows an almost constant 
bias over the four winter seasons from October 2015 to 
May 2019. Snow accumulation measured on the seven 
glaciers is consistently in the order of two to four times 
higher than the amount of cumulative solid precipita-
tion estimated by CombiPrecip.

Second, we use two CRS records of SWE to investigate 
the temporal evolution of snow accumulation and sol-
id precipitation. The CRS stations are installed on the 
Glacier de la Plaine Morte and Findelengletscher in the 

Swiss Alps. A CRS detects the number of fast neutrons 
originating from cosmic rays. These are inversely cor-
related to water molecules allowing a direct derivation 
of the snow water equivalent (SWE). We validated the 
CRS estimates with 13 snow pit measurements at the 
same location over the course of three winter seasons 
(October 2016 – May 2019) and found an overall agree-
ment with a standard deviation of +/- 10%. These daily 
estimates of snow accumulation are used to validate the 
temporal evolution of the cumulative solid precipita-
tion as indicated by the radar. The cumulative precip-
itation strongly underestimates actual snow accumula-
tion. With the findings from the first analysis, we can 
reduce this underestimation significantly by adjusting 
the cumulative precipitation with one constant factor 
and a temperature parameterization.

We conclude that readily available weather radar data 
have a strong potential for estimating snow accumula-
tion in high mountain regions because they have a high 
temporal resolution and spatial coverage. However, a 
potential bias to in situ measurements needs to be care-
fully assessed and accounted for.

Rebecca Gugerli1, Marco Gabella2, Matthias Huss3, Nadine Salzmann1

COMBINING WEATHER RADAR DATA 
AND GLACIOLOGICAL SURVEYS 
FOR DAILY SNOW ACCUMULATION 
ESTIMATES ON ALPINE GLACIERS

1University of Fribourg, Switzerland; 2Federal Office of Meteorology and Climatology MeteoSwiss, Switzerland ; 
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The high natural variability of snow- and ice-cloud 
physical properties and processes poses a major chal-
lenge to the representation of clouds and precipitation 
in numerical weather prediction and climate models. 
The quality of weather warnings can also benefit greatly 
from a better understanding of the dominant precipita-
tion process, e.g., to identify high-intensity convective 
showers. To meet these challenges, various remote-sens-
ing techniques are available that allow inferring charac-
teristic (quantitative or qualitative) microphysical prop-
erties of clouds and precipitation, e.g., by exploiting 
polarimetric weather radar signatures or by combining 
observations from multiple sensors. This study explores 
the potential of using co-located radar observations at 
three frequencies to estimate characteristic snowfall mi-
crophysical properties.
Here, snowfall microphysics are primarily described and 
quantified through the two parameters of ‘characteris-
tic snowflake mass’ and ‘characteristic snowflake sur-
face complexity’, which summarize the snowflake size 
distribution, the parameterization of snowflake mass, 
and the snow type of the analyzed snowfall. A Bayesian 
method is presented for estimating these two snowfall 
microphysical parameters and associated uncertainties 
from triple-frequency radar signatures, and retrievals 
are discussed for airborne triple-frequency radar reflec-
tivity measurements that were collected at Ku, Ka, and 
W band during the Olympic Mountains Experiment 
(OLYMPEX) over the Olympic Peninsula, WA, USA, 
during November and December 2015. The results in-

dicate the potential for identifying graupel showers and 
for distinguishing several dominant snowfall processes, 
e.g., snowflake riming from aggregation. However, a de-
tailed quantitative interpretation is difficult due to high 
uncertainties in the retrieved snowfall microphysical 
parameters and due to effects attributed to occasionally 
high amounts of liquid water present in the analyzed 
snowfall events.

Mathias Gergely1,2, Sally Benson1, F. Joseph Turk3, Jay Mace1

TRIPLE-FREQUENCY RADAR 
SIGNATURES FOR ESTIMATING 
CHARACTERISTIC SNOWFLAKE MASS 
AND COMPLEXITY AND INFERRING THE 
DOMINANT SNOWFALL PROCESS

1University of Utah, Deparment of Atmospheric Sciences, United States; 2Deutscher Wetterdienst (German 
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The Mediterranean areas are not used to heavy snowfall 
at low altitude events, neither their infrastructures nor 
transports. This may cause major road safety problems, 
damaging of power lines and disturbance of every-day 
activities (Llasat et al., 2014). For this reason, nowcast-
ing of snowfall events is a key point for forecasters and 
decision-makers. This nowcasting involves two aspects: 
the precipitation field and the precipitation type. The 
latter can be derived from numerical weather prediction 
forecasts and surface meteorological observations (Har-
pold et al., 2017), accounting for vertical temperature 
profiles and surface temperature conditions. The now-
casting of the precipitation field within the first two 
hours of lead time is usually achieved through weather 
radar extrapolation techniques. In this study, the now-
casting (0-2h) of the precipitation field of snowfall at 
low altitude events in a NW Mediterranean region are 
addressed. Different radar extrapolation methods pro-
vided by the open-source software pySTEPS (Pulkkin-
en et al, 2019) are considered. These include Eulerian 
Persistence, Semi-Lagrangian Persistence, S-PROG and 
STEPS. All of them are evaluated through categorical 
skill scores in order to determine if there is a method-
ology that outperforms the rest for this kind of events. 
Since STEPS perturbates deterministic forecasts to 
obtain an ensemble, the advantages and drawbacks of 
considering a probabilistic approach are also evaluated. 
In addition, apart from comparing the extrapolation of 
the precipitation field against weather radar observa-
tions, it is also compared with present weather obser-

vations from SYNOP, METAR and a meteorological 
observers network.

This research was performed under the framework of 
the HyMeX international programme with support 
from grants DI-053/2017, CGL2015-65627-C3-2-R 
(MINECO/FEDER), CGL2016-81828-REDT/AEI 
and RTI2018-098693-B-C32 (MINECO).

References:
Harpold, A. A., Kaplan, M. L., Klos, P. Z., Link, T., 
McNamara, J. P., Rajagopal, S., Schumer, R., & Steele, 
C. M. (2017b). Rain or snow: hydrologic processes, ob-
servations, prediction, and research needs. Hydrology 
and Earth System Sciences, 21, 1–22. doi:10. 11305194/
hess-21-1-2017.
Llasat, M., Turco, M., Quintana-Seguı́, P., & Lla-
sat-Botija, M. (2014). The snow storm of 8 March 2010 
in Catalonia (Spain): a paradigmatic wet-snow event 
with a high societal impact. Natural Hazards and Earth 
System Sciences, 14, 427.
Pulkkinen, S., Nerini, D., Pérez Hortal, A. A., Velas-
co-Forero, C., Seed, A., Germann, U., & Foresti, L. 
(2019). Pysteps: an open-source Python library for 
probabilistic precipitation nowcasting (v1. 0). Geosci-
entific Model Development, 12(10), 4185-4219.

Enric Casellas1, Joan Bech1, Josep Ramon Miró2, Abdel Sairouní2, Tomeu Rigo2, Nicolau Pineda2, Jordi Moré2, 
Roger Veciana2

EVALUATION OF WEATHER RADAR 
DATA EXTRAPOLATION TECHNIQUES 
FOR SNOWFALL AT LOW ALTITUDE 
EVENTS IN A NW MEDITERRANEAN 
REGION

1University of Barcelona, Spain; 2Meteorological Service of Catalonia, Spain

Existing method for the melting layer (ML) detection 
and determination of its height implemented on the 
WSR-88D radar network in the US uses radar data 
collected at antenna elevations ranging from 4 to 10º. 
These data are confined in a relatively small area sur-
rounding the radar and the results are extrapolated to 
farther ranges. This method does not take into account 
possible variations of the ML height with radial dis-
tance from the radar which are often associated with 
frontal passages.
A new methodology utilizes the data from all tilts (in-
cluding the lowest ones) and identifies the ML signa-
tures marked by the reduction of the cross-correlation 
coefficient ρhv at each elevation separately which allows 
quantifying the parameters of the ML in a number of 
range intervals. Thus, both azimuthal and radial de-
pendencies of the ML height and strength are deter-
mined.
Another novel feature of the algorithm is that the beam 
broadening effects are explicitly accounted for by solv-
ing an inverse problem. A solution is based on the statis-
tical model of the intrinsic vertical profiles of the polari-
metric radar variables within the ML obtained from the 
analysis of their quasi-vertical profiles (QVP) retrieved 
from the data collected at higher than 10º elevations.

Alexander Ryzhkov1, John Krause1, Peng fei Zhang1

A NEW POLARIMETRIC METHOD FOR 
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A warm conveyor belt (WCB) is a coherent moist air-
stream rising from the boundary layer to the upper 
troposphere in about two days. It originates in the 
warm sector of an extratropical cyclone and is respon-
sible for most of the precipitation associated with it. 
While it is relatively well understood how the bulk of 
the cloud is produced in the WCB, its impact on the 
precipitation microphysics needs to be further investi-
gated. In this study we investigate the microphysics of 
an intense snowfall event associated with a WCB over 
Korea. We use data from a scanning X-band polarimet-
ric radar, a W-band Doppler cloud profiler and a mul-
ti-angle snowflake camera (MASC) deployed during the 
ICE-POP 2018 campaign.
On 28 February 2018, a deep extratropical cyclone was 
located to the south of the Korean peninsula. Its asso-
ciated warm front led to 57 mm of equivalent liquid 
precipitation in 24 hours over PyeongChang. Trajec-
tories based on the Integrated Forecast System (IFS) 
model from the ECMWF show the presence of a strong 
WCB rising 500 hPa in 12 h. During this rapid ascent, 
supercooled liquid water (SLW) is produced with a 
maximum of 200 mg/kg around 5000 m a.s.l. A hydro-
meteor classification based on the polarimetric variables 
suggests that below the outflow of the WCB, the nim-
bostratus cloud contained mainly ice crystals, which 
grew by vapour deposition leading to an increase in 
horizontal reflectivity (ZH) and differential reflectivity 
(ZDR) from 5500 m to 4500 m a.s.l. Below the ascent 
of the WCB, the MASC showed predominantly large 

rimed aggregates, that co-occurred with the observed 
increase in ZH and decrease in ZDR in the polarimet-
ric radar data. Doppler radar measurements within the 
WCB show a strong vertical wind shear associated with 
a mid-level jet. This wind shear generated turbulence 
and updraughts, which are visible in the vertical Dop-
pler velocity measurements of the cloud profiler. It is 
hypothesised that this turbulence enhanced the process 
of aggregation by increasing the probability of collision 
between particles.
This case study reveals the impact of a strong WCB on 
the observed snowfall microphysics. Firstly, SLW pro-
duced during the rapid ascent in the WCB led to intense 
riming. Secondly, the updraughts and turbulence gen-
erated by the wind shear in the WCB enhanced aggre-
gation, which led to the observed intense precipitation. 
This shows the importance of the interactions between 
large-scale dynamics and microphysics in the considered 
snowfall event.

Josué Gehring1, Annika Oertel2, Etienne Vignon1, Nicolas Jullien3, Besic Nicolas4, Alexis Berne1

MICROPHYSICS AND DYNAMICS OF 
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Weather radars in mountainous areas are likely to ob-
serve snow precipitation, particularly in winter, and 
therefore snowfall intensity should be measured as ac-
curately as possible since often represents a hazard to 
several public services (e.g. transportations, energy pro-
viders) but also an opportunity (e.g. for hydropower 
and ski industry). Moreover, information on rain/snow 
occurrence at ground level can be used for improved 
water resource assessment and hydrological risk mitiga-
tion especially in the areas, like Abruzzo Region in the 
center of Italy, characterized by high mountains, rela-
tively small catchments and river basins.
Similar to rainfall, single-polarization radar estimates 
of snowfall rate have traditionally been accomplished 
through power-law relationships of particle size distri-
bution and radar reflectivity, however, snowfall is more 
difficult to quantify than rain because of the large var-
iability in the size distribution, particle’s habits, shape, 
orientation and density.
In this context, an operative procedure for discrimina-
tion between rain, snow and mixed regions over radar 
coverage and for snowfall rate retrieval is presented, us-
ing: (i) data from the C-band single polarized Mount 
Midia radar located in Abruzzo Region in an Apennine 
area (at 1710 m. a.s.l.); (ii) snow measurements (snowfall 
depths and liquid equivalent snowfall precipitation ac-
cumulation) and (iii) other environmental parameters 
derived from Abruzzo Region ground stations net-
work.
A validation study is presented, considering two win-

ter periods (2017 – 2018 and 2018 – 2019) in which, to 
derive equivalent radar reflectivity–liquid equivalent 
snow rate (Z–S) power-law relationship, a best-fit be-
tween hourly-averaged snowfall rate and radar reflec-
tivity is determined. Results show that a part of the 
microphysical snow variability is captured by this new 
procedure, allowing reducing the bias when compared 
to conventional Z-S relationships taken from the litera-
ture and used as a benchmark.
The determined so-called climatological Z–S relation-
ship is used operatively to determine, in the areas where 
snow has been identified, the snowfall rate. The latter 
can be used for accurate measurements of snow wa-
ter equivalent (SWE), snow depth and as input to the 
SNOWPACK model.

Errico Picciotti1, Saverio Di Fabio1, Stefano Barbieri1, Frank Silvio Marzano1,2, Daniela Ronconi3, Andrea Cipollone3, 
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The National Aeronautics and Space Administration 
(NASA) Global Precipitation Measurement (GPM) 
mission routinely provides surface precipitation esti-
mates through its active and passive sensor based algo-
rithms. This includes liquid, mixed phase, and frozen 
precipitation. The GPM validation network includes 
70+ individual operational weather radars over the 
United States and generates three-dimensional pre-
cipitation mapping as a validation product. While du-
al-polarization measurements are well used for rainfall, 
radar-based snowfall estimates rely on reflectivity versus 
snow water equivalent (Z-S) relationships. These Z-S 
relationships depend on particle mass, fall speed, scat-
tering properties and size distribution, and therefore a 
single Z-S relationship could be inadequate for an event 
in which wet snow with large aggregates may be fol-
lowed by crystals of dry snow.

A GPM-sponsored field site at Marquette, Michigan 
provides a unique opportunity to study the variability of 
Z-S relationships in different environmental conditions. 
A network of nine Pluvio weighing bucket gauges are 
distributed within 5 to 17 km from the Marquette opera-
tional radar (KMQT). A ground supersite adjacent to the 
KMQT and National Weather Service (NWS) Office in-
cludes a Davis weather station with tipping bucket gauge, 
standard precipitation collecting gauge, vertically point-
ed K-band Mirco Rain Radar (MRR), Particle Imaging 
Package (PIP), autonomous PARSIVEL2 disdrometer 
(APU), and a Pluvio gauge. The last four instruments 
were provided by the GPM ground validation program.

This study compares the event snow water equivalent 
(SWE) measured by the Pluvio network and estimated 
by KMQT where five literature based and four differ-
ent operational Z-S relationships were employed. Sig-
nificant effort was to develop event based Z-S relation-
ships using PIP observations. The preliminary analysis 
showed that an operational Z-S relationship designated 
for wet snow, graupel or dry snow resulted in a good 
agreement in SWE for several events. The PIP derived 
Z-S relationships, on the other hand, were strongly 
sensitive to the mass-diameter relationship. The coef-
ficient of the power law mass-diameter relationships 
peaked in the presence of fast falling particles that are 
independently observed by MRR Doppler fall speed. 
Interestingly, these fast falling particles were observed 
in both deep and shallow events.

Ali Tokay1, David B. Wolff2, David A. Marks3, Jason L. Pippitt3, Annakaisa von Lerber4, Dmitri Moisseev5, 
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Nowcasting the start time and intensity of surface 
snowfall in dry low-level environments continues to 
present a forecasting challenge. The rate of moistening 
due to sublimation depends both on the particle size 
distribution of the sublimating snow and the nonlinear 
evolution of the dry layer, for which observations are 
generally unavailable. These forecast challenges can be 
exacerbated by errors in short-term numerical weather 
prediction guidance of either the environment or par-
ticle size distributions, which may interact and com-
pound and for which output is typically only available 
at a temporal resolution of hourly or greater.

In this study, a one-dimensional spectral bin model of 
snow is used to study the erosion of dry layers due to 
sublimation for real cases. Particle size distributions are 
initialized from parameters retrieved from quasi-verti-
cal profiles (QVPs) of radar data, with sublimation rates 
calculated explicitly across the particle size distribution 
and fed back into the environment through cooling and 
moistening. Early results indicate success in pinpointing 
the approximate start time of surface snowfall with a 
few hours lead time and at sub-hourly time intervals, as 
well as possibly exposing situations in which short-term 
numerical weather prediction guidance is erroneous. 
These findings suggest the potential for complementing 
short-term numerical weather prediction guidance with 
a combination of simple one-dimensional models and 
real-time data from QVPs for nowcasting applications.

Jacob Carlin1, Heather Reeves1, Shawn Handler1, Alexander Ryzhkov1

NOWCASTING OF SNOW SUBLIMATION 
USING ONE-DIMENSIONAL SPECTRAL 
BIN MODELING

1Cooperative Institute for Mesoscale Meteorological Studies, University of Oklahoma, United States
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Much uncertainty still exists in the role that aggrega-
tion plays in observed polarimetric radar signatures 
within dendritic growth zones. To better understand 
aggregation in the presence of growing branched planar 
crystals, we perform Monte-Carlo simulations of ag-
gregation by randomly attaching individual branched 
planar crystal monomers. We then use these particles to 
simulate the polarimetric radar variables of aggregates 
in the dendritic growth zone. Given the uncertainty 
in the aggregation process itself, we generate different 
sets containing 50 random aggregation series, with each 
set assuming differing behavior of the aggregates as 
monomers are collected. For example, we assume that 
aggregates have either uniform random orientation 
distributions for one set of realizations or assume that 
aggregates spin uniformly about a relatively fixed verti-
cal axis for another set of realizations. Additionally, we 
assume monomers either attach instantaneously upon 
contact or pivot about their attachment points on the 
aggregate surface. We show that these assumptions re-
sult in different physical properties of the particles (e.g., 
maximum dimension, effective density, and aspect ra-
tio); for example, allowing monomer pivoting generally 
leads to flatter, more oblate particles with higher effec-
tive density and reduced maximum dimensions. In con-
trast, the assumption of uniformly random aggregate 
orientations produces bigger, lower-density particles 
with more prolate shapes. These randomly generated 
aggregates span the range of typical empirical mass-size 
relations for documented aggregates of planar crystals, 

providing some evidence that their physical properties 
are similar to aggregates observed in nature.
We perform discrete dipole approximation (DDA) 
scattering computations for each set of aggregates; to 
explore how the assumed orientation distribution of 
these particles impact the radar signatures, we perform 
calculations for each particle over a grid of orientation 
angles. Aggregates with random uniform orientation 
distributions have backscatter cross-sections that de-
pend strongly on mass at both Ku and Ka band, with 
minimal differential reflectivity (ZDR) and specific 
differential phase (KDP). As the degree of horizontal 
alignment becomes larger, the contribution to KDP 
from the aggregates becomes substantial, with the high-
er-effective-density aggregates producing the largest val-
ues relative to their mass. We also show that both KDP 
and especially ZDR depend on the orientations of the 
monomers that make up the aggregates. Comparisons 
of the aggregate scattering calculations with dual-fre-
quency, polarimetric radar observations within the den-
dritic growth zone are also assessed to better understand 
the validity of the varying assumptions in the aggrega-
tion model.

Robert Schrom1,2, Joe Munchak1, Ian Adams1

THE POLARIMETRIC RADAR 
SIGNATURES OF AGGREGATED 
BRANCHED PLANAR CRYSTALS
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By exploiting measurements of stratiform precipita-
tion from vertically pointing multi-frequency Dop-
pler radars this study investigates to what degree the 
information about the rain can help in understanding 
the microphysics of the ice cloud above. The presented 
methodology uses a widely adapted constant mass flux 
assumption across the melting layer to infer the expect-
ed particle size distribution (PSD) of the ice from the 
drop size distribution of rain underneath. The radar 
observables above the freezing level are simulated for a 
variety of snow models and are compared to the meas-
urements. The accuracy of this approach is quantified 
with the root-mean-square-difference and the correla-
tion coefficient (CC) between predicted and measured 
X-band reflectivity that are 2.6 dB and 0.96, respec-
tively. During a period with dominant aggregation, 
the simulations tend to underestimate the measured 
reflectivity, whereas an opposite behaviour is observed 
for the period dominated by riming. In order to better 
understand these biases, snow PSDs above the freezing 
level are retrieved for all considered ice models from the 
full Doppler spectra. The model that best match the 
measured triple frequency spectra is used to infer the 
PSD, which is then compared to PSD predicted from 
rain. Overall, the anticipated and the retrieved mean 
mass weighted diameters (Dm) of ice are highly corre-
lated (CC = 0.9), with the retrieved Dm being on aver-
age 8% larger. A correlation between the precipitation 
rates above and below the melting zone is weaker (CC 
= 0.66). Moreover it is shown, that the selection of the 

best model based on the full Doppler spectra can be ef-
ficiently reproduced with a method based on dual fre-
quency reflectivity measurements in ice and the DSD of 
the rain underneath. This methodology shows poten-
tial for improving dual frequency radar retrievals of the 
ice microphysics in stratiform precipitation e.g. the one 
of the Global Precipitation Measurement core satellite.

Kamil Mroz1, Alessandro Battaglia2, Stefan Kneifel3, Leonie von Terzi3, Davide Ori3, Markus Karrer3
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In-situ observations are used to construct radar retriev-
als by building a link between the microphysical prop-
erties of scattering particles with radar observables. The 
observations are also utilized to validate the perfor-
mance and reliability of remote sensing measurements. 
While monitoring snowfall at the global scale, such as 
by the Global Precipitation Measurement (GPM) mis-
sion, a question arises about the similarity of observed 
snowfall characteristics to the constraints utilized by 
specific retrievals. We know from the Nakaya diagram 
that distinct ice particles are formed under certain tem-
perature and humidity conditions. They grow through 
vapor deposition, and while falling, are reshaped by 
the microphysical processes, such as riming and aggre-
gation, culminating in numerous different irregular 
shapes and sizes. However, certain processes seem to be 
more frequent in some parts of the world than in others 
and therefore, statistically, the snowfall characteristics 
depend on the location. Since 2014, as part of the GPM 
ground validation program, snowfall datasets with sim-
ilar instrumentation have been gathered at multiple 
sites around the globe, which provides an opportunity 
to study above-mentioned differences using the same 
methodology.

In this study, we show the differences in the measured 
Particle Size Distributions (PSDs) and retrieved mass-
es of snow particles between three GPM ground vali-
dation sites: Hyytiälä (Finland), CARE (Canada), and 
Marquette (USA); and connect these findings through 
Z-S relations to weather radar observations. When 

snow events are classified between the synoptic and the 
lake-effect snow (LES), the histograms of exponential 
PSD reveal the following: (i) the higher values of in-
tercept parameter N0 and the slope parameter, lamb-
da, are associated with synoptic cases (high amount of 
small particles); and (ii) the lower values of the lambda 
are more frequent with LES events (smaller amounts of 
larger particles). Interestingly, in LES events the lambda 
appears to have bi-modality behavior as was noted al-
ready by Pettersen et al. 2020. Statistically speaking, in 
Hyytiälä the climatology seems to favor riming growth 
aloft as the snow particles are approximately three times 
heavier than the particles observed in CARE site.

Pettersen, C., M.S. Kulie, L.F. Bliven, A.J. Merrel-
li, W.A. Petersen, T.J. Wagner, D.B. Wolff, and N.B. 
Wood, 2020: A Composite Analysis of Snowfall Modes 
from Four Winter Seasons in Marquette, Michigan. 
J. Appl. Meteor. Climatol., 59, 103–124, https://doi.
org/10.1175/JAMC-D-19-0099.1
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Snow surfaces are of particular importance in meteor-
ology, hydrology and climate monitoring applications. 
The geographical extension and heterogeneity of the 
snow cover prevent its monitoring at high spatial and 
temporal resolution by means of direct or indirect in 
situ measurements, suggesting the exploitation of satel-
lite technologies to obtain such data.

Spaceborne C-band synthetic-aperture-radar (SAR) 
sensors, such as those operating on board Sentinel-1 A 
and B spacecrafts, are particularly suitable for the analy-
sis of snow cover, providing data with resolutions up to 
some meters, with global coverage and a few days revis-
it time. Moreover, the specific radar-signal wavelength 
and the availability of different polarization channels 
makes this class of SAR sensors particularly suitable for 
the analysis of snow coverage. Using backscattered pow-
er, the received SAR signal is affected by the interaction 
at the air-snow interface, at the snow-ground interface, 
together with the volumetric effects of the snow cover. 
Using phase measurements, differential Interferomet-
ric SAR (DInSAR) is aimed at retrieving the effects of 
air-snow refraction and the snow-ground reflection, to-
gether with the coherence and phase-shifts between two 
sequential images.

In this work we will present the Sentinel-1 DInSAR 
processing chain to estimate snow cover map, pack 
depth and water equivalent for dry snow, combined 
with SAR-backscattered data for wet snow discrimi-
nation and optical satellite data from Sentinel-2 mul-

tispectral imager for snow extension mapping. The 
processing chain is tested in central Apennine in Italy, 
using several pilot sites where in situ measurements are 
available for the considered case studies during winter 
2019. The potential of using analytical and statistical 
inversion algorithms, conditioned by forward SAR and 
snowpack microphysical models, will be also discussed 
together with the exploitation of C-band weather radar 
retrieval data of snowfall. Results, in terms of error bias, 
standard deviation and Pierson correlation between es-
timated and in situ snow data, will be discussed show-
ing potential and critical issues, such as the condition of 
wet snow in the late winter season and meteorological-
ly-driven change of snow state and accumulation.

Gianluca Palermo1, Angelo Bartolini1, Edoardo Raperelli1,2, Paolo Tuccella3,2, Errico Picciotti3,2, Saverio Di Fabio3,2, 
Frank Marzano1,2

RETRIEVING SNOW DEPTH AT HIGH 
SPATIAL RESOLUTION FROM SATELLITE 
SYNTHETIC-APERTURE-RADAR 
INTERFEROMETRY AND SNOWPACK 
MODEL DATA

1Sapienza University of Rome, Italy; 2CETEMPS, Italy; 3University of L'Aquila, Italy
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Prediction of winter precipitation types such as rain, 
snow, sleet, ice pellet, freezing rain is challenging because 
of its variability depending on the atmospheric condi-
tions. There have been several efforts to predict the pre-
cipitation types from meteorological parameters: using 
one parameter (e.g. thickness or wet-bulb temperature) 
or two parameters (e.g. ground temperature and rela-
tive humidity, wet-bulb temperature and low-level lapse 
rate). Recent attempt is to construct bin microphysics 
model (e.g. Spectral Bin Model; SBM) to predict precip-
itation types. The SBM simulates phase change of pre-
cipitation particles from cloud top to ground at specific 
atmospheric condition. The SBM decides precipitation 
type at ground level from considering simultaneously 
melting, freezing, evaporation, and sublimation.
The validation of precipitation type can be done by 
human observation or the microphysical instruments. 
However, the human observation could be subjective, 
especially in mixed phase precipitation. Precipitation 
type observation using microphysical instrument also 
have uncertainty due to margin faller, shattered particle, 
strong wind effects and so on. However, these errors can 
be reduced by quality control and cross-check between 
the instruments.
In this study, we compared the performance of existing 
five methods using the quality-controlled precipitation 
type from PARSIVEL distrometer. PARSIVEL data is 
classified into three precipitation types (rain, snow, and 
sleet) by the frequency of precipitation type based on 
classification mask from Yuter et al. (2006). The classi-

fication criteria are decided from cross-check with other 
observation data such as sounding and VertiX data at 
same site. We collected about 140 precipitation cases 
which the temperature is close to 0 ℃ during ICE-POP 
2018 period. The predictions of different methods using 
sounding data as input are performed. The predicted 
results are validated by quality-controlled precipitation 
type data. The performance score of each prediction 
method is measured by calculating the modified hit rate 
(average value of hit rates at three precipitation type 
group). SBM is best performance whereas prediction 
using thickness has lowest score about whole case.
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Stratiform precipitation with a clear melting layer (ML) 
is one of the most common types of precipitation at 
mid-latitudes. To study stratiform systems, good algo-
rithms which are able to automatically detect ML signa-
tures from a large collection of radar data are therefore 
required. The present work describes a new way to solve 
this problem using machine learning.
For development, a large number of vertical and slant-
wise profiles of radar data in the Netherlands with a 
height resolution of 30 m and 21 m respectively were 
used. The data were separated by human experts into 
three groups: no ML, only ML and the rest. The typ-
ical ML signatures (i.e., reflectivity, polarimetric var-
iables and Doppler at different heights) in the second 
group were then analyzed. Two different methods were 
considered to detect and characterize the melting layer 
from the data: a reference algorithm by Giangrande et 
al. (2008) and a new, second method based on machine 
learning. The performance of these two different algo-
rithms was then evaluated on a separate, human-anno-
tated test dataset, focusing on ML detection probability 
(using a confusion matrix) and the determination of er-
rors on the upper and lower ML boundaries.
Results show that the reference method had a false 
positive rate of 0% on the test dataset which means 
that if the method detects a ML, there almost certain-
ly is one. However, the overall detection probability 
was only 80% and the method often failed to detect 
the ML when the peak reflectivity was below 30 dBZ. 
Compared to the ground truth, the detected upper ML 

boundary was on average 365 m lower and the lower 
boundary 149 m higher. This means that the reference 
method only selects a part of the entire thickness of the 
melting layer.
By contrast, the proposed machine learning method 
had a detection performance of almost 94%, with a 3% 
false positive rate. The upper boundary was on average 
20 m above the ground truth, while the lower bounda-
ry was 66 m lower. The machine learned method thus 
overestimates the thickness of the melting layer. Despite 
these limitations, the new machine learning method is 
clearly an improvement over the reference method since 
it has a significantly higher detection probability and it 
captures the entire thickness of the melting layer.

Martin Berndsen1, Christine Unal1

A MACHINE LEARNING BASED 
APPROACH TO MELTING LAYER 
DETECTION

1Delft University of Technology, Netherlands

The Multi-Radar Multi-Sensor (MRMS) Quantita-
tive Precipitation Estimation (QPE) products are relied 
upon for many applications such as flood forecasting, 
water resource management, hydrological modeling, 
and climatological dataset production. While the ra-
dar-based QPE has high accuracy in most areas, there 
are some challenging regions with consistent underes-
timation, such as the western US and Hawaii. These 
areas often have low-level precipitation growth pro-
cesses associated with orographic ascent which go un-
observed due to gaps in the radar network caused by 
terrain blockages. The current study looks to account 
for the orographic and tropical enhancement of pre-
cipitation by applying more representative R-Z rela-
tionships. This physically-based approach shows some 
success when compared to quality-controlled gaug-
es, but the problem seems more suited for a machine 
learning method which can better account for the large 
number of interacting variables affecting the precipita-
tion amounts. A statistical-based convolutional neural 
network (CNN) technique is developed and applied for 
QPE prediction. The CNN is trained on a large dataset 
of gauge precipitation values, with matched radar and 
model variable grids surrounding each gauge. The mod-
el is used to simulate hourly QPE accumulation for sev-
eral cases in Hawaii and certain atmospheric river cases 
in the western US. After appropriate variable selection 
and hyperparameter optimization, the initial results 
show the model is able to accurately capture the precip-
itation structure for these events.

Andrew Osborne1,2, Micheal Simpson1,2, Jian Zhang2, Steve Cocks1,2, Ken Howard2
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Doppler weather radar is an essential tool for moni-
toring and warning of hazardous weathers. Doppler 
velocity provides dynamical information of the storms. 
Therefore, it is important to mitigate and correct ali-
ased Doppler velocity. However, the maximum unam-
biguous range (Ra) and the maximum unambiguous 
velocity (Va) have an opposite relationship to the pulse 
repetition frequency (PRF), referred to as the Doppler 
dilemma owing to Ra and Va that cannot be improved 
at the same time. There are two main approaches to 
mitigate this issue. One approach for dealiasing veloci-
ties is to look for the aliased velocity, i.e., abrupt change 
from one end of the Va to another, a fold is detected 
when such instance is encountered. The underlying 
assumption is that velocity field should have a smooth 
spatial continuity. This approach performs well when 
storms are spatially connected but suffers for cases that 
isolated storms are present within the radar field of 
view. Another approach employs two or more PRFs, 
which the unfolding is accomplish by finding the least 
common multiple of Va that satisfys the measured ve-
locities. However, dual (or multiple) PRFs method still 
inherit the limitation of Ra. The impetus of this work 
is to find a velocity unfolding method using only the 
velocity field from a single PRF and recovering up to 
two-folded veocities.

In this study, one of the emerging machine learning 
techniques, referred to as the convolutional neural net-
work (CNN) is used to tackle the velocity unfolding 
problem. Unlike rule-based algorithms that use a set of 

predetermined rules and thresholds, machine learning 
uses a pre-determined design (model) of weighted input 
combinations, then through a repetitive fit-and-adjust 
process, the best weights are obtained. The training 
data, which comprises the input data and output data is 
an important part of this process, which will be present-
ed in the paper. Comparisons against a few traditional 
methods will be also shown. Several weather phenome-
na such as stratiform, squall line, gust front, other con-
vective storms, and isolated storms will be tested.

Hyeri Kim1, Boon Leng Cheong1, Tian You Yu1

X-BAND WEATHER RADAR VELOCITY 
UNFOLDING USING CONVOLUTIONAL 
NEURAL NETWORKS
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On Japan railroads, wind conditions affect operating 
efficiency, infrastructure, and safe passage of people 
and freight. For instance, strong and gusty winds cause 
regional delays or shutdowns, and especially hazardous 
crosswinds may lead to overturn of railcars. In 2007, 
the Meteorological Research Institute and the East Ja-
pan Railway company started a project to develop an 
automatic strong gust detection and warning system 
for railroads, which the decision to warn is based upon 
information from a single-Doppler radar at low ele-
vation angles. Through ten years of R&D, a compre-
hensive operational system has been implemented over 
the coast of the Sea of Japan: the Shonai area, Yamaga-
ta Pref., Japan, and the utility of the system has been 
demonstrated for wintertime vortices (Fujiwara, 2018).
The primary objectives and related improvements of 
the advanced system are as follows:
1) To further improve the accuracy of this system, the 
Convolutional Neural Network (CNN) to extract vor-
tex pattern from Doppler velocity field and to detect 
accurate objects (i.e., tornadoes) while reducing false 
pattern is employed.
2) Risk levels and recommended actions for each train 
will be automatically generated in real time in advance 
of an wind gust that the train can be expected to en-
counter. Those are based on the train -relative tornado 
direction, speed and intensity, derived using parameters 
including the train heading, the course and speed over 
the ground as well as the tornado detection and track-
ing.The framework proposed here is also expected to be 

useful for near-future centralized traffic control system 
for railways, especially for automatic driving system.
In this presentation, we will introduce an overview of 
the advanced system, initial results, and future develop-
ment plans.

Kenichi Kusunoki1, Noaki Ishitsu1, Toru Adachi1, Ken-Ichiro Arai1, Hanako Inoue1, Chusei Fujiwara2, Hiroto Suzuki2
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Polarimetric Doppler weather radars provide a wealth of 
information about precipitation type and amount for 
operational weather services, e.g., to issue severe-weath-
er warnings or for quantitative precipitation estima-
tion. While the analysis of weather radar data generally 
focuses on radar scans performed at slant viewing an-
gles (particularly at low radar elevation angles) to cover 
a large area with few radar systems, vertically pointing 
birdbath scans have been used successfully for monitor-
ing and improving the calibration of the individual ra-
dar systems. This study explores the potential for using 
Doppler spectra from such birdbath scans to character-
ize precipitation processes inside a vertical atmospheric 
column above the radar in detail.
Here, birdbath scans are collected with the C-band re-
search weather radar of the German Meteorological Ser-
vice located at the Observatory Hohenpeißenberg just 
north of the Bavarian Alps. Similar to some vertically 
pointing cloud radars with Doppler capability, Doppler 
spectra are returned as output from the weather radar 
birdbath scans, indicating the power of the radar signal 
as a discrete function of precipitation fall velocity.
For an automated interpretation of collected radar data, 
Doppler spectra are processed by first isolating the me-
teorological signal from clutter and background noise, 
then identifying the main spectral mode and potential 
side modes (reflecting different precipitation regimes 
and processes), and finally calculating characteristic 
properties for all identified modes. The main compo-
nents of the processing chain are (i) the application of a 

clutter filter based on the difference in returned power 
between the two polarization channels of the weather 
radar and an exploratory data analysis with a flexible 
density-based clustering algorithm; (ii) identifying the 
spectral modes with a fast clustering algorithm utilizing 
the nonparametric Dip test; and (iii) calculating char-
acteristic parameters that quantify the intensity and 
shape of each identified mode (e.g. its moments) as well 
as multimodal metrics for the relative strength, separa-
tion, and mixing of modes. The overarching strategy 
behind the applied approach is to combine techniques 
from ‘classical’ signal and image processing with novel 
data-mining methods so that the outputs from the pro-
cessing steps are (at least somewhat) stable with respect 
to small changes in the inputs, thereby accommodating 
the respective input uncertainties and allowing an assess-
ment of the propagation of these uncertainties. Initial 
results obtained with the presented processing method 
for winter precipitation transitioning from rain to snow 
at the ground illustrate clear differences between differ-
ent precipitation regimes, e.g., between mixed-phase 
precipitation and frozen precipitation only.

Mathias Gergely1, Maximilian Schaper1, Matthias Toussaint2, Michael Frech1
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A new type of hybrid statistical-physical rainfall forecast-
ing system that combines the speed and accuracy of radar 
extrapolation techniques with the physical knowledge and 
contextual information from a numerical weather predic-
tion model (NWP) is introduced. The approach is inspired 
by the seminal work on model output statistics by Glahn 
and Lowry in 1972 and can be summarized as follows: at-
mospheric variables from a NWP such as temperature, 
pressure, wind speed, cloud cover and rainfall rates as well 
as their predicted evolution during the next few hours are 
used to provide physical insight and adjust radar forecasts 
by shifting, scaling, squeezing, dilating or rotating them de-
pending on how much the true rainfall field is expected to 
deviate from its Lagrangian extrapolation within the next 
few hours. While appealing, the approach is not straight-
forward and improvements strongly depend on the type 
of event and the accuracy of the NWP. To help figure out 
the complex relationship between NWP outputs and the 
true evolution of rainfall fields in radar images, state-of-the-
art machine learning methods (MLMs) are needed. In this 
talk, I propose a simple two-step MLM that consists of 1) a 
fixed decision tree for deciding when to adjust forecasts and 
2) an adaptive recurrent neural network for deciding how 
to transform the radar forecasts based on the latest error 
structure. The new model is trained on 6 months of opera-
tional KNMI radar nowcasts and HARMONIE-AROME 
forecasts for the Netherlands and subsequently applied 
to forecast new strong convective cases. A few interesting 
events are used to outline the advantages and to discuss the 
outstanding challenges that still need to be overcome.

Marc Schleiss1
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Weather radar data is visible information for weather 
forecasters, and they analyze consecutive radar images 
to catch the moment when weather echoes are changed. 
Through radar images, weather forecasters predict the 
direction and speed of the weather systems. However, 
the quantitative analysis of these changes is not easy and 
subjective to personal experience.
Recently, the research of image processing using com-
puter vision technology has been in the spotlight. This 
technology is being tried in weather radar research fields 
because weather radar images are produced at regu-
lar intervals and expressed as certain color scales. The 
changes in radar images can be calculated using optical 
flow which is the one of computer vision techniques. 
The basic concept of the optical flow is calculating the 
direction and speed of the change of images. Howev-
er, optical flow technology is not a dedicated algorithm 
designed to calculate radar echo motion vectors, so it 
requires extra pre-processing, such as relative wind re-
moval. If the optical flow is calculated with very high-res-
olution, the possibility of errors can be increased.
In this study, to minimize motion vector errors generat-
ed from very high-resolution images, two-step calcula-
tions were performed. The 1st step is generating a rough 
motion vector using the optical flow and then a high-res-
olution motion vector was calculated using mesh grid 
interpolation and Radial Basis Function (RBF) extrapo-
lation as the 2nd step. In order to qualitatively evaluate 
the accuracy of the calculated moving direction and the 
motion vector, typhoon case images with large changes 

in the moving direction were analyzed.
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Stochastic downscaling is a technique used to generate 
high-resolution climate variable fields from low-resolu-
tion data, and is utilized to increase the resolution of the 
precipitation outputs of climate models. Since the pro-
cessing of precipitation fields involves complex spatial 
structures, it is a natural application for convolutional 
neural networks, which have recently greatly improved 
our ability to process spatial patterns. In particular, gen-
erative adversarial networks (GANs) have proved to be 
able to generate realistic images stochastically.

In this work, we introduce a stochastic precipitation 
downscaling technique based on a recurrent condition-
al GAN, based on earlier efforts using GANs for image 
super-resolution. The trained network transforms a 
low-resolution image into a consistent high-resolution 
image. The network also learns to model the uncertainty 
of the prediction by mapping input noise into variability 
of the output field, thus providing an ensemble of possi-
ble high-resolution outputs that are consistent with the 
low-resolution input. The recurrent nature of the net-
work, achieved using gated recurrent units (GRUs), al-
lows it to generate output fields with consistent time evo-
lution. Furthermore, the network is fully convolutional, 
and therefore we are able to train it with with relatively 
small samples and then apply it to much larger fields. 
Compared to earlier methods for stochastic downscaling, 
the GAN has the advantage of not being dependent on 
specific statistical models regarding the spatial structure 
or the temporal evolution of the precipitation field, in-
stead it learns the relevant structure from the data.

We train and demonstrate the functionality of the GAN 
with data from the MeteoSwiss operational weather ra-
dar composite. The network is trained with time series 
of images given in pairs consisting of a high-resolution 
time series and a corresponding low-resolution time se-
ries; the latter is artificially generated from the original 
by reducing the resolution by averaging regions of 16x16 
pixels (but other factors could be used as well with mi-
nor modifications). Once trained, the network can be 
used to process input data from outside its training da-
taset, which can be larger in spatial extent and longer in 
duration than the original time series.
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Improved rainfall estimates enhance the potential of 
weather radars for many applications such as flash flood 
forecasting and hydropower generation management. 
In less than ten years, in Brazil, we increased our radar 
coverage, from 23 single-polarization radars to 19 addi-
tional dual-polarization radars, mainly S-Band, with a 
concentration in the southern region, an area prone to 
severe weather. Southern Brazil is a region where more 
than 35% of national hydropower energy is generated, 
depending directly on precipitation distribution, and 
where water availability and storm events lead to flood 
inundations reaching proportions of natural disasters. 
In general, precipitation estimates have been generated 
using different radar ZR and polarimetric relationships, 
both from the literature and locally adjusted. However, 
radar QPE depends on calibration, reasonable adjust-
ment with rain gauges and distrometers, data filtering, 
distance from the radar, orography, signal propagation, 
among other factors. A multi-sensor approach of re-
mote sensing precipitation estimation using satellites 
and weather radars with rain gauges improves the ac-
curacy of hydrological models when compared to a 
model using gauge data only. New technologies, such 
as lightning data from high precision networks or sat-
ellite measurements, come to complement and, possi-
bly, improve this multi-sensor approach. In the South 
of Brazil, we have been using for 20 years a QPE data 
fusion approach with the usage of weather radars, 
rain gauge, and satellite information (infrared channel 
mainly) with applications in high impact weather warn-

ings and hydropower plant operations. This method is 
an essential advantage in an operational environment 
because it does not require frequent processing to up-
date the weights as in other schemes. Although there 
is not a direct relation between lightning activity and 
precipitation estimation, recently, there have been some 
examples of using lightning activity as proxies for syn-
thetic weather radar information. In this paper, we pres-
ent an improvement of this QPE algorithm, including 
lightning data in data fusion. The application of a CNN 
(Convolution Neural Network) algorithm is used to 
create synthetic radar data, which is converted to rain-
fall estimation. This data fusion is compared within the 
same region of radar coverage regarding the network 
of rain gauges, and the results obtained so far indicate 
an improvement in the QPE, which can be applied in 
other areas of the country, not covered by weather ra-
dars. This new algorithm is already in daily use in an 
operational nowcasting center, with results that will be 
demonstrated in this work.
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Complex terrain interacting with abundant moisture 
can lead to microphysical processes that produce heavy 
local rainfalls and flash flooding over very small spatial 
and temporal scales. High-resolution and high-accuracy 
quantitative precipitation estimation (QPE) in moun-
tainous areas are critical for the monitoring and predic-
tion of flash floods and mudslides. However, obtaining 
such QPEs has been a challenge due to non-linear in-
teractions of many contributing factors in the complex 
microphysical processes. Machine learning has become 
a tool within the past several decades that shows great 
promise in solving complex problems. This study uti-
lizes a convolutional neural network, a specific type of 
deep learning model, to quantitatively estimate precip-
itation from weather radar observations. Initial results 
include the generation of 2D QPE grids over Taiwan 
compared to operational QPE products. Merged grid-
ded results from the Conterminous United States will 
also be presented to demonstrate the potential capabil-
ity of deep learning frameworks to accurately estimate 
precipitation.
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We have developed a new data-selection scheme to im-
prove surface QPE using a neural network. To produce 
a surface rainfall rate estimate (every 5 minutes), the ex-
isting approach uses a dual-polarisation quality control 
scheme to flag clutter-contaminated pixels in scans at 
all elevations and then applies a correction for the ver-
tical profile of reflectivity (VPR) at each range gate on 
the data at the lowest uncontaminated elevation. This 
means that the surface QPE for clutter-contaminated 
gates is computed from higher elevation scans where the 
sampling issues arising from beam broadening, over-
shooting and bright-band contamination become sig-
nificant. While the VPR correction generally improves 
the surface QPE, it inevitably introduces errors depend-
ing on the variation in atmospheric conditions between 
the sampling volume and the surface. Our new approach 
is to use the CLEAN-AP algorithm to suppress the 
clutter signal in clutter-contaminated areas, and at each 
elevation allow the neural network to choose between 
the unfiltered and filtered versions if the data quality is 
sufficient, or to flag the data as clutter and in this case 
apply the same rules at the next elevation. This filter-
ing and selection/censoring approach results in picking 
lower elevation data more frequently than when simply 
censoring clutter-contaminated data. Using lower ele-
vation data (when it has been filtered and kept by the 
selection scheme) leads to a smaller VPR correction, as 
the sampling volume is closer to the surface. The neural 
network is trained with a novel approach using 3D tiles 
to capture the spatial (horizontal and vertical) variabil-

ity of clutter contamination. These 3D tiles are created 
as a combination (at the I&Q level) of observed weath-
er signals (in the absence of clutter contamination) and 
known ground-clutter signals (measured in dry weath-
er) in known quantities. The original weather signal 
provides the ground truth against which the neural net-
work is trained. Monthly accumulations of surface QPE 
show that the new approach outperforms the existing 
scheme, which is supported by a significant reduction 
of spurious artefacts (i.e. replacing small-scale and large 
variance structures with a smoother field consistent 
with accumulated rainfall) in areas of known presence 
of ground-clutter, while showing no detriment in areas 
of known absence of ground clutter. Comparison with 
rain gauges show a similar behaviour, with improve-
ments in ground clutter contaminated regions and no 
adverse impact elsewhere.
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Weather radar is emerging as a leading technology for 
observing the atmosphere and forecasting the weather. 
Unlike ground stations, radar provides precipitation 
estimates that are distributed over the entire territory. 
This additional information can be especially useful for 
hydrological applications, where there exists a need to 
monitor precipitation over large areas. Indeed, radar 
observations can be used as forcing data to predict nat-
ural inflow into reservoirs, which is essential for hydro-
electric generation activities. However, the quantitative 
precipitation estimates given by the radar product is 
often biased, particularly in regions of complex topog-
raphy. Machine Learning based models offer an efficient 
way to integrate such measurements as input and can 
automatically take their bias into account.

A recurrent neural network model was trained against 
river gauge observations to predict the incoming flow 
for an Alpine catchment located in the Swiss Alps. By 
comparing the performance of the Deep Learning mod-
el using different combinations of rain gauges and radar 
data, it was found that radars provide added value for 
predicting natural inflow during stormy episodes. The 
experiments show in fact that despite a slightly deteri-
orated average performance, the model integrating the 
radar data allows a better modelling of the rainfall-run-
off process for periods of heavy precipitation.
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The standard for weather radar nowcasting in the Cen-
tral Europe region is an inaccurate COTREC extrapola-
tion method. Out of the several currently researched ap-
proaches, we have explored the use of machine learning. 
Starting with promising results using simple convolu-
tional neural networks architecture, we have developed 
an advanced recurrent neural network, based on the 
PredRNN model, which outperforms the COTREC 
60 minutes predictions by a significant margin.

Nowcasting, as a complement to numerical weather 
predictions, is a well-known concept. However, the in-
creasing speed of information flow in our society today 
creates an opportunity for its effective use. Thanks to 
the mobile data and social networks, both predictions 
and severe weather warnings can be delivered to the 
public in real-time. Methods currently used for these 
predictions are primarily based on the optical flow and 
are struggling in the prediction of the development of 
the echo shape and intensity.

In this work, we are benefiting from a data-driven ap-
proach and building on the advances in the capabilities 
of neural networks for computer vision. We define the 
prediction task as an extrapolation of sequences of the 
latest weather radar echo measurements. To capture 
the spatiotemporal behaviour of rainfall and storms 
correctly, we propose the use of a recurrent neural net-
work using a combination of long short term memory 
(LSTM) techniques with convolutional neural net-
works (CNN). Our approach is applicable to any ge-

ographical area, radar network resolution and refresh 
rate.

We conducted the experiments comparing predictions 
for 10 to 60 minutes into the future with the Critical 
Success Index, which evaluates the spatial accuracy of 
the predicted echo. Our neural network model has been 
trained with one year of rainfall data captured by weath-
er radars over the Czech Republic. Results for our bor-
dered testing domain show that our method achieves 
higher CSI than both COTREC and optical flow ex-
trapolation methods available in the open-source py-
STEPS library.

With our work, we aim to contribute to the nowcasting 
research in general and create another source of short-
time predictions for both experts and the general pub-
lic.
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Weather radars are beneficial for aviation weather use 
as well as general weather use because aircraft operation 
is much affected by weather phenomena. According to 
WEATHER-Eye vision, 3rd edition, 2019, weather is-
sues for which people actually working in aircraft op-
eration demand to take solutions are wind (windshears 
and turbulences), ice (hails, small ice particles, and su-
percooled water droplets), lightning, etc. Especially, 
the lightning issue in aviation weather is different from 
one in general weather because lightning which strike 
aircraft are not naturally but by-aircraft triggered. That 
is probably why few practical technologies for warning 
aircraft triggered lightning had been developed.
Only in Japan, hundreds of aircraft lightning strikes 
have occurred in commercial flights, and they have 
caused delays in hundreds of flights and cancels in tens 
of flights per year. In many cases, aircraft took damag-
es on their body or instruments, and their repair cost is 
roughly estimated at millions of dollars per year. Since it 
is naturally considered that aircraft lightning strikes oc-
cur worldwide, efficiencies of world aircraft operations 
can be facilitated by reducing aircraft lightning strikes.
In 2018, Yoshikawa and Ushio confirmed a feasibility to 
detect potential areas of aircraft lightning strikes which 
were derived from measurements of weather radars by 
a heuristic algorithm (published in BAMS 2019). An 
important feature of the study was that actual cases of 
aircraft lightning strikes were analyzed and relationships 
between aircraft lightning strikes and weather radar 
measurements were found out.

This study is its update, where the relationships be-
tween aircraft lightning strikes and weather radar 
measurements were analyzed by a machine learning ap-
proach using a neural network. In order to practically 
utilize a learned neural network in the future, layers of 
the neural network were designed so that humans can 
interpret learned parameters by physics. (The physical 
interpretability would be necessary to apply machine 
learning approaches in actual operations in which safe-
ty is with high priority, such as aircraft operation.) The 
learned model was evaluated by cases where flights ac-
tually took aircraft lightning strikes and ones did not, 
and indicated scores better than the heuristic approach.
In the presentation, the actual cases with/without light-
ning, a structure and physical meaning of the neural 
network, and the evaluation results will be explained, 
and its comparisons to a heuristic approach will be dis-
cussed.
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The nowcasting of extreme rainfall rates represents one 
of the most difficult challenges of radar-based precipita-
tion nowcasting systems. Improvements in prediction 
skills of extreme rainfall are especially important to mit-
igate the social, economic and human impacts of flash 
floods and severe thunderstorms in the agricultural and 
civil protection sectors.

This work introduces a novel AI method to improve the 
deterministic nowcasting of extreme rain rates, based 
on deep model stacking. While deep learning (DL) 
nowcasting models have recently shown to provide bet-
ter skill than traditional echo extrapolation models on 
low and medium rain rates up to 10mm/h, they often 
suffer from conditional bias, sometimes reporting low-
er skill on extreme rain rates compared to Lagrangian 
persistence, due to excessive smoothing. Here we show 
how Stacked Generalization (SG) can be used to re-
duce the conditional bias in DL predictions, thus clos-
ing the skill gap between deep learning and traditional 
persistence-based methods on extreme rain rates, while 
retaining and improving the superior skill of the DL 
methods on lower rainfall thresholds. Overall, the SG 
prediction reaches superior performance across all the 
rainfall rates.

Three components are integrated together to construct 
the prediction:

The Thresholded Rainfall Ensemble (TRE), where the 
same deep learning architecture and dataset are used to 

train an ensemble of predictors by filtering precipita-
tion at different rain thresholds in the loss function.

The Convolutional Stacked Generalization model 
(ConvSG), based on convolutional neural networks 
and trained to combine the ensemble outputs and re-
duce the conditional bias in the prediction.

The Enhanced Stacked Generalization model (ESG), 
extending the basic SG to integrate orographic features 
in the ensemble, to further improve prediction accuracy 
on all rain regimes.

The combination of these three components is applied 
on a 10-year radar dataset archive over complex Alpine 
orography in the Italian Alps, resulting in a twofold im-
provement in prediction skill for the deep learning now-
casting model on extreme precipitations. The dataset 
for the study is provided by Meteotrentino, the weather 
forecasting service of the Civil Protection Agency of the 
Autonomous Trentino Province. The agency operates 
a C-Band weather radar located at 1866 m.a.s.l. with an 
operational product covering a radius of 120 km at 500 
m resolution with 5 minutes time step. The dataset is 
publicly released and consists of a curated selection of 
sequences, spanning from June 2010 to November 2019 
for a total of 894,916 time steps.
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For forecast horizons of three hours or less, rainfall now-
casts, the statistical process of extrapolating real-time 
remotely sensed quantitative precipitation estimates 
(QPE), are increasingly used. Most nowcasts are made 
with radar-based QPE, but these and other high-resolu-
tion rainfall observations are often absent in developing 
countries. Signal level data from the roughly four mil-
lion commercial microwave links (CMLs) worldwide, 
which are close to the ground radio connections used in 
cellular telecommunication networks, can potentially 
also be used for QPE. Rain-induced attenuation and, 
subsequently, path-averaged rainfall intensity can be 
retrieved from the signal’s attenuation between trans-
mitter and receiver. These CMLs are especially present 
in urban areas and when two-dimensional rainfall fields 
are constructed from the CML data, (operational) now-
casting should be feasible.

In this study, we explored the opportunities and limi-
tations of nowcasting with CML data as compared to 
radar rainfall nowcasting. We focussed on the Nether-
lands, as country-wide rainfall maps from CML data are 
already constructed and nowcasts can be directly com-
pared to nowcasts with data from the two operational 
radars. Probabilistic nowcasts were created with both 
CML and non-bias-corrected radar QPE by employing 
pySTEPS in a probabilistic sense (20 ensemble mem-
bers) for twelve summer days in 2011.

The estimated location and shape of the rainfall fields 
were often not as accurate in the CML QPE as in the 

radar QPE, leading to similar effects in the nowcasts, es-
pecially during the first hour of the forecast. However, 
CML rainfall volumes were generally closer to the ob-
served amounts than the radar QPE, which resulted in 
better forecasts of rainfall with higher intensities (e.g. 
up to 50% higher CSI for a 5 mm h-1 intensity).

The limited coverage of the CML data, which is bound 
to the land surface, led occasionally to significant differ-
ences in the obtained optical flow fields when compared 
to those constructed from the radar QPE. Especially for 
areas with low coverage, like the Dutch Wadden Islands, 
the optical flow algorithm is not provided with suffi-
cient and consistent information, leading to erroneous 
flow vectors.

Hence, we see opportunities for nowcasting with CML 
QPE, but further improvements in e.g. optical flow der-
ivation are necessary to deal with the different and gen-
erally lower data availability. Potentially, the CML QPE 
would make it possible to nowcast rainfall in developing 
regions up to a few hours in advance, which is currently 
not feasible given the absence of weather radars.
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Accurate and timely hydrological forecasts highly de-
pend on the meteorological input. Current precipi-
tation forecasts from numerical weather predictions 
(NWP) do not provide the accuracy and temporal res-
olution required for adequate use for short lead times 
(less than six hours ahead) in fast-responding moun-
tainous, lowland and polder catchments. Therefore, 
radar rainfall nowcasting, the process of statistically ex-
trapolating the most recent radar rainfall observation, 
is increasingly used. However, as most studies consist 
of analyses based on a relatively small sample of events, 
best practices for the use and choice of these algorithms 
within operational forecasting systems are not yet avail-
able. In this study, we determined the predictive skill of 
radar rainfall nowcasting algorithms for the short-term 
predictability of rainfall. We focused on different low-
land catchments in the Netherlands, with a central role 
for the dependency of the forecast skill on catchment 
and environmental characteristics, such as event type 
and duration, seasonality, catchment size and location. 
For this purpose, we performed a large-sample analysis 
of 1533 events spread over four event durations and 
twelve lowland catchments (6.5–957 km2). Four algo-
rithms were tested and compared with Eulerian Persis-
tence: Rainymotion Sparse, Rainymotion DenseRota-
tion, and a deterministic and probabilistic (20 ensemble 
members) setup of pySTEPS. Maximum skillful lead 
times increased for longer event durations, due to the 
more persistent character of these events. In all cases, 
pySTEPS deterministic attained the longest maximum 

skillful lead times: 25 min for events with a 1-h dura-
tion, 40 min for 3 h, 56 min for 6 h and 116 min for 24 
h. During winter, when more large-scale stratiform pre-
cipitation is present, we found three times lower mean 
absolute errors than for nowcasts during summer with 
more convective precipitation. For the fractions skill 
score, higher skill was obtained after spatially upscaling 
the forecasts, which in most cases was only feasible for 
the larger catchments. Catchment location mattered 
too: up to two times higher skillful lead times were 
found downwind than upwind in the radar domain, 
given the prevailing wind direction. The pySTEPS al-
gorithms outperformed the Rainymotion benchmark 
algorithms, likely due to rainfall field evolution esti-
mations that are accounted for with cascade decompo-
sition and an autoregressive model. We speculate that 
most errors still originate from growth and dissipation 
processes which are not or only partially (stochastically) 
accounted for.
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The methodology of the new precipitation nowcasting 
system ``NowPrecip'' will be presented. NowPrecip 
has an area-tracking design, and it is able to generate 
multi-member ensembles of precipitation nowcasts. It 
supports the paradigm of seamless forecasting: the evo-
lution of the nowcasts starts from the most recent radar 
observation and evolves smoothly, through merging, to-
wards the ensemble members of the numerical weather 
prediction (NWP). NowPrecip is based on three pillars. 
(a) A geostatistics-based optical flow algorithm, coined 
as ``NowTrack'', which is able to determine automati-
cally the scales of interest and is supported by an out-
lier control scheme. Such a scheme is especially useful 
in capturing accurately situations like a fine-scale rota-
tion. (b) A localized architecture motivated by the need 
to deal with scenarios where distinct rainfall patterns 
characterize different parts of the domain. This is par-
ticularly pertinent to complex topographies like the in 
Switzerland, but it is also useful for areal nowcasting op-
erating on extensive regions. (c) Techniques to estimate 
and incorporate localized growth and decay into the 
nowcast. This is especially useful for the Alpine terrain 
where a systematic growth and decay is often associated 
with orographic features. The growth and decay factors 
rely on analysis of the available NWP product, allowing 
for a more efficient coupling between a nowcast and the 
corresponding numerical model output.
A verification of NowPrecip was performed for sever-
al representative cases, both stratiform and convective. 
Deterministic and probabilistic measures were em-

ployed and the main outcomes are: (a) the optical flow 
scheme (NowTrack) is characterized by small errors, (b) 
the growth and decay mechanism improves the out-
come over orography, and (c) the skill of the output is 
better than that of the numerical model output for four 
hours in average.
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The Weather Radar Center of Korea Meteorological 
Administration provides the short-term prediction of 
the precipitation for routine weather forecast using 
"McGill Algorithm for Precipitation nowcasting by 
Lagrangian Extrapolation (MAPLE)". Since MAPLE 
conserves radar rainfall field with lead time, there is a 
limit in predicting development of convective precipita-
tion system in the short-term and its accuracy decreases 
dramatically with lead time. In particular, it is necessary 
to reflect the growth and decay of precipitation system 
that changes dynamically to improve the nowcasting 
performance for severe weather phenomena. In this 
study, precipitation growth and decay (PGD) technique 
using a dynamic multiple motion vector (DMMV) was 
developed to secure the forecasting lead-time of hazard 
weather phenomenon and to improve the performance 
of precipitation forecasting, and the precipitation pre-
diction field was generated up to 6 hours lead-time. 
We evaluated the performance of the new nowcasting 
technique using the nationwide radar mosaic (Hybrid 
Surface Rainfall, HSR) for July 2019.
PGD technique generates a distribution map of the 
growth and decay rates of the precipitation system re-
flecting the average trend of change in rainfall intensity 
over time using DMMVs. The motion vector field was 
calculated by using the multi-scale cross-correlation 
analysis. The DMMVs were generated by blending 
a radar-based motion vector field and the numerical 
model-based motion vector fields based on the hyper-
bolic tangential function that are varying as a function 

of lead-time. The new nowcasting technique shows 
better performance than MAPLE that does not reflect 
precipitation growth and decay. In addition, the PGD 
technique mitigates the abnormal distortion of the pre-
cipitation field.
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Nowcasts (short-range forecasts) can be used for pro-
viding early warning of severe rainfall and flooding. The 
conventional approach is extrapolation of radar reflec-
tivities, which is typically done by using the lowest angle 
PPI or CAPPI. This study presents a twofold extension 
of the above approach. First, vertically integrated liquid 
(VIL) is used to capture the vertical structure of pre-
cipitation. Second, a growth and decay component is 
introduced via a multivariate time series model, where 
polarimetric parameters are used as predictors.

The growth and decay component is implemented by 
using a vector autoregressive (VAR) model in Lagrangi-
an coordinates. To capture the temporal evolution, the 
model is applied to differenced time series. The model 
accounts for scale-dependence of predictability by em-
ploying a scale-based decomposition and applying a 
separate set of VAR models to each scale. The parame-
ter estimation is done based on time-lagged correlations 
between the predictors.

The primary forecast variable is VIL that is used as a 
proxy for surface rain rate. Rain rate estimates are ob-
tained from the VIL via linear regression. Computation 
of the VIL is restricted to the liquid part of precipita-
tion. The VIL is complemented by two additional pre-
dictors derived from polarimetric measurements. These 
are 1) vertically integrated ZDR anomaly (i.e. deviation 
from a fitted Z-ZDR relation, Kingfield et al. 2018) in 
liquid precipitation and 2) KDP in the layer between 
-10 C and -20 C isotherms (Trömel et al. 2019), that 

precede the onset of intense rainfall at surface level by 
5-30 minutes.

The operational feasibility of NowPol is evaluated us-
ing data from the NEXRAD WSR-88D radar deployed 
in Fort Worth, Texas. Polarimetric measurements are 
available from 14 elevation angles. The data processing 
chain consists of 1) intra-volume temporal interpola-
tion, 2) clutter filtering, 3) attenuation correction and 
4) polarimetric estimation of liquid water content and 
rain rate. Temperature information is obtained from ra-
diosonde measurements.

The validation is done using 10 rainfall events during 
2018-2019 with mixed convective and stratiform rain-
fall. Predicted rain rates from NowPol are compared to 
surface rain rate estimates obtained from a 1 km CAP-
PI. The proposed method shows up to 30% improve-
ment compared to conventional method using a rain 
rate CAPPI and up to 10% improvement to a univariate 
VIL-based method that does not utilize polarimetric 
parameters.
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In this study, 16 typhoons are collected to examine the 
statistical performance of the McGill Algorithm for 
Precipitation nowcasting using Lagrangian Extrapola-
tion (MAPLE) over Taiwan, an extrapolation algorithm 
which predicts precipitation based on radar echoes. 
To further improve the nowcasting system, instead of 
mixing the information of precipitation between radar 
echo and output of numerical model forecast as in pre-
vious studies, a blending system is formed by synthesiz-
ing the wind information from model forecast with the 
echo extrapolation motion field via a variational algo-
rithm. The results of the echo extrapolation show that 
while the nowcasting skill can persist for up to 2 hours 
over Taiwan area statistically, distinct distortion for the 
rotational system is found in the lead-time of 2 hours 
nowcasting. On the other hand, blending model wind 
information helps to hold the rotation of typhoon rain-
band structures. The 16 typhoon cases show that blend-
ing system extends the nowcasting skill by 1 hour to a 
total of 3 hours. Furthermore, it is interesting to find 
that the blending system performs especially well after 
the typhoon makes landfall in Taiwan. This blending 
technique could be applied to different nowcasting sys-
tems and provide more effective weather information 
immediately.

Kao-Shen Chung1, I-An Yao1
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Nowcasts facilitate providing early warning of severe 
rainfall and flooding. The conventional method is to 
extrapolate radar echoes from a CAPPI or a low-angle 
PPI. However, due to its inability to predict growth and 
decay or uncertainty, this approach is limited to short-
range deterministic nowcasts (i.e. less than 30 minutes).

To address the above limitations, an integro-difference 
equation (IDE) model is proposed for probabilistic pre-
cipitation nowcasting. The model consists of 1) optical 
flow and advection, 2) autoregressive (AR) model, 3) 
convolution and 4) stochastic perturbations, where 2-4 
are applied in Lagrangian coordinates. The model is ap-
plied to differenced input time series (i.e. an integrated 
AR model) to capture the growth and decay of precipi-
tation. It is shown that the previously developed state of 
the art stochastic nowcasting method STEPS (Bowler et 
al. 2006) is a special case of the IDE model.

The model allows capturing the spatial variability of 
growth and decay via localization. This is done by car-
rying out parameter estimation at chosen feature points 
representing areas of high rain rates, and then interpo-
lating the estimates to the whole domain. The spatial 
covariance structure of the perturbations is estimated 
by using the short-space Fourier transform (SSFT) pro-
posed by Nerini et al. (2017).

Instead of reflectivity or rain rate, the model uses ver-
tically integrated liquid (VIL) as the prognostic varia-
ble. This is particularly advantageous for predicting 

developing convection that has not yet been observed 
in low-altitude radar scans. In addition, the growth and 
decay of VIL has higher predictability. The forecast VIL 
is converted to rain rate by using linear regression.

The operational feasibility of the proposed IDE-VIL 
model is evaluated using the NEXRAD WSR-88D ra-
dar located in Fort Worth, Texas. Measurements from 
14 elevation angles are used with restriction to liquid 
precipitation. The data processing chain consists of 1) 
intra-volume temporal interpolation, 2) clutter filter-
ing, 3) attenuation correction, 4) estimation of freezing 
level height, 5) VIL and rain rate estimation and 6) in-
terpolation into Cartesian grid. The evaluation is done 
using 10 rainfall events during 2018-2019. Forecast rain 
rates from IDE-VIL are compared to a low-level CAP-
PI. It is shown that IDE-VIL has up to 25% improved 
forecast skill compared to STEPS. This is attributed to 
using the IDE model and the additional information 
obtained from three-dimensional input data.

Seppo Pulkkinen1, V. Chandrasekar1, Annakaisa von Lerber2
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In this work, we analyze the radar radial velocity dur-
ing heavy rain in the Ligurian Region to improve the 
nowcasting decisions. The use of radar data in now-
casting is an active topic of research. Several products 
have been implemented in order to support short-range 
weather forecasting (i.e. storms movement prediction 
algorithms combined with both radar reflectivity and 
satellite data) and to classify hydrometeors during pre-
cipitation events. Although these products provide 
useful tools for meteorologists, traditional nowcasting 
is largely based directly on observational data. For this 
purpose, the radial velocity field measured by radars can 
be a valuable instrument for nowcasting decisions. It 
is well known the usefulness of radial velocity in order 
to understand meteorological structures and identify 
wind patterns. However, the radial velocity field is often 
inhomogeneous and a comparison with other observa-
tion types and models is not straightforward. In addi-
tion, weather radar of Monte Settepani in the Ligurian 
Region is located at 1350 m a.s.l., in an exposed area of 
strong winds so that even the lowest exploitable eleva-
tion for nowcasting purposes is often affected by fold-
ing phenomena, due to overcoming of unambiguous 
wind speed velocity. To overcome this problem, instead 
of using the classical unfolding techniques (which in-
evitably involve some assumptions), we compared the 
observed radial velocity field by radar with that pro-
vided by high-resolution non-hydrostatic limited area 
model MOLOCH at radar point. We analyzed some 
heavy rain events with a homogeneous precipitation 

pattern and we chose those that have been predicted 
with the best accuracy from limited-area models. For 
these events, we computed model radial velocity at each 
elevation taking into account folding and compared it 
with observed radar radial velocity. The combination of 
the two wind fields allowed us to have an easy and fast 
interpretation of the radial velocity pattern. The future 
objective is to develop an instrument to help forecaster 
in a quick interpretation of radial velocity pattern from 
radar, in order to get benefits in nowcasting decisions. 
Moreover, we suggest that the comparison of two un-
ambiguous radial wind fields can be potentially exploit-
ed to improve model forecasts scores, with a focus on 
very short-time model phase shifts and precipitation 
time series errors.
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A new generation of the Short-Term Ensemble Predic-
tion System precipitation nowcasting model, STEPS-3, 
has been under development at the Bureau of Meteor-
ology for several years. The model is now entering oper-
ational service and provides a significant uplift in terms 
of quality and availability of rainfall nowcasts for the 
Australian public. STEPS-3 is a completely new imple-
mentation which has been built with the goal of provid-
ing low cost, high performance and reliable operational 
nowcasting services for large scale radar networks. This 
presentation outlines the key scientific and engineering 
enhancements involved, including the operational de-
ployment of STEPS as a cloud-based service.

Scientific improvements to the STEPS algorithm have 
been realized in several important areas. The decomposi-
tion filters have been redesigned to increase spectral iso-
lation of cascade levels while reducing ringing artefacts. 
An alternative optical flow technique has been adopted 
that provides superior tracking of the rain fields in areas 
of low texture. Also, the process parameters of the au-
toregressive models that drive stochastic evolution of the 
nowcast have been made spatially varying. This change 
ensures that localized scaling characteristics are retained 
during the life of the nowcast rather than becoming sta-
tistically homogenous. Verification over a wide variety of 
case studies show significant improvement in the quality 
of STEPS-3 nowcasts compared to earlier generations.

As a piece of software, the engineering priorities for 
STEPS-3 are performance, reliability and suitability for 

operational deployment. The code base is highly paral-
lelized allowing generation of large nowcast ensembles 
with very low latency. In the Bureau of Meteorology’s 
operational configuration STEPS-3 generates a 32 
member ensemble in 30 seconds, compared to 322 sec-
onds and 310 seconds for the equivalent STEPS-1 and 
pySTEPS configurations respectively.

While STEPS-3 remains highly configurable, significant 
effort has been made to ease the setup burden on users 
by optimizing and tuning the model during develop-
ment. This was facilitated through use of a Continuous 
Integration server that automatically evaluated every 
proposed change by generating and verifying over 2,000 
ensembles against a reference dataset of real-world sce-
narios.

The deployment of STEPS-3 as a cloud-based applica-
tion allows it to scale dynamically as needed based on 
weather conditions, minimizing costs without plac-
ing demands on internal IT resources. It is hoped that 
cloud-based deployment will be a first step towards pro-
viding easily accessible high-quality radar based now-
casting as a service to a broad range of users.

Mark Curtis1, Alan Seed1

STEPS AS A SERVICE – A NEW 
GENERATION OF OPERATIONAL 
NOWCASTING FOR THE AUSTRALIAN 
CONTINENT
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The Czech Hydrometeorological Institute (CHMI) 
operates the Czech weather radar network (CZRAD) 
which consists of 2 C-band polarimetric doppler radars 
covering the whole area of the Czech Republic and its 
neighborhood. The CZRAD measurements are used 
mainly for convective storms warnings and quantita-
tive precipitation estimates (QPE) and forecasts (QPF) 
based on the COTREC extrapolation method. Every 10 
minutes, an advanced QPE merging algorithm is initi-
ated that generates combined radar-raingage QPE and 
also an adjustment coefficient applicable to radar-only 
QPE and QPF. Radar-only QPE and adjusted radar 
QPE and QPF are updated every 5 minutes.

Radar-based QPE is used by a wide range of users and 
applications, a very important part is hydrological mod-
eling and warning. In most cases, radar-based QPE and 
QPF are used in standard hydrological models, but they 
have been tested also in some experimental hydrological 
flash flood nowcasting systems. Both radar-based QPE 
and QPF are used in the CHMI operational Flash Flood 
Indicator (FFI) hydrological nowcasting system. Use of 
these products in FFI revealed some specific problems 
and new requirements that had to be solved. Develop-
ment was mainly focused on algorithm of calculation 
of adjustment coefficient (time window of calculation, 
preference of higher precipitation amounts, mean areal 
vs. local adjustment coefficient).

The presentation describes CHMI´s operational pro-
duction chain composed of radar-based QPE and QPF 

and their use in flash flood nowcasting. It discusses spe-
cific problems and new requirements for radar-based 
QPE and QPF raised by flash flood nowcasting.

Petr Novák1, Hana Kyznarová1
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Project IMA is the first part of the Seamless Prediction 
programme of the Royal Meteorological Institute of 
Belgium. With this project, we aim to address the grow-
ing demand for calibrated observation-driven seamless 
probabilistic short-term forecasts from users in areas 
such as urban hydrology, renewable energy, as well as 
from the general public. For this we combine (prob-
abilistic) nowcasting techniques with a Mini-EPS of 
different numerical weather prediction (NWP) models 
in which novel and high-resolution observations are as-
similated.

The Mini-EPS runs with a horizontal resolution of 
1.3km on a domain over Belgium. It is a 2+2 (lagged) 
member multi-model ensemble of ALARO and 
AROME, two model configurations of ALADIN. It 
has a 3-hourly 3D-Var data assimilation cycle. The pre-
cipitation is stored every model time step (45s), which 
avoids disaggregation issues when blending with a 
high-frequency radar extrapolation.

The precipitation component of Project IMA is based 
on the stochastic nowcasting system STEPS-BE (Foresti 
et al., 2016), the Belgian variant of STEPS (Short Term 
Ensemble Prediction System; Seed et al., 2013). It uses a 
QPE (Quantitative Precipitation Estimation) based on 
four C-band radars over Belgium, at a resolution of 1km 
and a 5-minute frequency.

The adaptive stochastic noise of the STEPS system 
quantifies the uncertainty of the radar extrapolation in 

the first few hours, but information from an NWP en-
semble is required to both the evolution and its uncer-
tainty for longer lead times. Therefore, different sets of 
STEPS-BE members are each blended with a different 
Mini-EPS member, using the scale- and skill-dependent 
blending method of STEPS. This way, both the short-
term error (due to the growth and decay of rainfall cells 
and the advection uncertainty) and the error due to 
larger-scale dynamics and physics of the atmosphere are 
captured by the ensemble members.
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Summerly deep convection and its associated hazards 
pose a significant threat to life, property and economy. 
To improve forecasts of these events, DWD's internal 
project SINFONY (Seamless INtegrated FOrecastiNg 
sYstem) develops an integrated ensemble prediction 
system for seamless forecasts on a convective scale from 
observation time up to +12\,h. The system combines 
observation-based precipitation-nowcasting and nu-
merical weather prediction (NWP) in a spatio-temporal 
seamless way.

Traditionally, nowcasting products are mainly used for 
the first 2\,h of storm-scale forecasting, whereas NWP 
systems are only able to reach or outperform the quality 
of nowcasting at later times. The primary goal of SIN-
FONY is to narrow down this gap by enhancing both 
systems---nowcasting and NWP---separately as well as 
by exchanging information between both techniques to 
serve as a basis for reliable combined products.

To reach this goal, the operational deterministic ra-
dar-based nowcasting system will be extended by an 
ensemble approach to provide probabilistic forecasts. 
Furthermore, simulated environmental conditions will 
be included to assess further convective development. 
The current NWP model-chain will be broadened by 
a rapid-update-cycle (RUC) ensemble with hourly up-
dates. Since radar network observations serve as data 
basis for nowcasting, NWP output is transformed into 
the observational space by a forward operator simulat-
ing radar reflectivities.

The SINFONY framework pursues among others the 
development of an area-based combined product. This 
product provides area-wide precipitation fields and 
respective probabilities. For this, a probabilistic and a 
Bayesian combination approach have been applied. 
The probabilistic method according to Kober et al. 
(2012) utilizes a weighting function based on a long-
term comparative verification of nowcasting and NWP. 
The Bayesian method according to Nerini et al. (2019) 
uses the ensemble Kalman filter and is, thus, based on 
the ensemble spread.

The adaption of the Bayesian combination approach to 
radar reflectivities will be presented and additional mod-
ifications to this approach will be discussed. A compari-
son study between the methods described above will be 
shown for a case study period from May to June 2016 
including several heavy precipitation events.
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At Deutscher Wetterdienst (DWD) a pilot project has 
been set up to start the development of its future Seam-
less INtegrated FOrecastiNg sYstem (SINFONY). The 
focus during the pilot project is on severe summertime 
convective events. One aspect of the project concerns 
the improvement of the existing nowcasting system and 
the extension to an ensemble approach.

The operational radar-based precipitation nowcasting 
at DWD employs the so-called optical flow technique. 
It uses composites of quality-assured terrain-following 
low elevation radar reflectivity measurements. With this 
approach, the motion vector of individual reflectivity 
pixel in the composite is estimated from previous obser-
vations and the position is linearly extrapolated into the 
future. The intensity of advected pixels is kept constant 
during the whole forecast. Deterministic predictions are 
provided in time steps of 5 minutes with forecast peri-
ods of 2 hours and updates every 5 minutes.

To account for the limited predictability of precipita-
tion, especially in convective situations, a transition 
from deterministic to probabilistic nowcasting is neces-
sary. Thus, we extended the aforementioned algorithm 
to an ensemble approach. Two different types of in-
herent forecast uncertainties are addressed: the uncer-
tainty in the propagation of precipitation structures 
(advection uncertainty), and the uncertainty regarding 
strengthening and weakening of precipitation during 
the forecast (dynamic uncertainty).

We propose to assess the advection uncertainty by var-
iation of parameters within the optical-flow approach, 
for example the weighting of the motion of individual 
pixels in comparison to the large-scale motion. We con-
sider the dynamic uncertainty with a scale-dependent 
auto-regressive extrapolation of precipitation intensity 
that is perturbed by correlated stochastic noise in the 
course of the forecast. This approach is based on ideas of 
the Short-Term Ensemble Prediction System (STEPS), 
which exploits the scale-dependence of predictability 
of precipitation. With this method, large-scale precip-
itation (e.g. frontal rain) is predicted to be more persis-
tent than small-scale precipitation (e.g. associated with 
thunderstorms). An ensemble is generated by different 
realizations of stochastic perturbations. We applied sev-
eral modifications to the original STEPS approach, e.g. 
in terms of the ability to reproduce strong precipitation 
within the stochastic perturbations in a computation-
al-efficient manner.

At the conference, we will present results for different 
case studies and the one-month ensemble verification 
for Germany during May and June 2016. This period 
is characterized by a variety of severe convective events 
in particular with respect to heavy precipitation. Expe-
riences that we gain during the real-time test operation, 
started in spring 2020, will also be discussed.
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Wind shear has historically posed a severe risk for avi-
ation. Even though accidents leading to loss of life due 
to wind shear have been significantly reduced thanks 
to shear detection at airports as required by the Inter-
national Civil Aviation Organization (ICAO), hazard-
ous wind conditions still contribute to weather-related 
delays in aviation. According to the European Organ-
isation for the Safety of Air Navigation (EUROCON-
TROL), delays caused by weather conditions have 
increased significantly since 2015. Since observing and 
forecasting wind shear in the vicinity of airports is usu-
ally done by the local meteorological agency for a large 
area and time scale, new tools providing more localized 
and accurate forecasts are required to reduce the delays.

We propose an object-based model for representing 
wind shear associated with convective storms. The gust 
front occurring ahead of the storm is detected from a 
Doppler radial velocity field by a weather radar. The 
model is based on approximating the gust front with a 
curve and establishing additional danger zones around 
the approximation to account for uncertainties in de-
tecting the shear. Furthermore, we apply a nowcasting 
procedure using a Kalman filter for the object propaga-
tion. The model takes into account the possible merg-
ing and splitting of shear objects during their evolution, 
based on the distance between the objects and their 
lengths. Additionally, an estimate for measurement 
noise in the Kalman filter is derived based on the under-
lying radial velocity field.

Object-based modelling has several advantages com-
pared to grid-based detection of wind shear. The ob-
ject-based approach allows combining the wind shear 
detected by different instruments, such as Doppler ra-
dars and lidars, with other weather observations. The 
model can localize the shear exactly in time and space, 
and also predict its propagation. Therefore, the model 
can, for example, forecast the risk of overlap between 
the wind shear trajectory and aircraft flight paths.

The object-based modelling and nowcasting procedure 
is demonstrated with a case study of the Kiira storm 
that passed over Southern Finland on August 12, 2017. 
The storm posed a severe risk for aircraft landing at the 
Helsinki Airport that fortunately did not result in any 
accidents. It did, however, cause several hours of delays. 
We detect the gust front associated with the storm with 
two weather radars and track its propagation from 30 
minutes before it reached the airport. Moreover, we 
discuss the benefits of the presented methodology in 
reducing the storm effects on air traffic.

Jenna Ritvanen1, Jarmo Koistinen1, Terhi Mäkinen1, Seppo Pulkkinen1, Dmitri Moisseev2
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Storm cell identification and tracking help to monitor 
the evolution of storm and are practically useful for se-
vere weather detection, forecasting, and warning. For ex-
ample, the microburst detection and prediction can be 
greatly improved using the storm tracking results com-
bined with the radar data analysis. Traditional storm 
tracking algorithms are generally based on the two ap-
proaches: the centroid-based tracking method and the 
cross-correlation method. The former approach may 
not be efficient in tracking multiple storm cells, espe-
cially clustered cells in the storm. The latter approach 
can provide a better tracking for extended precipitation 
area (e.g., stratiform) but has less effective tracking of 
isolated storms than the former approach. Recently, 
scientists from the Cooperative Institute for Mesoscale 
Meteorological Studies (CIMMS) and National Severe 
Storms Laboratory (NSSL) have developed a novel algo-
rithm for multi-cell identification and tracking (MCIT), 
which is different from these two approaches. This al-
gorithm benefits from the polarimetric radar data and 
the advanced image processing method of a watershed 
transform. It tracks the local maxima of vertically inte-
grated liquid (VIL) water by segmenting continuous 
VIL region into distinct objects and comparing the max-
imum common VIL for consecutive radar scans. As a re-
sult, this algorithm is able to identify and track well both 
isolated and clustered cells and effectively treat merging 
and splitting of individual cells. Moreover, it improves 
the multi-cell tracking through the whole storm lifetime, 
including the initial and dissipation stages.

The Enterprise Electronics Corporation (EEC) have in-
troduced the storm tracking capability to the radar sys-
tems for a long time. The legacy algorithm used by the 
EEC radars is a centroid-based one. In order to improve 
the detection and tracking of multi-cell, EEC worked 
together with CIMMS/NSSL scientists to adapt the 
MCIT for the use with EEC radars. The preliminary 
tests of the implemented algorithm show its good per-
formance and the evolution of tracked cells match well 
the expected physical process in the storms.
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Precipitation systems (heavy rains, localized rains, etc) 
accompanied by lightning cause a lot of social and eco-
nomic damages, and these damages were particularly 
concentrated in summer. In order to minimize the 
damage caused by lightning, it is necessary to analyze 
the causes of lightning and to study the lightning sig-
nals in advance. Many previous studies have been con-
ducted using polarimetric radar variables, such as the re-
flectivity (Z), the differential reflectivity (ZDR) and the 
specific differential phase(KDP), as lightning indicator 
[Carey and Rutledge, 1996; López and Aubagnac, 1997; 
Lund et al., 2009; Mattos et al., 2016].

Korea Meteorological Administration(KMA) has been 
operating the new LINET (LIghtning NETwork) sys-
tem (Nowcast, Germany) at 21 locations to monitor 
lightning strikes on the Korean Peninsula in real-time, 
since September 2015. The LINET system observes CG 
(cloud-to-ground lightning) and CC (cloud-to-cloud 
lightning) using TOA (Time-Of-Arrival) method and 
the VLF/LF frequency. And the system records only 
the lighting data detected at five or more points simul-
taneously. The reliability of the lightning detection ob-
served on the Korean Peninsula is about 95%, and the 
accuracy of the minimum detection location is 150m to 
250m [Han et al. 2017].

This study investigated the characteristics of lightning 
by using 3-dimentional data (radar polarimetric varia-
bles, temperature) as the preliminary study for detect-
ing pre-signals of lightning. We analyzed the correlation 

between temperature data and radar (Z, ZDR, KDP, 
ρhv) and investigated the characteristics between ra-
dar variables around lightning strike. In addition, the 
characteristics of dual-polarimetric radar variables were 
analyzed with the lightning intensity range, which was 
distinguished by the percentiles of the density of light-
ning intensity.

In future work, we will conduct a study to detect the 
signal of the first radar echoes to the time of lightning 
starts, using the characteristics of the dual-pol radar var-
iables when lightning strikes. The results of this study 
are expected to improve the accuracy of hazardous 
weather detection and prediction.
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Lightning jumps can occur in intense thunderstorms 
from few minutes to some tenth of minutes before the 
onset of severe convection characterized for example by 
hail. Over the last few years some algorithms have been 
developed to exploit the potential of lightning jump for 
nowcasting severe thunderstorms and to increase the 
lead-time of real-time warnings. These algorithms main-
ly ingest data of total lightning detection networks over 
flat or hilly terrain, whereas a study over the mountain-
ous orography of the Alps was until now missing. A ro-
bust, 5-year statistical analysis of thunderstorm cells and 
total lightning data from an operational ground-based 
lightning detection network was performed to fill this 
gap. About 6000 hailstorms were automatically detect-
ed and tracked by the Thunderstorms Radar Tracking 
(TRT) algorithm based on volumetric radar data from 
the MeteoSwiss network, and compared to more than 
36’000 non-severe convective storms. Results show an 
average lead-time of the lightning jumps to hail initia-
tion inside the storm cells of about 20 minutes.

Based on these findings, for nowcasting and warning pur-
poses, MeteoSwiss has developed a real-time prototype 
algorithm for the automatic lightning jump detection 
and display. It uses the total lightning rate from the op-
erational network to identify the occurrence of lightning 
jumps based on a modified classical 2-sigma method. For 
each cell identified automatically by TRT, the continu-
ous value of the sigma-level, a metric of lightning jump 
strength, is also computed and visualized for the forecast-
ers in real-time with an update of 2.5 minutes.

In this paper the nowcasting potential of lightning 
jumps is discussed based on a 5-year statistical study, 
and a first real-time prototype is presented. The new 
algorithm will be integrated in the convection nowcast-
ing and warning systems already in use at MeteoSwiss 
such as TRT, COALITION, NowPAL, NowPrecip 
and INCA.

Alessandro Hering1, Luca Nisi1, Ulrich Hamann1, Urs Germann1

THE POTENTIAL OF LIGHTNING-JUMPS 
FOR NOWCASTING HAILSTORMS IN THE 
ALPINE AREA
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The Remote Sensing of Electrification, Lightning, 
and Mesoscale/Microscale Processes with Adaptive 
Ground Observations (RELAMPAGO) international 
field campaign occurred from June 1, 2018, to April 30, 
2019, in an area of Argentina where some of the most 
intense storms on the planet have been observed. The 
RELAMPAGO domain is also known as a hotspot for 
lightning activity in South America. RELAMPAGO 
brought together over 150 scientists and engineers from 
10 organizations with the main focus of collecting data 
to investigate various characteristics of and develop new 
models for forecasting extremely intense storms. These 
models can potentially lead to significant savings of lives 
and resources.

About 240,000 incidents of lightning strikes occur 
worldwide each year, resulting in several thousands of 
deaths. The measurement range, resolution, and vol-
umetric nature of weather radar observations provide 
valuable data that are inherently different from those 
provided by currently operational lightning detection 
networks. Weather radar observations can be also used 
to estimate ice mass aloft.

A unique model for providing short-term automated 
forecasts (nowcasts) of lightning using weather radar 
data was recently developed. This model estimates ice 
mass aloft, which is known to be a key component in 
the atmospheric electrification process, using a novel 
dynamic numerical optimization approach. Then, a 
radar-based nowcasting technique is applied to these 

dynamically estimated ice mass data to make nowcasts 
of lightning flash-rate density and first-flash lightning 
occurrences. This method uses a grid-based approach to 
make specific nowcasts of lightning in space and time. 
The method was developed and shown to be effective 
using Weather Service Radar-1988 Doppler radar and 
National Lightning Detection Network lightning data 
collected during a severe convective storm event ob-
served near Fort Worth, Texas, in 2014.

This presentation describes this lightning nowcasting 
model and its efficacy using C-band weather radar and 
Global Lightning Dataset data from RELAMPAGO. 
Results of nowcasting lightning flash-rate density and 
first-flash occurrences using three models will be shown 
and compared: the dynamically optimized weather 
radar-based ice mass model, the traditional weather 
radar-based ice mass model, and nowcasting lightning 
flash-rate density directly.

Evan Ruzanski1, V. Chandrasekar2, Ivan Arias2

FORECASTING LIGHTNING  
DURING RELAMPAGO  
USING WEATHER RADAR DATA

1Vaisala, United States; 2Colorado State University, United States

Lake Victoria in East Africa supports the livelihood of 
250,000 fishermen and it is estimated that 3000–5000 
drown per year; partially the result of strong thunder-
storm winds capsizing their small boats. The Tanzania 
Meteorological Agency operates an S-band, one degree 
polarimetric radar in Mwanza, Tanzania, along the 
south shore of Lake Victoria.

This paper will discuss convective storm initiation and 
evolution over Lake Victoria and its basin as observed by 
this radar. Because of the extensive height of these thun-
derstorms, the Mwanza radar, as verified by lightning 
data, detects most of the thunderstorms to ranges be-
yond 300 km which is the length of the lake. Unexpect-
ed is the detection of clear air echo to ranges ≥100 km 
over the lake that makes it possible to observe low-level 
winds, gust fronts, land breezes and other convergence 
lines near the surface of the lake. These boundaries are 
shown to be largely responsible for the initiation and 
evolution of these thunderstorms. This paper will pres-
ent the various thunderstorm initiation and evolution 
modes that occur. For example 1) the formation of land 
breeze convergence lines over the water and subsequent 
storm initiation, 2) dissipation of land thunderstorms 
as they approach the lake shore, 3) the initiation of 
thunderstorms on the collision of a gust front with a 
land breeze boundary, and 4) the frequent initiation of 
thunderstorms by unknown boundaries.

James Wilson1, Rita Roberts1

LAKE VICTORIA THUNDERSTORMS 
PART 1 :  RADAR OBSERVED INITIATION 
AND EVOLUTION MODES

1National Center for Atmospheric Research, United States
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As noted in the abstract titled: “Lake Victoria Thun-
derstorms Part 1”, strong thunderstorms and associated 
winds over Lake Victoria are responsible for capsizing 
small boats and ferries, resulting in >3000 human fa-
talities annually over the lake. The Tanzania Mete-
orological Agency’s S-band, one-degree, polarimetric 
radar located in Mwanza, has the ability to detect and 
monitor a variety of convergence lines that are respon-
sible for the initiation and evolution of Lake Victoria 
Basin (LVB) thunderstorms. During the period from 
March-December 2019, a field campaign was conduct-
ed over LVB as part of the HIGH Impact Weather lAke 
sYstem (HIGHWAY) Project under funding from the 
WMO and the UK Department for International De-
velopment (DFID). This field campaign provided an 
enhanced period of data collection of all operationally 
available datasets. These datasets include the Mwanza 
radar, three networks of surface stations, daily radio-
sonde launches from the Nairobi, Kenya, EarthNet-
works commercial lightning data, and the EUMETSAT 
satellite imagery. During February of 2020, additional 
radar data was collected by the Vaisala C-Band radar 
near the Entebbe Airport in Uganda.

Lake Victoria Thunderstorms Part I explores how 
storms initiate over LVB and evolution patterns that 
were observed during the field campaign. In this paper 
(Part 2), we focus on how these datasets can be used by 
forecasters to nowcast thunderstorms and severe weath-
er over the lake. The overarching objective of  HIGHWAY 
is to develop a regional Early Warning System (EWS) for 

LVB for use by all forecasters in the region. The NCAR 
TITAN tracking algorithm has been run on the full set 
of Mwanza and Entebbe radar data collected during the 
field campaign and provides a comprehensive climatol-
ogy of storms tracks and precipitation accumulations. 
We will also present the low-level wind magnitudes as-
sociated with the thunderstorm outflows in relation to 
wind thresholds documented in the literature as critical 
for producing large wave heights. The utility of the TI-
TAN nowcasting software will be discussed along with 
other nowcasting tools such as the Rapidly Developing 
Thunderstorm (RDT) product and EarthNetwork cli-
matologies (Virts et al 2020) for providing reliable time 
and place specific nowcasts of severe storms in the re-
gional EWS. During the field campaign, the UK Met 
Office ran a 4 km Tropical African model with explicit 
convection. Its utility for inclusion in an EWS for LVB 
will also be discussed.

Rita Roberts1, James Wilson1

LAKE VICTORIA THUNDERSTORMS 
PART 2:  NOWCASTING

1National Center for Atmospheric Research, United States

The Czech weather radar network (CZRAD) consists 
of two radar sites, both the sites have been dual-polari-
zation C-band radars since 2015. This fact allows us to 
use polarimetric radar measurements for many purpos-
es, including a better correction for attenuation which 
can give us better data of precipitation estimations, bet-
ter erasing of ground clutters and WLAN interference. 
Use of polarimetric data also allows us identification of 
updrafts of the convective storm cells based on detec-
tion of so called ZDR-columns. These are column-like 
features with positive ZDR values which can reach alti-
tudes up to a few kilometers above the freezing level be-
cause of presence of liquid water droplets in the warmer 
updraft air and also their ability to stay in supercooled 
state for some time in a rapidly rising air parcel. This 
study is continuation of our previous work on poten-
cial of polarimetric data usage for a better estimation of 
storm cores behaviour, especially their tendency to get 
stronger or weaker in the next 5 to 15 minutes based on 
the detection of ZDR-columns. Such knowledge could 
notably help forecasters with issuing their severe weath-
er warnings, especially in cases of local flash floods and 
severe hailstorms.
In this analysis we have used data from more cases of 
severe weather than in previous poster presented at 
ERAD 2018. We have used older cases from years 2016 
and 2017, but newly we have added also some selected 
cases which occurred during the years 2018 and 2019. 
We studied the ability of data from ZDR-column de-
tection (its area, vertical development, integrated spatial 

volume and also their temporal variations) to predict 
intensity of the convective storm and its accompanied 
phenomena in the next tens of minutes. We also tried 
to find weak points of this type of product and possible 
ways how to reduce them as much as possible.

David Rýva1

USABILITY OF ZDR-COLUMN HEIGHT 
PRODUCT FOR BETTER ANALYSIS OF 
CONVECTIVE STORMS AND THEIR 
HAZARDOUS BEHAVIOUR
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Convective weather systems are commonly associated 
with multiple hazards, such as flooding, hail, down-
bursts, and lightning that in many cases generate large 
damage and response actions for civil protection oper-
ators. Automated methods for producing nowcasts of 
convective weather induced multi-hazards would facil-
itate the work of civil protection and rescue authorities 
in protecting society from material losses and loss of 
lives.
In this study, we present ongoing work from an EU 
UCPM funded TAMIR-project (2020-2022), which 
develops tools for pro-active management of impacts 
and risks induced by convective weather, heavy rain and 
flash floods in Europe. In a task dedicated to nowcasting 
hazardous impacts and risks of convective storms, tools 
for regional and local civil protection professionals to 
prepare for upcoming convective weather induced haz-
ards are developed and demonstrated amongst the civil 
protection professionals.
The overall process consists of: 1) Identifying storm 
cells from weather radar CAPPI images using a fixed 
radar reflectivity threshold applying a morphological 
closing operation to smooth the structure of the iden-
tified cells. 2) Grouping nearby cells into clusters and 
establishing smoothed tracks of the clusters considering 
also the splits and merges of the tracked storm objects 
using a Kalman filter approach. 3) Estimating the dam-
age potential of storm objects using a machine learning 
based storm severity classification model, where ar-
chived weather-related emergency reports and meteor-

ological data from weather stations, lightning detection 
network, and weather radar observations are used as 
learning data. 4) Producing probabilistic nowcasts for 
future locations of the storm objects labelled as poten-
tially hazardous using the Kalman filter model. 5) Com-
bining the hazard nowcast with vulnerability informa-
tion to provide civil protection professionals tools for 
risk assessment and preparedness management. 6) Visu-
alizing the hazard and risk nowcasts on civil protection 
platforms in real time.
Active communication and cooperation with civil pro-
tection professionals regarding e.g. existing practices 
and measures for maintaining and adjusting prepared-
ness state, existing criteria for raising operational readi-
ness level, and optimal color coding for warnings forms 
a key mechanism to ensure usability of the final product 
and thus the maximum benefit for the civil protection 
organizations. It is envisaged that tools such as the one 
developed here increase the preparedness capabilities of 
not only local but also national level civil protection or-
ganizations, by allowing proactive rather than reactive 
response to imminent hazards triggered by convective 
storms in vulnerable locations.

Tero Niemi1, Annakaisa von Lerber1, Teemu Veneskari2, Jenna Ritvanen1

IMPROVING CIVIL PROTECTION 
PREPAREDNESS BY NOWCASTING 
HAZARDOUS IMPACTS OF CONVECTIVE 
STORMS

1Finnish Meteorological Institute, Finland; 2Kymenlaakso Rescue Department, Finland

To improve the prediction accuracy of lightning now-
cast, we evaluated the lightning indices using dual-po-
larization radar. Using a dual-polarization radar at Nari-
ta Airport in Japan, we targeted thunderstorms that 
occurred around the airport for two years in 2017 and 
2018. Narita Airport has C-band dual-polarized radar 
with every 5 minutes volume scan. Adapting the hydro-
meteor classification algorithm (Umehara et al. 2019) to 
the dual-polarization radar, we compared the particle 
distribution and the lightning observation in thunder-
storms. The 35dBZ radar echo volume and identified 
hail volume, which are used as lightning indices in pre-
vious studies, are evaluated. In addition, the volume of 
the ice-related particle including snow, ice, and graupel 
is also investigated. The relationships between lightning 
flash and lightning indices are statistically compared. 
The result showed that the ice-related volume has the 
best correlation coefficient.

Syugo Hayashi1, Akihito Umehara1, Nobuhiro Nagumo2

NOWCASTING CLOUD-TO-GROUND 
LIGHTNING OVER NARITA AIRPORT 
USING DUAL-POLARIZATION RADAR

1Meteorological Research Institute, Japan; 2Japan Meteorological Agency, Japan
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Low-level moisture is critical to study convection initia-
tion, storm evolution and boundary layer processes. In 
order to better understand the highly variable moisture 
in nature, there is always a demand for high spatiotem-
poral resolution moisture observation. The refractivity 
maps retrieved from weather radars and ground targets 
is as a proxy of two-dimensional near-surface moisture 
field. This high-resolution refractivity map can bridge 
the data gap of low-level thermodynamic environments 
on meso-gamma scale.

In this study, we analyze the characteristics of refrac-
tivity in a summertime tropical coastal environment. 
The refractivity ranges from 350 to 400 N-units here. 
More than 80% change of the near-surface refractivity 
is caused by the water vapor variation. The spatial and 
temporal variabilities of refractivity under two weather 
types are further discussed.

1) Under the weak synoptic forcing period, the average 
diurnal variation of refractivity is about 30 N-unit. The 
spatial variability within the radar refractivity coverage 
is about 10 N-unit, which suggests the inhomogene-
ous thermodynamic distribution associated diurnal 
evolving land-sea breezes and the land-atmospheric in-
teraction. The refractivity maps illustrate the different 
moisture distributions by various sea breeze transpor-
tation and their impact on the following foothill after-
noon-thunderstorm initiation.

2) In the monsoon-induced rainfall events, an increas-
ing tendency of refractivity (moisture) is generally ob-
served prior to the arrival of the convective system. The 
inhomogeneous refractivity fields show the moisture 
gradient between the environment and the convective 
system (or the cold pool). This environmental thermo-
dynamic condition is associated with the consequent 
growth or decay of the convection system. In the rain, a 
higher average value of refractivity (~390 N-unit) is ho-
mogenous distributed.

Ya-Chien Feng1, Hsiu-Wei Hsu2, Tammy Weckwerth1, Pay-Liam Lin2, Yu-Chieng Liou2

THE VARIABILITY OF  
NEAR-SURFACE MOISTURE 
DISTRIBUTION OBSERVED FROM 
RADARS

1National Center for Atmospheric Research, United States; 2National Central University, Taiwan

At Deutscher Wetterdienst (DWD) the pilot project 
SINFONY (Seamless INtegrated FOrecastiNg sYstem) 
has been set up for the development of a new ensem-
ble-based forecasting system that integrates nowcasting 
techniques with numerical weather prediction (NWP) 
in a seamless manner with a focus on severe summer-
time convective events and a forecast range up to 12 
hours.

The improvement of existing nowcasting systems and 
their extension by an ensemble approach is an integral 
part of SINFONY. The newly developed deterministic 
cell detection, tracking and forecasting system KON-
RAD3D for object-based nowcasting at DWD is based 
on observed, quality assured radar volume data and uses 
an adaptive-threshold detection as well as a Kalman fil-
ter for the cell tracking and forecasting. It is utilized for 
the generation of an object-based nowcasting ensemble 
to correctly asses the uncertainty of cell position and se-
verity forecasts. The major and most elusive source of 
uncertainty is the cell evolution. For the cell area over 
time it is taken into account by assuming a parabola 
shape opening down with the maximum area and cell 
lifetime as parameter. Another large part of uncertain-
ty in KONRAD3D stems from the range of suitable 
algorithm parameters, mainly the adaptive detection 
thresholds and the Kalman-filter process noise. This 
uncertainty is captured by clustering cells from runs 
with varied parameters. The developed object-based 
nowcasting ensemble system filters cell positions and 
cell life-cycle information in an ensemble transform 

Kalman filter for a stable track and forecast including an 
estimate of the cell evolution and its uncertainty. Case 
studies involving severe convective events in Germany 
during May and June 2016 are presented.

Robert Feger1, Manuel Werner1, Rafael Posada1, Kathrin Wapler1, Ulrich Blahak1

GENERATION OF AN OBJECT-BASED 
NOWCASTING ENSEMBLE

1Deutscher Wetterdienst, Germany
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Rapid-scan, polarimetric, Doppler radar (RaXPol, Uni-
versity of Oklahoma) observations of 10 tornadic super-
cells in the Central Plains states of the U.S. are used to 
identify storm-scale processes and features including de-
scending reflectivity cores (Rasmussen et al. 2006), rear 
flank internal momentum surges (Lee et al. 2004, Hirth 
et al. 2008), storm mergers (Wurman et al. 2007), the 
low-reflectivity ribbon, (Snyder et al. 2013; Kosiba et 
al. 2013), and misovortices present along the rear flank 
and forward flank gust fronts (Bluestein et al. 2007, Orf 
2017) while the storm is producing a tornado. Qualita-
tive observations describing the storm-scale features are 
made and the frequency and duration of the features’ 
presence are documented. Furthermore, the intensity 
and the distance between the velocity extrema of the 
tornado at low-levels are quantified by determining 
the maximum inbound and outbound Doppler veloc-
ities and their latitude/longitude location over the full 
duration of the tornado for which data were collected. 
Then, times when storm-scale features exist are put into 
context with trends in tornado intensity and width to 
determine if there are qualitative relationships between 
the occurrence or presence of storm scale features with 
tornado intensification or weakening. Further statistical 
testing quantifies these relationships.

Jana Houser1, Howard Bluestein2, Zachary Wienhoff2, Jeffrey Snyder3

CORRELATIONS BETWEEN TORNADO 
INTENSITY AND STORM-SCALE 
PROCESSES OBSERVED BY A RAPID-
SCAN, POLARIMETRIC DOPPLER 
RADAR

1Ohio University, United States; 2University of Oklahoma, United States; 3National Severe Storms Laboratory, 
United States
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Radar-based mesocyclone detection using Doppler 
velocity data aims to identify rotation in convective 
storms. Existing algorithms are mainly tailored to radar 
scan strategies that allow for high Nyquist velocities 
and thus reliably dealiased wind fields. In Switzerland, 
where the Alps cover a large portion of the country, ra-
dar measurements are notoriously difficult and the cur-
rent scan strategy favors a high temporal resolution and 
large range coverage over the Nyquist velocity. Doppler 
measurements are often difficult to interpret due to the 
low Nyquist velocities employed and the severe shears 
and turbulence often observed. The interleaved scan 
strategy allows for a full volume update every 5 minutes 
and a partial update every 2.5 minutes. The high tem-
poral resolution allows the close observation of rapidly 
changing dynamic situations. The developed algorithm 
is tailored towards the Swiss operational radar network, 
making use of the synchronized scan strategy and com-
bining the detections from multiple radars to mitigate 
terrain blocking.
To reliably identify rotation in measurements with low 
Nyquist velocities, we implement the novel dealiasing 
algorithm R2D2 (Region-based Recursive Doppler 
Dealiasing). Rotation is approximated by the azimuthal 
shear of the Doppler velocity field. To avoid range-de-
pendent artifacts the linear-least squares derivative 
(LLSD; Mahalik et al., 2019) technique is implemented.
The identification of consistent rotation areas is based 
on region-growing image segmentation with multiple 
thresholds. After isolating 2-D rotation areas, the de-

tections of all available radars are merged, maximising 
the ability to detect rotation from different viewpoints. 
Thereafter, vertical continuity is imposed, rejecting all 
rotational areas that have been detected in less than 
three levels. Finally, object tracking in time identifies all 
consistent rotation objects of one timestep and relates 
them to those identified in the next. With the aid of mo-
tion vectors, that predict the propagation of reflectivity 
signatures, the object positions are estimated and com-
pared. Rotational objects persisting less than 15 minutes 
are also rejected. The remaining objects are classified as 
mesocyclones. Their strength rank is determined by 
their size and rotational velocity and provides a useful 
warning tool in operational weather forecasting.

Mahalik, M. C., Smith, B. R., Elmore, K. L., King-
field, D. M., Ortega, K. L., & Smith, T. M. (2019). Es-
timates of Gradients in Radar Moments Using a Lin-
ear Least Squares Derivative Technique. Weather and 
Forecasting, 34(2), 415–434. https://doi.org/10.1175/
waf-d-18-0095.1
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REGIONS
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Kramar et al. (2005), using close-range mobile 
(non-Doppler) radar observations and highly idealized 
numerical simulations, described and explained the 
formation of a radar signature sometimes observed at 
the rear of developing supercells, which they named the 
“Owl Horn” echo, owing to its similarity in appearance 
to the Great Horned Owl. Since then, our radar group 
has documented more examples of this signature, but 
with more complete data from a rapid-scan, X-band, 
polarimetric, mobile Doppler radar (RaXPol) (Pazma-
ny and Bluestein 2013). In addition, these features also 
have been observed by nearby WSR-88D and TDWR 
radars. We also have documented mirror-image, coun-
ter-rotating vortices on the left flank of developing su-
percells, which may be associated with the traditional 
cyclonic-anticyclonic couplet produced at the edges of 
updrafts in growing cumulus towers, but to the best of 
our knowledge never before linked to hook-like radar 
reflectivity signatures. In this talk we will present more 
detailed observations of the wind field and evolution of 
these radar signatures than we have in the past.

Howard Bluestein1, Matthew Kramar2, Dylan Reif1, Zachary Wienhoff1

DOPPLER RADAR-OBSERVED 
STRUCTURE OF COUNTER-ROTATING 
VORTICES AT THE REAR OR LEFT 
FLANK OF DEVELOPING SUPERCELLS

1School of Meteorology, University of Oklahoma, United States; 2National Weather Service Forecast Office, 
Pittsburgh, PA, United States
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There are many natural disasters over the Korean Penin-
sula such as heavy rainfall and typhoon, of which hail is 
especially difficult to be predicted and can cause a lot of 
damage in many part such as agriculture, aviation fields, 
and human life, etc. Hail is mainly generated with-
in strong convective cells and is frequently observed 
on the ground in spring (March to May) and autumn 
(October to December). In particular, hail from strong 
convective cells that develop suddenly can occur with-
in 30 minutes. Therefore, detecting pre-signals of hail 
developing will help predict hail and reduce damage 
from hail. While hail is observable when it falls on the 
ground, it is difficult to observe the hail from the upper 
atmosphere. So, many researchers have conducted stud-
ies to detect hailstones using volumetric radar data.
In this study, 3-dimensional gridded polarimetric radar 
data utilizing a dense radar observation network on 
the Korean Peninsula and other variables derived from 
radar data such as VIL (Vertically Integrated Liquid 
water), UVIL (Upper-level VIL), Echo Top, and hy-
drometeor classification data were used to detect hail 
signals. We analyzed the characteristics of polarimetric 
radar measurement for the hail cases from Korean pen-
insula, and detected the pre-signals of hail occurrence 
by analyzing characteristics of radar data from before to 
after occurring hail. In addition, comparative analysis 
was performed on cases where hail does not fall or fall 
in similar environments. In the analysis, ground obser-
vations and other reported information about hail were 
used to verity the existence of hailstones.

As a result of the analysis, the vertical cross-section 
shows high reflectivity and low differential reflectivity 
areas (“Hail area”) appeared above the melting layer 
during hail development. And Hail area was gradually 
widened and expanded below the melting layer with 
low cross-correlation coefficient during the hail growth. 
Especially hail occurred in the high reflectivity area with 
high UVIL values (temperature between approximately  
-20 and -10 ℃elsius degree). Also, it can be expected the 
time when hail falls on the ground from the lowest alti-
tude change of the Hail area.
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On the basis of the dual-pol information, a hydrometeor 
classification will be developed within the project HYMID, 
to determine the precipitation type within the measuring 
volume. Special attention is given to (a) the detection of hail 
and the estimation of hail size, and (b) the estimation of the 
precipitation type which finally reaches ground level. The 
mostly alpine conditions in Austria, which complicate radar 
measurements on one side and frequently lead to substan-
tial distances between the lowest radar beam and the surface 
on the other side, hereby pose an additional challenge.
The results shall finally improve the data quality as well 
as enable the generation of new radar products which im-
prove downstream applications – like weather warnings, 
weather forecasts and the analysis of precipitation amounts.

NWP data is used to estimate the surface precipitation 
type from the measurements aloft. The hail size estimation 
is based on insurance data, spotter reports and Machine 
Learning methods. Station data, spotter reports, insurance 
data and Mode-S data provide comparative data to evalu-
ate the results.

This work is done within the three-year FFG project 
HYMID and is supported by the Austrian radar data 
provider Austro Control and the insurance companies 
Oberösterreichische Versicherung and Österreichische 
Hagelversicherung.

An overview and some preliminary results of the project 
with emphasis on the hail size estimation and the vertical 
hydrometeor type adaption will be presented.

Lukas Tüchler1, Vera Meyer1, Rudolf Kaltenböck2

CLASSIFICATION OF SURFACE 
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At the Swiss national weather service, forecasters use an 
ingredient based approach to estimate the danger of hail 
and send respective severe weather warnings. Amongst 
the tools are automatically tracked thunderstorms 
(thunderstorm radar tracking TRT), their nowcasted 
future positions and the latest radar-based estimations 
of hail and crowdsourced hail reports. However, recent 
advances in statistical methods allow us to use machine 
learning to provide an estimate of the development 
of hail hazard. Therefore, the aim of this project is to 
provide forecasters with an improved hail nowcasting 
model.
For all tracked thunderstorms in the summer of 2018, 
we gathered 12 different statistics (min, max, mean, 
median, standard deviation and several percentiles) on 
variables describing the thunderstorms and the envi-
ronments along their paths for each 5 minute time step. 
These variables consist of satellite, radar and lightning 
observations, NWP model data, topography, time, 
and thunderstorm position and movement. The posi-
tions of the thunderstorms for the last 45 minutes are 
retrieved using a modified Lucas-Kanade optical flow 
algorithm (see the open-source library https://pysteps.
github.io/, Pulkkinen et al, 2018). We then extracted 
the maximum values of POH (probability of hail) and 
MESHS (maximum expected severe hail size) along the 
future positions of the thunderstorms to serve as pre-
dictands (the target variables).
Using the state-of-the-art gradient boosted tree algo-
rithm “XGBoost”, we then train models to nowcast 

POH and MESHS with a lead time of up to 45 min-
utes. We also diagnose which combination of predic-
tors contains most information for the nowcasting of 
hail for different lead times. First results show that for 
all lead times, machine learning models provide a better 
hail nowcast than Lagrangian persistence. For short lead 
times (5-10min), few predictors have a strong impact on 
the skill in predicting hail. These predictors are main-
ly radar-based variables. For longer lead-times, a larger 
number of predictors is necessary to produce a skillful 
nowcast.
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In this work an analysis of a severe storms episode (3th 
june 2018) is performed focusing on Euskalmet Radar 
products.

During this event Basque Country area is affected by a 
cut-off low situated in the northwest of the Iberian Pen-
insula, generating instability in all the peninsular can-
tabric area. At surface a low pressure center is located at 
same place with a slightly movement to the south-east. 
An instability line first and an occluded front later, asso-
ciated with that depression, affect our territory promot-
ing severe storms.

During this event, as a consequence of severe storms ef-
fects, very heavy showers are produced at different plac-
es in the territory. The precipitation amounts in very 
short time periods caused considerable and widespread 
material damage in the areas affected by the storms.

In this work the synoptic and mesoscale characteristics 
are discussed, analysing different data available in the 
studied area. With particular focus on mesoscale range 
and the use of data and products based on the opera-
tional Euskalmet Radar. This radar is a METEOR 1500 
Doppler Weather Radar with Dual polarization capa-
bilities, based on a Klystron transmitter system, operat-
ing in C-band frequency.

Joseba Egaña1, Santiago Gaztelumendi1, Aurelio Diaz de Arcaya1

USING EUSKALMET RADAR DATA 
FOR ANALYSIS OF A SEVERE STORMS 
EVENT IN BASQUE COUNTRY: THE 3TH 
JUNE 2018 CASE
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Currently, it is a matter of great concern to understand 
a spatial activity of deep atmospheric convection with-
in mountains in mid-latitudes. The process of cluster-
ing thunderstorms into long-lived systems or rotating 
supercells over complex terrain and its vicinity has re-
ceived a little research attention to date. The project in 
collaboration between Slovak and Czech meteorologists 
entitled “Dynamics of convective storms over complex 
terrain in the Western Carpathians” consists of three 
main concerns: a spatial distribution of convective 
precipitation; a life cycle of supercell thunderstorms; 
a capability of numerical weather prediction model to 
forecast severe convection storms in mountainous are-
as. The second part deals with potential spatial patterns 
and orographic effects on supercells occurrence within 
mountains. The aim of this step is the precisely analy-
sis of a bond between supercells occurrence – convec-
tive environment – terrain characteristics, searching for 
cases, in which mountains can enhance the potential 
for supercell’s formation in their close proximity. The 
area of interest covers a geomorphological unit of the 
Western Carpathians (the highest part of the Carpathi-
an range) within the domain of the effective Slovak 
weather radar network range (300 x 500 kilometers). 
Approximately 60 supercell events in a warm half of the 
years 2015 – 2019 are studied. Multiple events are cho-
sen due to lightning data from LINET (SHMI), Blit-
zortung (Blitzortung.org) and European Severe Weath-
er Database (ESWD) in area with altitude higher than 
250 meters above sea level which represents a vicinity 

of mountains. Digital elevation model is described by 
the specific morphometric characteristics (e.g. altitude). 
Based on ERA-interim reanalysis as initial and bound-
ary conditions, basic fields of physical quantities (e.g. 
dew point) and pre-supercell indicators (e.g. wind shear) 
are performed using NWP model COSMO during the 
events. COSMO is the non-hydrostatic compressible 
model with the 2.8 km grid-spacing and 50 atmospheric 
model levels up to a height of 20 km. The products of 
simulations (starting time at 00 UTC) are statistically 
compared with spatial changes in the maximal vertical 
reflectivity or Doppler radial velocity of radar detection 
(representing a life cycle of supercells) and with basic 
morphometric characteristics of the topography using 
DEM with appropriate spatial resolution. In addition, 
maximal vertical reflectivity is simulated to verify the 
COSMO‘s capability of forecasting severe convection 
storm activity in a mountainous region.
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Ground-based remote sensing data are essential for the 
nowcasting of severe weather, such as thunderstorm 
and hail events. For the detection of hail, different pa-
rameters are in operational use.

Within this contribution, the results of radar and 
lightning data analyses at Deutscher Wetterdienst are 
shown. Modern radar data products can help to rec-
ognise hazardous weather situations. Output derived 
from 3D volume radar data, e.g., maximum reflectivity, 
vertically integrated liquid (VIL) and vertically integrat-
ed ice (VII), has proven to indicate the thunderstorm 
development and hail formation appropriately. In the 
recent years, lightning data (lightning jump) and hydro-
meteor classification products have become more and 
more important.

This contribution will demonstrate how the different 
radar parameters and hydrometeor classification prod-
ucts are related and how their combined operational use 
can help to extract hail and graupel information, so that 
the lead time for weather warnings can be increased. 
Some case studies also show that a sudden increase in 
lightning activity is linked with the occurrence of hail 
events.

Tim Böhme1

HAIL DETECTION USING GROUND 
BASED REMOTE SENSING DATA
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The Verification of the Origins of Rotation in Torna-
does Experiment – Southeast (VORTEX-SE) provides 
a wealth of long-duration, high-resolution, vertically 
pointing observations from active and passive ground-
based remote sensing systems enabling characterization 
of the Atmospheric Boundary Layer (ABL) develop-
ment over distinct regions that are well known for their 
relatively high tornado frequency.

Application of the Extended Kalman Filter (EKF) to BL 
height estimation in the convective regime (CBLH) of 
the diurnal cycle from S-band radar observations (Lange 
et al. 2015) has shown to yield accurate results under 
simple CBL conditions. In this work, we revisit the ra-
dar-EKF technique and investigate its main limitations. 
For example, during daytime clear-sky conditions such 
as those prevailing in the BL morning transition, weak 
turbulence leads to very low reflectivity returns, limit-
ing application of this technique. Additionally, turbu-
lent mixing layers capped with a residual layer, and/or 
multi-layer scenarios can lead the filter to lose track of 
the BL signature over time.

Doppler Wind Lidar (DWL) observations of the vertical 
wind velocity variance (Schween et al., 2014) provide com-
plementary CBLH estimates to those of the radar-EKF 
combination, providing potential to disambiguate more 
complex convective cases. DWL estimates are, however, 
strongly influenced by the variance threshold selected.

The complementarity of radar and DWL for CBLH es-

timation is studied in reference to radiosoundings.
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Underground superconducting gravimeters can be used to 
estimate precipitation amounts in case of intense short-du-
ration events. The two main benefits are (1) the spatial scale 
at which precipitation is captured, which is relatively similar 
to the radar spatial scale and (2) the interesting property that 
gravity measurements are directly influenced by water mass 
at ground no matter the hydrometeor phase. In case of in-
tense hail falls, observed gravity changes are directly related 
to hail mass at ground.

The superconducting gravimeters used in this study are in-
stalled in Membach (BE) and Walferdange (LU), 48 m and 
80 m underneath the surface, respectively. The gravimeters 
integrate soil water in a radius of several hundred meters. 
The two gravimeters are located at 85 and 54 km from a 
C-band weather radar located in Wideumont (BE). Gravim-
eter data at 1-min time step and radar data at 5-min time step 
are available for the 17-year observation period 2003-2019.

More than 1000 intense precipitation events above the 
gravimeters have been identified in the radar reflectivity 
time series. During these events a rapid decrease of the 
underground measured gravity is observed. In the present 
study, we will focus the events for which hail is detected 
using radar-based hail detection methods. These methods 
make use of the vertical profiles of reflectivity and tempera-
ture information to derive the probability of hail and severe 
hail. The objective is to analyse radar volume data and de-
rived hail indicators during these events and to investigate 
possible relations with the hail intensity as derived from 
gravity measurements.
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Zdr columns are known to be linked to updrafts in con-
vective cells, since they can grow and sustain large drops. 
Therefore, characteristics of the Zdr columns, like their 
height given specific Zdr thresholds, or maximum val-
ues of Zdr above the environmental freezing level, may 
hint at the strength of the updraft.
The relationship between the height of the Zdr col-
umns and the updraft intensity has been studied in 
model simulations, and show a linear relationship be-
tween these 2 quantities. There also seems to be a re-
lationship between the maximum value of Zdr in the 
column and the hail mass content near the surface, as 
well as the mean hail diameter in the lower parts of the 
storm (Ilotoviz et al. 2019).
In this presentation we will show results from radar 
observations of a number of convective storms that 
occurred in west Germany and were observed by the 
couplet of X-band Doppler and polarimetric radars 
BoXPol and JuXPol. These radars have been operating 
continuously for about 8 years, and many convective 
events have been observed. Dual-Doppler analysis us-
ing the py-art package MultiDop were performed in 
a number of events where Zdr columns were also ob-
served. We also use a simple cell tracking algorithm and 
a method for estimating hail size based on the attenua-
tion coefficient alpha.
Our preliminary results show that there seems to be a 
relationship between the Zdr column height and the 
updraft intensity and that it fits well with the linear rela-
tionship previously derived from simulations. However 

the number of points in our plots is low. The MultiDop 
technique will be applied to a few other events and we 
hope to have a more complete view of this relationship.
We will also explore how the maximum value of Zdr 
above the environmental freezing level relates to the 
properties of hail near the surface.
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Microphysical processes play a critical role in deter-
mining the structure, track and intensity of hurricanes 
through their interplay processes with the storm dy-
namics. In this study, the microphysical and kinematic 
structures of asymmetric hurricane eyewalls are ana-
lyzed from ground-based polarimetric and airborne 
Doppler radars. In the major Hurricane Harvey (2017), 
polarimetric observations of reflectivity (ZH), differen-
tial reflectivity (ZDR), and specific differential phase 
(KDP) all show wavenumber-1asymmetric pattern as-
sociated with the environmental vertical wind shear. 
However, a ZDR column was found upwind of the ZH 
maximum in a region with strong updrafts, but the high 
KDP found cyclonically downwind. The azimuthal 
shift of the polarimetric variables indicates the size sort-
ing process and an evolving raindrop size distribution 
within the eyewall. Similar dual-polarimetric signatures 
are also found in recent asymmetric Hurricanes Irma 
(2017), Maria (2017) and Michael (2018). Furthermore, 
this newly learnt microphysical characteristics of eyewall 
are applied to evaluate different microphysical parame-
terization schemes used in hurricane simulations. The 
results show that simulations using double-moment 
microphysical parameterizations do not well represent 
the observed microphysical structures.
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One of the biggest challenges facing tornado research is 
characterizing the near-surface wind structure and ther-
modynamic properties in and near tornadoes.

Near-surface winds impact and harm people and build-
ings, yet little is known about the intensity and distribu-
tion of tornadic winds in this very important region. Tor-
nadoes are relatively rare phenomena and, while there is 
a theoretical understanding of vortex structure, how this 
is manifested in the atmosphere remains an active field 
of research. With the advent of mobile research radars, 
observations of Doppler wind speeds and tornado struc-
tures have become, while sparse, increasingly more avail-
able. However, the interpretation of radar measurements 
is complicated by the effects of debris centrifuging and 
the unknown dependency of wind speed with height 
since most radar observations above building height.

The DOW mobile radars have collected data below 
100 m AGL in over 50 tornadoes; some of these obser-
vations are coupled with very near-ground in situ data 
from 1-meter AGL weather pods. This unique set of 
observations has allowed for some generalizations re-
garding tornado structure and low-level wind profiles. 
Preliminary results suggest that the most intense winds 
may be occurring very close the surface, and that the ra-
dius of maximum winds is largest near the surface, but 
there is variability among different diagnosed tornado 
structures. This has implications for the interpretation 
of wind-damage relationships and how radar observa-
tions are applied to tornado intensity rankings.

The rare coupling of DOW radar data with in situ wind 
observations from the 1-meter AGL weather pods have 
also yielded measurements of temperature, relative hu-
midity and pressure in and near the tornado vortex. 
Coupled near-surface DOW tornado wind data and 
sampling of the very near tornado environment exist 
for at least 5 tornadoes since 2009. These data allow 
for the thermodynamic and kinematic characterization 
of important storm-scale features, such as downdrafts, 
and how they may influence tornado genesis, intensity, 
and longevity. Preliminary results suggest that there are 
small-scale thermodynamic differences very near the 
tornado vortex, which may be indicative of different 
source regions. This has implications for understand-
ing which structures may be more (or less) important as 
source regions for the low-level tornado vortex.

This presentation will focus on what we are learning 
about near-surface tornado processes from a bulk anal-
ysis of the multitude of unique observations obtained 
from the DOW mobile radars and the coupling of these 
radar observations with 1-meter in situ data.
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Traditionally, polarimetric variables of spheroidal scat-
terers were calculated using forward operators and the 
“backscattering rule”. This computation violates the 
“backscattering rule” if hydrometeors are canted by 
more than >10o. At such large canting angles the for-
ward operator fails to replicate low correlation coeffi-
cient signatures often associated with giant hail.
Only recently advances into modeling of realistic hail-
stone shapes were made. These studies typically use 
some available Computational Electromagnetic (CEM) 
codes and 3D scanned models of hailstones found in 
nature. Yet due to limitations in model sizes and shapes 
only limited number of particular hailstones were used 
in previous applications. Here we present a study of 
polarimetric variables obtained from a spheroidal hail 
model with protuberances. We consider a range of siz-
es typically observed on the ground with various axis 
ratios of hailstones found in literature and ground ob-
servations. Furthermore, we quantify the effect of hail-
stone’s protuberance dimension on the polarimetric 
variables. And how different protuberance types affect 
polarimetric variables.
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In this work we present an study of radar signatures 
observed during a tornado occurrence in Basque Coun-
try. This study includes operational data provided by 
Basque Meteorology Agency (Euskalmet) Radar, sit-
ed in Kapildui mountain (1174 m) near the capital of 
Basque Country. This Radar is a METEOR 1500 Dop-
pler Weather Radar with Dual polarization capabilities, 
based on a Klystron transmitter system, operating in 
C-band frequency.

During 4 July 2018, much of the Basque Country is af-
fected by storms with heavy rains, hail and wind gust, 
particularly the Álava territory and its capital Vito-
ria-Gasteiz, where urban floods and minor damages are 
produced. Around noon a particular cell storm evolves 
quickly getting supercell characteristics compatible 
with tornadogenesis. Tornado affects an uninhabited 
beech forest area (the Legaire fields in the Entzia moun-
tain range) causing significant damage, with hundreds 
of trees uprooted or cut by the wind.

Here we focus on the study of atmospheric conditions 
for the occurrence of the tornado based mainly on avail-
able operational radar data sited near the affected area. 
For this purpose diverse products are used in order to 
analysed different signatures from supercell structure 
and tornadogenesis.

Unless, the Euskalmet Operational Radar can't see the 
tornado itself due to multiple reasons included lack of 
spatial and temporal resolution during normal opera-

tion, different radar products indicates the presence of 
signatures compatible with tornadogenesis as mesocy-
clone, supercell structures, hook echoes in precipitation 
images or wind couplets in radial wind products.

Santiago Gaztelumendi1, Joseba Egaña1, Aurelio Diaz de Arcaya1
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A preliminary study of hail and groupel cases in South-
ern Finland shows that different climatic regimes give 
different hail signatures. In most cases, hail / graupel 
was observed over a small area, from 100 to 1000 m, 
lasted several minutes, and its size was often less than 
2 cm. Despite this, hail and graupel can cause damages, 
rapidly decreasing visibility and make roads hazardous 
to drive.
Various convective storms types may produce hail. 
Understanding environmental conditions during hail 
events, contribute to better forecasting. The detection 
and forecasting of hail is a key issue for hail impact miti-
gation. Not only an understanding of the characteristics 
of the radar but also an understanding the environmen-
tal conditions during hail /graupel events contributes 
to better forecasting.
For the study, 5 cases of hail fall and 3 cases of graupel 
fall in the summer time in the South Finland region 
were selected.
Upper-air soundings observed from hail/graupel days 
to study the environmental conditions of these events 
was used. Storm morphology was studied based on ra-
dar data.
The purpose of this study is to improve understanding 
of significant hail environment and storm characteris-
tics in Finland, through dual polarization radars, and 
thereby enhance forecasting and warnings.
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Despite its crucial role in now- and forecasting of surface 
precipitation, the melting process of graupel and hail 
is still poorly understood. Besides the most important 
physical parameters of hydrometeors, such as shape, 
density, fall speed, meltwater content, and total melting 
time, the size distribution of the drops which shed off 
from the surface of the melting hydrometeros is of great 
importance for radar applications. Our experiments 
carried out in the Mainz vertical wind tunnel aimed the 
characterization of the temporal evolution of these im-
portant microphysical quantities by freely floating the 
hydrometeors in a vertical air stream at their terminal 
fall velocities. This setup ensured detailed investigation 
of individual graupel and hail particles throughout 
their melting process from the fully glaciated to the 
completely molten state. The shape variation was ob-
served by means of a video camera, while the drop size 
distribution of the shed droplets was measured by an 
in-house built digital holographic instrument. The ad-
vantage of the holographic technique is the capability 
to obtain the correct size information of the droplets, 
independent from their distance from the hailstone and 
the position within the wind tunnel. The melting ex-
periments were carried out on ice spheres from 5 to 20 
mm in diameter as proxy for graupel and hail. By using a 
specially designed mounting, it was possible to keep the 
hydrometeors at the center position of the wind tunnel 
for the total period of the melting process. In this way 
the heat transfer, and thus melting rates were simulated 
in a realistic manner. The experiments were performed 

applying dry and moist adiabatic temperature gradient 
and at different relative humidities from about 0% to 
80%. Our measurements provide insight into the shape 
variation during melting, and the formation mecha-
nism of a bimodal size distribution of droplets shedding 
off the hail particles.
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Grossversuch-IV is one of the best documented exper-
iments on hail suppression by silver iodide seeding. 
During six years 253 thunderstorm cells on 83 experi-
mental days were monitored using 333 hailpads and an 
S-band radar. A total of 93 cells were seeded and 160 
not seeded according to a daily randomization scheme. 
Unfortunately, the original evaluation used a distorting 
logarithmic transformation of the hail kinetic energy. 
In addition, a doubtful meteorological predictor was 
introduced beside the main predictor of seeding. As a 
consequence, the outcome remained vague, although 
“...a majority of the evaluations suggest some trend to 
larger seeded-hail energy and larger seeded-hail area 
values ...” The present re-evaluation using the raw 
non-transformed data and adequate statistical methods 
shows clearly an increase by about a factor of 3 for the 
hail kinetic energy when seeding took place. This is the 
opposite of what seeding is supposed to do. The proba-
bility to obtain such results by chance is below 1%. The 
statistical significance is reached when using the data 
of the 10 centimeter radar. The results from 333 hail-
pads in an area of 1200 square kilometers showed also 
increased seeded-hail energy, but the lower degree of 
precision does not allow to reach statistical significance.

Armin Auf der Maur1, Urs Germann2
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Synergetic remote sensing of the atmosphere combined 
with adaptive techniques offers unprecedented op-
portunities to characterise the evolution of key atmos-
pheric parameters such as the Atmospheric Boundary 
Layer (ABL). Using long-duration, high-resolution, 
vertically pointing observations from active and passive 
ground-based remote sensing systems during the Verifi-
cation of the Origins of Rotation in Tornadoes Exper-
iment-Southeast (VORTEX-SE) it is expected to char-
acterise ABL development over distinct regions that are 
well known for their relatively high tornado frequency. 
Systems include an S-band radar and co-located Vaisala 
CL-31 ceilometer, and Doppler Wind lidar (DWL) and 
radiometric observations from the Collaborative Lower 
Atmosphere Mobile Profiling System (CLAMPS).

In this work, we consider ABL height (ABLH) tracking 
over the daily cycle, and -up to a point- its disambigua-
tion and limitations over selected non-precipitating case 
examples. Different observational sets are used, namely, 
radar reflectivity observations assimilated into a Kalman 
filter, DWL profiles of the vertical velocity, and virtual 
potential temperature profiles, as well as radiosound-
ings and cloud-base reference information collected 
during Intensive Observation Periods (IOP) carried out 
in VORTEX-SE, Alabama during 2017.
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There are different "optimal" forecast methods for dif-
ferent forecast lead times.
Focusing on precipitation and convective events up 
to some hours ahead, radar extrapolation techniques 
(Nowcasting) show good skill up to about 2 h ahead 
(depending on the situation), while numerical weather 
prediction (NWP) outperforms Nowcasting only at lat-
er hours. Ensembles of both Nowcasting and NWP help 
to assess forecast uncertainties. "Optimally" combining 
precipitation forecasts from Nowcasting and NWP as 
function of lead time leads to seamless forecasts.

However, very often separate groups are working on 
these topics independently, even at the same center. Pro-
gress on all these fields could be enhanced by strengthen-
ing the coordination, feedback and exchange among the 
groups. In 2017, DWD has taken this road when setting 
up a project to research, develop and establish its future 
Seamless INtegrated FOrecastiNg sYstem (SINFONY), 
which is intended to be the basis for DWD's future se-
vere weather warning process from minutes to 12 h.

Radar data are at the hart of this project. Different 
teams work closely together in developing
a) Nowcasting ensembles for precipitation, reflectivity 
(ideas from STEPS) and convective cell objects (KON-
RAD3D),
b) hourly NWP rapid-update-cycle ensemble prediction 
system on the km-scale (SINFONY-RUC-EPS), assimi-
lating 3D radar volume scans of radial wind and reflectiv-
ity and cell objects,

c) optimal combination of Nowcasting and NWP en-
semble forecasts of precipitation, reflectivity and objects,
d) new systems for common Nowcasting and NWP ver-
ification of precipitation, reflectivity and objects.
In particular the cell object based verification gives new 
insights into the representation of deep convective cells 
in the model.

For this, the SINFONY-RUC-EPS outputs simulated 
radial wind and reflectivity volume scan ensembles of the 
entire German radar network every 5' during its analysis 
cycle and forecasts by an efficient radar forward operator. 
Ensembles of composites and cell object tracks are gen-
erated by the same compositing and cell detection- and 
tracking methods which are applied to the observations.

To help evolve DWD's warning process for convective 
events towards a flexible "warn-on-objects", our Nowcast-
ing- and NWP cell object ensemble forecasts are blended 
into a seamless forecast ("probability objects") in a prag-
matic way. The gridded combined precipitation and reflec-
tivity ensembles are targeted towards hydrologic warnings.

This presentation gives an overview on SINFONY and fo-
cuses on our experiences and difficulties when implement-
ing the coordinated Nowcasting-NWP-combination-veri-
fication development approach.
Other presentations report on the details of our develop-
ments.

SINFONY will enter pre-operational testing phase in 2021.
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At Deutscher Wetterdienst (DWD), research about the 
assimilation of 3D radar data (reflectivity, cell objects 
and radial winds) has been intensified within the pro-
ject SINFONY, which is related to the future seamless 
ensemble prediction system for convective-scale fore-
casting for up to 12 hours. This system integrates Now-
casting techniques for radar data with numerical weath-
er prediction (NWP based on the new ICON-model) in 
a seamless way with initial focus on severe summertime 
convective events and associated hazards such as heavy 
precipitation, hail and wind gusts. In parallel, radial 
wind assimilation became operational in March 2020 
in our current short range ensemble numerical weather 
prediction (SRNWP) system with forecast ranges of 27 
hours (COSMO-D2-KENDA LETKF system).

In addition to the radial wind assimilation, the radar 
reflectivity is also a crucial variable in 3D radar data as-
similation. It is planned to become operational in our 
SRNWP system in near future. Several studies will be 
presented to investigate the effect of different factors 
inherent to radar reflectivity assimilation, such as obser-
vation error and observation localisation, on the analy-
sis and model forecast skill. These studies include also 
investigating the correlation between radar reflectivity 
and some model state variables in our assimilation al-
gorithm LETKF. In addition, we study advantages and 
disadvantages of using a pseudo-liquid water content as 
an alternative to the logarithmic reflectivity for assimi-
lation.

Furthermore, we investigate completely new ways of as-
similating radar information. Radar cell objects are de-
tected in observations and simulations using common 
algorithms from Nowcasting, e.g., KONRAD3D at 
DWD. Assimilating these cell objects respectively “fea-
tures” (on top of “normal” radar data) is a specific way 
of addressing severe convective events. We also test the 
assimilation of common spatial verification metrics (e.g. 
fraction skill score) instead of the raw data. In situations 
where the model ensemble lacks spread in radar reflec-
tivity, we artificially inflate covariance to non-observed 
model state variables.
The results are based either on case studies or longer ex-
periments on the order of one month.

Kobra Khosrvian1, Christian A. Welzbacher1, Klaus Stephan1, Ulrich Blahak1, Roland Potthast1,2, Christoph Schraff1, 
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A new thermodynamic retrieval scheme coupled with 
a terrain-resolving multiple-Doppler radar wind syn-
thesis technique is developed by which one can derive 
the three-dimensional wind and thermodynamic fields 
over complex terrain. A cost function consisting of 
momentum equations and a simplified thermodynam-
ic equation is formulated. By categorizing the analysis 
domain into flow and terrain regions, the variational 
technique is applied to minimize this cost function only 
within the flow region, leading to the solutions for the 
three-dimensional pressure and temperature perturba-
tions immediately over terrain. The accuracy of the pro-
posed algorithm is evaluated by using idealized datasets 
generated by a numerical model. The retrieval scheme is 
applied to a real case occurred during the 2008 South-
western Monsoon Experiment (SoWMEX) conducted 
in Taiwan. The retrieved thermodynamic fields reveal 
the structure of a pre-frontal squall line as it approaches 
the island and mountain. The retrieved three-dimen-
sional high-resolution wind, pressure and temperature 
fields not only allow us to obtain a better understand-
ing of the thermodynamic and kinematic structure of a 
heavy rainfall system, but can also be assimilated into a 
numerical model to improve the forecast especially in 
mountainous areas.

Yu-Chieng Liou1, Po-Chien Yang1, Wen-Yuan Wang1
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Radar observations play a crucial role in detecting and 
measuring precipitation (QPE, nowcasting) and are 
useful in various ways to improve numerical weather 
prediction (NWP) models. Accurate quantitative pre-
cipitation estimation remains a challenge as relation-
ships between radar reflectivity and precipitation rate 
are inheritly ambiguous.
Polarimetric observations have the potential to con-
strain hydrometeor microphysics (different measures of 
size, shape, orientation) better than conventional ones. 
Beside improving precipitation measurements, polar-
imetric observations can be used to evaluate, validate, 
and improve the representation of hydrometeors in 
NWP models.
Calculating radar observables from prognostic NWP 
state variables, forward operators (FOs) are a crucial 
link in comparing radar measurements to NWP out-
put. This requires that the FOs can accurately simulate 
corresponding observations and that they are consist-
ent with the model(s), e.g. regarding hydrometeor mi-
crophysics. However, a wide range of parameters that 
affect FO output, are not constrained well by the NWP 
models. This includes, e.g. the melting state, the shape 
and microstructure, and the orientation of the hydro-
meteors. Characterization of the uncertainties of an FO, 
hence, is fundamental to allow its optimal exploitation.
Here, we present the revised and polarimetry-extended 
version of EMVORADO (Efficient Modular VOlume 
RADar forward Operator) coupled to the ICON and 
COSMO NWP models and applied by DWD in opera-

tional weather forecast/data assimilation. Uncertainties 
from necessary assumptions due to lack of information 
as well as effects of certain techniques and approxima-
tions to enhance efficiency are discussed, regarding their 
impact on analysis of observations and evaluation of 
NWP models.
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The representation of microphysical processes in nu-
merical weather prediction models remains a main 
source of uncertainty. To tackle this issue, we exploit 
the synergy of two polarimetric radars to provide novel 
observations of model microphysics parameterizations. 
At a distance of 23 km between the C-band Poldirad 
radar of the German Aerospace Center (DLR) in Ober-
pfaffenhofen and the Ka-band Mira35 radar of the 
Ludwig-Maximilians-University of Munich (LMU), 
the two radar systems allow targeted observations and 
coordinated scan patterns. By tracking the precipitation 
movement, the dual-frequency and polarimetric radar 
observations allow us to characterize important micro-
physical parameters, such as predominant hydrometeor 
class or conversion rates between these classes over a sig-
nificant fraction of the life time of a convective cell.
In the framework of the IcePolCKa project (Investiga-
tion of the initiation of Convection and the Evolution of 
Precipitation using simulatiOns and poLarimetric radar 
observations at C- and Ka-band) we use these observa-
tions to study the initiation of convection as well as the 
evolution of precipitation. A WRF (Weather Research 
and Forecasting Model) simulation setup has been es-
tablished including a Europe-, a nested Germany- and 
a nested Munich- domain. The Munich domain covers 
the overlap area of our two radars Mira35 and Poldirad 
with a horizontal resolution of 400 m. For each of our 
measurement days we conduct a WRF hindcast simula-
tion with differing microphysics schemes. The perfor-
mance of each microphysics scheme is analyzed through 

a comparison to our radar measurements on a statistical 
basis over all our measurements. The measurements so 
far include 240 coordinated scans of 36 different con-
vective cells over 10 measurement days between end of 
April and mid July 2019. To allow for such a compar-
ison between model world and observation space, we 
make use of the radar forward-simulator CR-SIM.
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In 2016, Central Weather Bureau (CWB) upgraded the 
traditional S-band radar to dual-polarized at Wu Feng 
Shang site (RCWF) and a C-band dual-polarimetric 
radar (RCMD) was constructed for maintenance pur-
pose just near RCWF. Other 3 operational S-band ra-
dars (RCCG, RCKT and RCHL) will soon migrate to 
dual-pol before 2022. In addition to S-band dual-pol 
radars, 5 more C-band dual-pol radars are being con-
structed from 2016. 3 (RCLY, RCNT and RCSL) of 
them are now operated and other two radars will be 
built up and operated within coming three years.
As the dual-polarimetric radar network is being built 
in Taiwan, 4 S-band radars and 5 C-band radars will 
enlarge the low level data coverage and to improve the 
quantitative precipitation estimate (QPE) and quantita-
tive precipitation nowcasting (QPN) for severe weather 
system. In addition, the numerical weather prediction 
(NWP) model can assimilate radar reflectivity and radi-
al velocity via data assimilation system to improve the 
model initial hydrometeors and dynamic field.
In this study, two observation operators to assimilate 
radar reflectivity were evaluated in WRF three-dimen-
sional variational data assimilation system (3DVAR). 
One is to assimilate hydrometeors (rainwater, snow and 
graupel) mixing ratio retrieved from radar reflectivity 
(Gao and Stensrud, 2012); the other directly assimilate 
radar reflectivity with a forward operator base on radar 
equation (Wang and Liu, 2019; Jung et al., 2008a). A 
preliminary evaluation was conducted using the CWB 
operational Radar WRF (RWRF) configuration for 

Mei-Yu and afternoon thunderstorm event. A 2 km grid 
mesh and continuously hourly update cycle with blend-
ing technology which expected to reduce the accumu-
lated model errors were applied to the data assimilation 
configuration.
Results showed that both operators successfully re-
constructed the rain band structure via diagnose of the 
column maximum reflectivity. However, the vertical 
distribution of hydrometeors was quite different. The 
indirect method maintains more rainwater mixing ra-
tio but less snow and graupel hydrometeors than the 
direct methodology. Results also indicated that the di-
rect method slightly improve the 12-hour accumulated 
heavy precipitation forecast, especially within the first 
6-hour rainfall forecast. In addition, although both 
methods assimilate the no-rain observation to eliminate 
the false hydrometeors in the background, the hydro-
meteors were rebuilt soon within the first forecast hour. 
Therefore, model initial hydrometeors condition with 
thermal and dynamic balanced should be considered.
In addition to traditional radar observed variables, the 
dual-polarimetric variables assimilated to adapt NWP 
model initial condition in variational method will be 
studied in the future.
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In this study, a set of dual-polarimetric radar simulator 
was built, which provides a connection between mod-
el and observational variables. Before assimilating du-
al-polarimetric observations, these parameters are used 
to verify the performance of cloud-resolving model at 
very short-term forecast. A case study in June 14, 2008, 
the intensive observation period of Sowmex (IOP#8) is 
selected. During the field experiment, NCAR S-band 
radar was located in south-west of Taiwan. To ensure 
the features of dynamics and thermodynamic are close 
to reality in this event, the WRF-LETKF system is 
used to assimilate radar reflectivity and radial wind. A 
distribution of contour frequency by altitude diagram 
(CFAD) is used to compare the dual-Polarimetric radar 
observations and the analysis and short-term forecast 
obtained from data assimilation system. The results 
show that the simulation of the radar reflectivity is close 
to the observed structure. However, model simulated 
differential reflectivity is overestimated, especially in ex-
periments of double-moment microphysical schemes. 
In addition, the simulated differential reflectivity and 
specific differential phase have better agreement to the 
observation at strong convection area. Based on this re-
search, a set of dual-polarization parameter simulators 
suitable for Taiwan area is formed to facilitate the subse-
quent statistical validation of the numerical model.
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At Deutscher Wetterdienst (DWD), research about the 
assimilation of 3D radar data (reflectivity, cell objects 
and radial winds) has been intensified within the pro-
ject SINFONY, which is related to the future seamless 
ensemble prediction system for convective-scale fore-
casting for up to 12 hours. This system integrates Now-
casting techniques for radar data with numerical weath-
er prediction (NWP based on the new ICON-model) in 
a seamless way with initial focus on severe summertime 
convective events and associated hazards such as heavy 
precipitation, hail and wind gusts.
In parallel, radial wind assimilation became operational 
in March 2020 in our current short range ensemble nu-
merical weather prediction (SRNWP) system with fore-
cast ranges of 27 hours (COSMO-D2-KENDA LETKF 
system).
For both systems, SRNWP and SINFONY, the usage 
of 3D radar data is not only advantageous but crucial 
to improve the forecast skills related to convection and 
precipitation.

We will present results of the currently operational 
COMSO-D2-KENDA system, where we will focus on 
operational experiences assimilating radial winds. An 
appropriate quality control is key, as well as super-ob-
servations, proper localization and a proper specifica-
tion of the observation error model for the LETKF.
As the COSMO model will be replaced by the ICON 
model very soon, extensive month-long assimilation 
experiments within the SINFONY project and its 
SRNWP counterpart have been performed using the 

ICON-D2-KENDA ensemble system. We present and 
compare results of different techniques and their mutu-
al combinations to assimilate radar data: “traditional” 
Latent Heat Nudging, LETKF-assimilation of 3D radi-
al winds and 3D reflectivity.
In parallel we investigate completely new ways of assim-
ilating radar information, but this is the topic of a sepa-
rate presentation.
Results are based either on case studies or longer exper-
iments on the order of one month.
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Climate models exhibit major radiative biases over 
the Southern Ocean owing to a poor representation 
of mixed-phase clouds. The recent ship-based Meas-
urements of Aerosols, Radiation and Clouds over the 
Southern Oceans (MARCUS) campaign provides new 
and detailed measurements of clouds and aerosols 
during the transit of synoptic weather systems at high 
southern latitudes. The present work makes use of this 
unique dataset - among which data from a Doppler 
cloud radar - to evaluate the ability of the Weather Re-
search Forecasting (WRF) model to represent the verti-
cal structure, temporal dynamics and phase of frontal 
mixed-phase clouds off the Antarctic coast. It particu-
larly focuses on the modeling of the thin and turbulent 
layer of supercooled liquid water droplets that sits on 
top of iced altocumulus, as evidenced in lidar observa-
tions. The standard version of WRF produces almost 
fully glaciated clouds. Moreover, the model is unable to 
properly simulate the turbulence at cloud top (visible in 
cloud radar observations) that creates and maintains the 
liquid phase. This study emphasizes the importance of 
adapting the ice nucleation particle concentration to the 
pristine austral atmospheric conditions and of imple-
menting a parameterization for turbulence generation 
at cloud top to reproduce the thin liquid layers at the 
top of altocumulus. It also highlights the challenge for 
large scale atmospheric models to represent the small-
scale coupling between turbulence and microphysics, 
prerequisite to correctly simulate the radiative effects of 
austral mixed-phase clouds.
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In the last years, substantial efforts have been devoted 
world-wide to upgrade operational weather radar net-
works with dual-polarization capabilities. Besides meas-
uring the intensity and the displacement of precipita-
tion, dual polarization provides additional information 
about the characteristics of the hydrometeors (water and 
ice particles) within the observed volume. In particular, 
it has been shown that specific signatures could be ob-
served in distinct parts of severe thunderstorms (e.g., 
Kdp columns and Zdr arcs and columns: Kumjian and 
Ryzhkov JAMC 2008). Concurrently, a new generation 
of numerical weather prediction (NWP) models with 
kilometer-scale horizontal resolutions and advanced 
representations of microphysics is making it possible to 
represent atmospheric processes at the convective scale 
with improved realism. The joint use of dual-polariza-
tion radars and high-resolution NWP models opens a 
new area of investigation with potential breakthroughs 
in terms of knowledge of the microphysics and dy-
namics of thunderstorms, as well as improvements in 
the nowcasting and short-term prediction of these haz-
ardous weather systems. Indeed, the simulation of re-
alistic radar observations might explain the unobserved 
processes that drive the evolution of thunderstorms. 
Besides, such simulations could be useful to create se-
vere-convection diagnostics for nowcasting applica-
tions. This work aims to investigate the performance 
of the Meso-NH model in representing the dual-polar-
ization signatures of an idealized supercell. Simulations 
were performed using two microphysical schemes: the 

one-moment ICE3 (that predicts the total mass concen-
tration of rain, cloudwater, water vapor, snow, cloud ice 
and graupel) and the quasi-two-moment LIMA (that 
also includes the prediction of total number concentra-
tion for rain and cloud ice)  and a different version of 
LIMA (named LIMT) using a diagnostic μ parameter 
for the gamma raindrop size distribution (see Ulbrich 
JCAM 1983) . μ is varying with the mass-weighted aver-
age diameter following the relation proposed by Tau-
four et al (QJRMS, 2018). The Augros et al (QJRMS, 
2016) forward operator was applied to simulate the du-
al-polarization variables. Preliminary results show that  
all microphysical schemes are able to reproduce the 3D 
structure of the supercell. LIMA presents the highest 
values of Zh, Zdr and Kdp, and a more pronounced 
Zdr column. In the presentation, the results concern-
ing other typical dual-polarization signatures will also 
be shown. Finally, refinements of the forward operator 
related to the representation of the mixed-phase hydro-
meteors will be suggested and evaluated using the simu-
lated dual-polarization signatures.

Natalia Parisotto Sinhori1, Clotilde Augros1, Olivier Caumont1

COMPARISON OF SIMULATED 
POLARIMETRIC SIGNATURES USING 
ICE3 AND LIMA MICROPHYSICS 
SCHEMES IN MESO-NH

1CNRM, Université de Toulouse, Météo-France, CNRS, Toulouse, France 

At Arpae-SIMC, the HydroMeteorological Service of 
Emilia-Romagna Region in Italy, an ensemble-based 
data assimilation system at the convective-scale (KEN-
DA) provides the analyses to a deterministic forecast 
and an ensemble system running both at 2.2 km hori-
zontal resolution. The domain of model integrations 
covers the entire Italian territory. In this framework, 
radar data are assimilated through the latent heat nudg-
ing (LHN) technique as instantaneous surface precipi-
tation. The field of instantaneous surface precipitation 
comes from the Italian radar composite distributed by 
the Department of Civil Protection.
After intensive tests, in the current operational set-up, 
it has been decided to assimilate directly the radar reflec-
tivity volumes at the expense of the LHN. Initially, only 
a part of the radar of the Italian network, already used 
in the tests and still allowing domain coverage, will be 
assimilated. Once the robustness of the results has been 
proven, the remaining radars will also be assimilated.
With this change in the set-up and exploiting the 
three-dimensional information of the volumes, it 
should be possible to predict with more accuracy rap-
idly evolving systems, such as summer thunderstorms.
The system and tests results will then be described. Re-
sults include QPF verification over forecasts performed 
both using fractions skill score (FSS) and dichotomous 
scores over hydrologically homogeneous regions. More-
over, verification of upper-air and surface variables at 
analysis time and during forecast is provided.

Virginia Poli1, Thomas Gastaldo1, Chiara Marsigli2, Pier Paolo Alberoni1, Tiziana Paccagnella1

OPERATIONAL ASSIMILATION OF 
RADAR REFLECTIVITY VOLUMES AT 
ARPAE EMILIA-ROMAGNA
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The proper representation of cloud microphysical pro-
cesses is essential for the accurate simulation of weather 
and climate. Despite the continuous advancements, the 
parameterizations employed in microphysical schemes 
are still affected by uncertainties; especially for the ice-
phase hydrometeors.
Multi-frequency Doppler radar observations are sen-
sitive to bulk hydrometeor properties. The multi-fre-
quency reflectivity differences are linked to the average 
particle size and density. Doppler measurements pro-
vide additional constraint to the particle fallspeed. Mul-
tifrequency (GPM) and Doppler (upcoming Earth-
CARE) satellite radar observations will provide a global 
perspective on cloud and precipitation microphysics. 
Highly resolved ground-based studies are essential to 
assess the retrieval potential and uncertainties of satel-
lite applications.
In this study, we leverage on novel triple-frequency 
Doppler radar observations to evaluate the parameteri-
zations of cloud models. The observational basis is data 
of three ground-based vertically pointing Doppler ra-
dars (X, Ka, W band) which are recorded at the JOYCE 
observatory. The high-resolution weather model cen-
tered over the JOYCE site is forward simulated using 
the self-similar Rayleigh-Gans approximation for their 
scattering properties.
Thanks to the rather long-term dataset, we are able to 
identify inconsistencies between model and observa-
tions statistics and the flexibility of the modeling frame-
work allows linking the discrepancies to specific micro-

physical parameterizations. The first results reveal that 
the aggregation process is overestimated in the ICON 
model. It is likely that this discrepancy is related to ei-
ther an unrealistic parametrization of the ice sticking 
efficiency or an overestimation of the collection kernel 
caused by an unrealistic fallspeed-size relation. This 
analysis reveals the potential for the assimilation of sat-
ellite radar products in weather models and provides 
constraints for hydrometeors scattering and microphys-
ical properties.

Davide Ori1, Stefan Kneifel1, Frederic Tridon1, Vera Schemann1, José Dias Neto1, Markus Karrer1, Leonie von Terzi1, 
Axel Seifert2

ASSESSING THE ICE MICROPHYSICS 
PARAMETERIZATION IN THE NEW 
ICON MODEL USING TRIPLE-
FREQUENCY DOPPLER CLOUD RADAR 
OBSERVATIONS

1University of Cologne, Germany; 2Deutscher Wetterdienst, Germany

In the Basque Meteorology Agency (EUSKALMET), 
numerical weather prediction (NWP) models, adapted 
to the particular characteristics of the territory, are exe-
cuted daily for many different purposes. In order to im-
prove nowcasting and forecasting tasks, a WRFDA base 
data assimilation tool, was implemented. The first step 
was include surface and upper air data available in the 
forecast/nowcast domains, such as METAR, SYNOP, 
BUOYS, Euskalmet AWS network and RAOB data.

In the last years, some events of heavy precipitation 
over the Basque Country have generated different flood 
events, complex orography and rivers characteristics, 
among other factors, favour the occurrence of these ep-
isodes. The correct nowcast, in the range of 0-6 hours, 
of characteristics of surface precipitation fields, can pre-
vent or mitigate damage to property and people.

A useful methodology to achieve this is to introduce ra-
dar reflectivities, for short assimilation cycles, in high res-
olution numerical models. Basque Meteorology Agency 
Radar is a METEOR 1500 Doppler Weather Radar with 
Dual polarization capabilities located on Kapildui moun-
tain top (1174 m). In operational basis, two volumetric 
scan are available each 10 minutes (range 300 and 100 km).

The system has been executed for different scenarios 
to check its behaviour. Different validation approaches 
(punctual and areal) are used based on datasets coming 
from the Basque Country Automatic Weather Station 
Mesonetwork and radar data.

Ivan R. Gelpi1, Aurelio Diaz de Arcaya1, Santiago Gaztelumendi1

ASSIMILATION OF RADAR DATA IN A 
WRFDA BASED DATA ASSIMILATION 
TOOL

1Tecnalia - Meteo / Basque Meteorology Agency, Spain
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Complementary datasets from a recent field campaign 
are used to test the observation impact of assimilating 
vertical profiles of water vapor, temperature and winds 
to improve short-term convective weather forecast skill. 
The field campaign occurred at the U.S. Department 
of Energy’s (DOE) Atmospheric Radiation Measure-
ment (ARM) Southern Great Plains (SGP) field sites 
in northern Oklahoma from 17 April –22 July 2019, 
coinciding with the peak in the convective storm sea-
son. The data to be evaluated include five water vapor 
MicroPulse Differential absorption lidars (MPDs), col-
located with five Atmospheric Emitted Radiance Inter-
ferometers (AERIs) and five Doppler lidars, providing 
a suite of continuous boundary layer profiling observa-
tions. This field campaign was conducted within close 
range of the Vance Air Force Base WSR-88D scanning 
weather radar.

These MPDs, AERIs and Doppler lidars operated in 
unattended mode and collected continuous vertical 
profiles of water vapor, temperature and winds below 
cloud base. The active remote sensing MPDs measured 
water vapor profiles from 0.5 km up to 3-5 km AGL. 
The passive AERIs retrieved water vapor and tempera-
ture profiles from near the ground up to ~3 km AGL. 
The Doppler lidars sampled wind profiles from near the 
ground up to ~2 km AGL. The surrounding operation-
al WSR-88D radars provided full volume surveillance 
scans during the entire field campaign.

During the observing period, a squall line evolved from 

convection initiation that occurred over the SGP sites 
on 14 June 2019. This high-impact weather event will 
be examined through observational, model, and data 
assimilation studies based on this unique network of 
field observations. Preliminary observational analysis 
demonstrates elevated moist layers and considerable 
variability in profiles across the relatively small network. 
Further, ensemble model simulations illustrate a high 
sensitivity to temperature and water vapor in the obser-
vational region. Ensemble data assimilation will be used 
to assess the relative individual and combined impact of 
MPDs, AERIs and Doppler lidars toward improving 
predictability of this event. The data assimilation exper-
iments are quantitatively evaluated using comparisons 
with operational radar data.

Tammy Weckwerth1, Glen Romine1, Michael Ying1, Anna del Moral1, Dave Turner1

THERMODYNAMIC AND WIND 
PROFILING OBSERVATION IMPACT 
STUDY

1NCAR, United States

Assimilation of dual-polarimetric radar observations 
in NWP models is promising especially for short-term 
forecasts of quantitative precipitation. However, direct-
ly assimilating polarimetric moments is still a challenge 
due to, e.g., the rather rudimentary appreciation of par-
ticle size and shape distributions in the NWP models. 
Consequently, pioneering studies started assimilating 
synthetic model state variables derived from radar po-
larimetric observables, such as hydrometeor mixing 
ratios. This study evaluates hydrometeor mixing ratio 
retrievals already published, and improves and adapts 
them for applications to the C-band dual-polarimetric 
radar network of the German national weather service 
(DWD) and later assimilation of retrievals in the ICON 
model. A large data set of drop-size-distributions (DSD) 
measured in northwestern and southeastern Germa-
ny by DWD including a large variety of different rain 
types is investigated based on T-matrix simulations. 
Results show that existing, mostly simple power-law 
retrieval relations derived for other climate regimes are 
not appropriate for Germany, which underlines a set of 
local retrieval relations is needed for assimilation of hy-
drometeor mixing ratios in the ICON model. Suitable 
local power-law and also polynomial retrievals are de-
rived from the DSD data set. Application of the newly 
introduced relations to both stratiform and convective 
rain events monitored by the German radar network 
shows encouraging results. Furthermore, first assimila-
tion studies with ICON and the benefit for short-term 
quantitative precipitation prediction are presented.

Lucas Reimann1, Clemens Simmer1, Silke Trömel1

TOWARDS THE ASSIMILATION 
OF POLARIMETRY-DERIVED 
HYDROMETEOR MIXING RATIOS OVER 
GERMANY

1Institute for Geoscience, Department of Meteorology, University of Bonn, Germany
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Radar provides three-dimensional distribution, intensi-
ty, and movement of precipitation hydrometeors in the 
atmosphere at high resolution, which have been utilized 
in numerical weather prediction (NWP) models to im-
prove quantitative precipitation forecasts (QPF). The 
3D-Variational (VAR) method has been widely used for 
radar data assimilation (DA) because its application is 
simple and requires less computation resources, and has 
few equation constraints. However, 3D-VAR only con-
siders climatological background error (BE) and the ef-
fect of DA is homogeneous and isotropic often leading 
to poor performance. The hybrid DA method, on the 
other hand, considers model error of the time and the 
effect of DA is flow dependent making it more adapt-
able to changing weather conditions. This study assim-
ilated reflectivity and radial velocity into NWP model 
for three heavy rainfall cases. The effect of radar DA and 
the accuracy of precipitation forecast by 3D-VAR and 
Hybrid DA methods are studied.
In numerical experiments of 3D-VAR the precipita-
tion areas was narrower than the observations and cu-
mulative total precipitation error increased. The most 
improvement of rainfall accuracy came from hybrid 
DA. The root mean square error was reduced by 9.83 
mm with 3D-VAR and 11.27 mm from Hybrid when 
compared to CTRL. The mixing ratio of water vapor 
and hydrometeors increased through radar DA, and 
the amount of Hybrid increased more than 3D-VAR. 
Increased mixing ratio of water vapor changed into 
hydrometeors. Hydrometeors grew to larger hydrome-

teors through various microphysical processes, eventu-
ally producing precipitation. Radar DA changed the 
mixing ratio of water vapor, snow and graupel but the 
increased water vapor mixing ratio had the greatest im-
pact on precipitation formation and the effect of snow, 
rain and graupel mixing ratios were relatively small.
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Latent Heat Nudging (LHN) is a technique that adjusts 
vertical profiles of temperature (and possibly moisture) 
to obtain better agreement between the precipitation 
simulated by an atmospheric model and the precipitation 
inferred from radar measurements. In a previous study, 
LHN has been implemented in the regional Canadian 
forecasting system at a resolution of 10 km. Results were 
improved forecasts of precipitation for lead times up to 
3h and of temperature and winds at lead times up to 24h.

Recently, LHN was implemented in a similar forecasting 
system that operates at a resolution of 2.5 km and with 
explicit microphysical parametrization. When applying 
the same LHN algorithm as before, precipitation could 
still be improved but all other atmospheric fields were sig-
nificantly deteriorated.

The difficulty associated with LHN at higher resolution 
has been documented in the past and mostly stems from 
the fact that, at kilometer-scale resolutions, the precipita-
tion rates at the ground are no longer proportional to the 
amount of latent heat release in the column above.

In this study, a novel approach for dealing with LHN in 
models at kilometer-scale resolutions is proposed. This 
solution involves the horizontal smoothing of the precip-
itation fields being compared and of the tendencies dic-
tated by LHN. By applying such smoothing within the 
GEM atmospheric model for a period of two months, 
LHN is shown to improve winds by 2-3% RMSE at all 
altitudes above 700 hPa and for lead times up to 36h.

Dominik Jacques1, Daniel Michelson1, Thomas Milewski1

HORIZONTAL SMOOTHING, A POSSIBLE 
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NUDGING AT KILOMETER-SCALE 
RESOLUTIONS
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While Doppler Radial Winds (DRWs) are routinely 
assimilated in many operational weather prediction 
centres worldwide, the estimation of error statistics for 
these measurements remains an active research topic.

In view of the assimilation of Canadian DWRs, this 
study describes the implementation of a monitoring 
system for these measurements. A key component of 
this monitoring system is the routine computation of 
background residuals, the difference between observed 
DRWs and their simulated equivalent from short-term 
NWP forecasts. This study details how these residuals 
are obtained, and it outlines some of their general char-
acteristics.

A novel aspect of this work is the use of a forward oper-
ator that simulates DRWs on very slanted columns that 
follow the trajectory of a radar beam in a standard at-
mosphere. This geometry makes it easier to implement 
various strategies for the averaging/superobbing of 
observations. One such strategy that will be described 
involves the averaging of a decreasing number of obser-
vations with increasing range from the radars to obtain 
an approximately regular observation volume that is 
comparable to the model grid box.

One challenge that arise when using a forward operator 
working with very slanted columns is that the simulat-
ed radar beam can intersect the same terrain-following 
model level in more than one location. This interferes 
with the interpolation routines of our assimilation sys-

tem which assume monotonic progression of model lev-
els. In these locations, observations have to be rejected. 
Fortunately, it will be shown that such multi-crossings 
only occur near to the radars located in regions with sig-
nificant topography.

Finally, a preliminary assessment of the nature of back-
ground residuals for a selection of the new Canadian 
S-band radars will be given.

David Lobon1, Dominik Jacques1, Daniel Michelson1

MONITORING DOPPLER RADIAL WINDS 
FROM THE NEW CANADIAN S-BAND 
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Earth’s radiative budget is highly dependent on cloud 
macrophysical and microphysical processes, many of 
which are parameterized in global general circulation 
models (GCMs) and Earth system models (ESMs). 
Therefore, a robust evaluation of cloud properties in 
such global models is required in order to guide such 
parameterization development. The U.S. Department 
of Energy’s Atmospheric Radiation Measurement 
(ARM) program hosts several facilities with long term 
measurements from scanning and vertically pointing ra-
dars obtaining cloud properties within a spatial domain 
spanning a single GCM column. However, forward 
simulators must first be applied to model output in or-
der to generate quantities that can be compared with 
radar and lidar observables. This is required to account 
for uncertainties in the radar and lidar observations due 
to factors such as attenuation.
Therefore, this motivates the development of an open 
source framework that generates forward simulated 
radar data from model output for comparison against 
ARM observations. The Earth Model Column Collab-
oratory (EMC^2) provides an expandable framework 
for the comparison of radar and lidar observations 
with column output from any global model. The open 
source nature of EMC^2 allows for both reproduci-
bility of results and integration of contributions from 
the community. In addition, a subcolumn generator 
simulates the subgrid variability in cloud microphysi-
cal properties, proving an estimate of statistical uncer-
tainty from ensembles of simulated parameters. We use 

an observation-based case study of highly supercooled 
stratus that is precipitating ice and drizzle as a simplified 
development environment. Large-eddy simulation and 
single-column model (SCM) outputs for the case study 
are jointly compared with observations and EMC^2 re-
sults. The test case also provides a limited and well-de-
fined test for new users to run their SCM and test its 
coupling to EMC^2.

Robert Jackson1, Scott Collis1, Ann Fridlind2, Israel Silber3
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Slightly over a quarter century ago Sempere Torres et 
al. (1994) published "A General Formulation for Rain-
drop Size Distribution", in which they proposed "a 
general phenomenological formulation for drop size 
distribution (DSD), written down as a scaling law". 
Their scaling law formulation accounted for all previ-
ously published parameterizations for the DSD. The 
main implication of the proposed expression was that 
the integral rainfall variables (such as rain rate and radar 
reflectivity) were related by power laws, in agreement 
with experimental evidence. The proposed formulation 
naturally led to a general methodology for scaling all 
raindrop size data in a unique plot, which yielded more 
robust fits of the DSD.

In this presentation we will review more than 25 years 
of interpretations and applications of this scaling law 
for the DSD, with extensive references to earlier work 
(dating all the way back to the beginning of the 20th 
century) as well as an outlook to the future, including 
implications for ground-based and spaceborne remote 
sensing of precipitation. In addition, we will provide 
a statistical interpretation of the law’s scaling expo-
nents in terms of different modes of control of the 
space-time variability of DSDs, namely size-control vs. 
number-control, inspired by the work of Smith and De 
Veaux (1994), incidentally published in the same year. 
Also, ongoing work concerning the parameterization of 
the shape of the scaled DSD will be discussed and an 
attempt will be made toward interpreting the values of 
the scaling exponents and the shape of the scaled DSD 

in terms of the (micro)physical processes producing the 
DSD. Finally, we will provide an outlook to the future 
of DSD parameterizations and (power-law) rainfall re-
trieval relations.
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Doppler polarimetric radars become a standard for op-
erational weather radars around the world. Compared 
to single-polarization radars, dual-polarization radars 
substantially improve data quality, precipitation esti-
mation, hydrometeor classification, and severe weath-
er warnings. In this lecture, a very brief and broad 
overview of the dual-polarization applications will be 
presented in the three important areas: quantitative 
precipitation estimation (QPE), hydrometeor classifi-
cation, and microphysical retrievals. A focus will be on 
the novel techniques and existing challenges in all three 
application areas.
In the QPE arena, these include a recently introduced 
rainfall estimation methodology utilizing specific at-
tenuation and a polarimetric technique for snow meas-
urements. Recent advancements in the polarimetric 
hydrometeor classification during cold season such as 
a new method for melting layer detection and utiliza-
tion of simplified cloud models combined with radar 
microphysical retrievals will be discussed. Polarimetric 
microphysical retrievals are of particular value for cloud 
modelers and the newly introduced methods for quan-
tifying microphysical characteristics of cloud ice will be 
outlined. The differences between applications of all 
these polarimetric methodologies at different frequency 
bands utilized by operational weather radars will be also 
mentioned in the course of the lecture.

Alexander Ryzhkov1
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I wrote my first radar quality control algorithm in 1985, it 
was a clutter mask for permanent ground echoes in sup-
port of a weather modification experiment. This talk will 
highlight what I believe to be the main lessons that I have 
learned since then regarding radar rainfall estimation and 
nowcasting. 

I have found that it is difficult to quantify the benefits due 
to the selection of one type of radar technology over anoth-
er. The selection of the radar wavelength, the location of 
a radar, scanning strategy, or signal processing algorithms 
come to mind here. We can state that one option is "bet-
ter" than another; but it is not easy to defend a quantitative 
statement, that the RMSE will be 20% less for example. It 
is even more difficult to demonstrate that the cost that is 
incurred in reducing the RMSE by 20% will result in an 
economic or other benefit that are worth more than the 
extra expense. In the end, you select the best radar that that 
the budget will allow and place it in the best location that 
is available at the time and live with the consequences for 
the next 20 years. 

The quality of the radar rainfall estimates depends in equal 
parts on a consistently well maintained radar and appropri-
ate signal processing and other quality control algorithms. 
Variability in the absolute calibration of the radar over 
time turns the interesting task of setting an appropriate 
Z-R relationship into an impossible task, more on that lat-
er. Users are very sensitive to occasional but large errors in 
the rainfall estimates. They will assume the worst-case sce-
nario for the errors in the rainfall estimates for their most 

important applications, you don’t want to issue a warning 
for severe weather because of an outbreak of anomalous 
propagation in the catchment upstream. The importance 
of generating a rainfall estimation product within known 
accuracy limits cannot be over stated. This implies that 
quality control algorithms should never make the situa-
tion worse. The system needs to have fall-back options of 
simpler algorithms in cases where the quality of the data 
is compromised. Extra complexity in an algorithm to gain 
a minor advance at the expense of increasing the risk of a 
major failure should not be tolerated.

The second task that I attempted in 1985 was to calculate 
a Z-R relationship for the radar that we were using. I must 
admit that although I have laid siege to the problem re-
peatedly over the years it remains undefeated. There are a 
number of issues at play here. Firstly, there is the large un-
certainty due to both the horizontal drift of the rain drops 
from the location where the radar observes them to the 
rain gauge and changes in the drop size distribution in time 
and space. Secondly, there is the distinctive probability dis-
tribution of rain rate, where the overwhelming number of 
samples of rain rate are for light rain. This makes it difficult 
to collect significant observations of heavy rainfall through 
a rain gauge network. Finally, there is the issue of the cost 
function that is being used in the optimisation. Some us-
ers require unbiased monthly and annual accumulations, 
which will raise the importance of getting the mean rain 
rate correct, while other users are very sensitive to biases in 
the heavy rain rates which make up less than 0.1% of the 
rain gauge observations. 

Alan Seed1
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LESSONS LEARNED ON RADAR 
RAINFALL ESTIMATION AND 
NOWCASTING

Now regarding developing an operational quantitative 
rainfall nowcasting system, STEPS in my case. 

A good quantitative nowcast of rainfall depends on a good 
radar rainfall estimate to start from. A simple "back of the 
envelope" analysis that I did some time ago indicated that 
about half of the forecast error at 30 minutes is due to 
the error in the initial radar rainfall estimation. It would 
be worth revisiting this in the light of the recent improve-
ments to both radar rainfall estimation and nowcasting. 

It is very difficult to demonstrate good skill at nowcast-
ing accumulations of extreme rainfall, say the 1:50 year 
storm and above. This is because it is difficult to predict 
the growth and decay of a specific storm that becomes se-
vere, and it is difficult to observe the intense rainfall on the 
ground with rain gauges because these storms are so rare. 
From a user's perspective, it is important to have a clear 
quantification of the performance of the nowcasting sys-
tem during the rare event that triggers actions like evacua-
tions. For a probabilistic nowcast it is important for users 
to understand the thresholds for probability of occurrence 
that will trigger actions. These thresholds depend on both 
the skill of the nowcast for that specific (rare) storm and the 
cost/benefit of the action to be taken.  

Recently there have been a number of papers published on 
nowcasting rainfall that include the verification of a signifi-
cant number of events. This is a very big step forwards that 
has been made possible by greater accessibility to suitable 
radar data and more computation resources. The problem 
is that as a community we like to publish our verification 
for 1 mm/h, but market our systems to users on the basis 
of being able to nowcast 100 mm/h rain rates, to over-state 
the problem somewhat. Rather like the case for rainfall es-
timation, it is difficult to design a cost function that can be 
used to optimise a nowcasting algorithm for a diverse set 
of users. 

Evaluating the verification statistics for a nowcasting sys-
tem is not a simple undertaking. It is not easy for a user to 
translate the wide range of statistics into impacts on how 
they should be using the products. Having recently com-
pleted a large verification study for STEPS,  I have been 
very impressed with how the verification statistics can vary 
from case to case. This leads to thinking about techniques 
to represent this variability as a probability distribution 
of verification statistics, and how the performance varies 
depending on the meteorological situation. I find that as 

we improve the algorithms the performance on the "easy" 
cases does not change and the differences are to be found in 
the occasional "difficult" events. Improvements in the algo-
rithms  lead to a reduction in the spread in the verification 
statistics rather than a significant shift in the mean perfor-
mance and this is how we should be judging the value of 
improvements. 

Finally, I have been impressed with the demands that in-
creasing the update frequency places on the selection of 
the algorithm. My initial version of STEPS was designed 
to generate 10 ensemble members with 10-minute updates 
over 4 domains. The Bureau is currently planning to re-
lease the next version of STEPS with 5-minute updates, 
and I can anticipate a 2.5-minute update cycle in the near 
future. While it is true that much of the problem can be 
solved by using a larger computer and parallel processing, 
increasing the update frequency places a significant con-
straint on the complexity of the algorithms that are being 
used to generate the ensemble. It is relatively easy to think 
of a more complex way to solve a problem. True scientific 
skill is being able to develop an algorithm with the mini-
mum complexity that is needed to solve the problem ad-
equately. 
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Global observations of wind and rainfall are needed 
for assimilation into forecast models to improve pre-
dictions of wind-storms and flooding and to provide a 
benchmark for the performance of climate and weather 
forecast models. Global coverage can only be provided 
by satellites; those with active sensors have the potential 
to provide profiles of wind and rain. The lidar on AEO-
LUS, launched in 2018 and dwelling at 35 deg off-nadir 
detects the Doppler shift of the return from molecules 
and thin clouds to retrieve line-of-sight winds accu-
rate to 1-2 m/s. The along track resolution is ~80km, 
but wind is a well-behaved variable changing slowly in 
space and time. These AEOLUS winds have a signifi-
cant impact in reducing forecast errors. The ‘WIVERN’ 
94GHz Doppler wind radar, recently proposed to ESA, 
would complement the predominantly clear-air winds 
from AEOLUS by using cloud particles as tracers, thus 
providing winds within active cloudy regions such as 
hurricanes and winter European wind-storms as they 
develop over the Atlantic. A broader 800km wide sam-
ple would be achieved using a conically scanning radar. 
One of the major challenges is that the need for anten-
na pointing knowledge accurate to 200urad so that the 
component of the satellite motion can be subtracted 
from the Doppler return.

Measuring global rainfall from space is more challenging 
than wind because rainfall varies so rapidly in space and 
time. To achieve small footprint of 1 to 4km, high fre-
quencies must be used as for TRMM (14GHz), GPM 
(14 and 35GHz), CloudSat and EarthCARE (94Ghz). 

At these higher frequencies, attenuation by the rain is 
increasingly significant and so the total attenuation, es-
timated from the drop in the ocean surface radar return, 
is also used as a constraint for estimating the rainfall. 
Problems arise in that, for example, the melting layer, 
and cloud water also contribute to the attenuation. In 
addition, verification of the inferred rainfall is difficult, 
as the algorithms cannot be tested on ground-based ra-
dars, and rain gauges measure the rain rate over a peri-
od of 10 to 15 minutes, whereas the satellite moving at 
7km/sec provides a ‘snapshot’ of the rain rate. Various 
approaches to avoid these difficulties will be discussed.

Anthony Illingworth1

RADAR MEASUREMENTS OF WIND AND 
RAINFALL FROM SPACE

1University of Reading, United Kingdom
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