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Abstract

Assimilation of weather radar data, as well as additional data like lightning data, in
high-resolution weather forecast models is a promising method to improve short-term
forecasting (nowcasting) of flash-flood events. A data assimilation system based on the
Weather Research and Forecasting model is used in this study, with radar reflectivity and
radial velocity data collected with X-band Doppler polarimetric radar in the area of Athens,
Greece, and lightning observations obtained from a lightning detection network covering
Greece. Radar data are assimilated with the four-dimensional variational method, which
includes a full-hydrometeor assimilation scheme, in a nested domain of the model with a
resolution of 3 km. Humidity, vertical velocity and horizontal wind divergence profiles
estimated from lightning data are assimilated with a three-dimensional variation method
in the parent domain of the model with a resolution of 9 km. The results from a case study
are presented to show the effect of assimilating each type of data.

Keywords: weather forecasting; data assimilation; weather radar; lightning observations

1. Introduction

Forecasting precipitation in the coastal area of the Mediterranean region is a significant
challenge due to the complex terrain and its effect on rainfall. Climate change has led to an
increase in severe weather and subsequent flash-flood events in this region. Early warning
systems with high accuracy are necessary for better preparedness and responses in order
to mitigate the impact of these events. Weather observations and forecasting are essential
parts of such systems.

The Weather Research and Forecasting (WRF) model is a widely used mesoscale model
for research and operational purposes with an advanced data assimilation (DA) system,
which includes the three (3D-Var)- and four-dimensional (4D-Var) variational methods [1].
The system can assimilate weather radar and lightning data with various options. The
4D-Var method is a temporal extension of 3D-Var, and it has been found to improve
the short-term forecasting (nowcasting) of intense precipitation with the assimilation of
weather radar data [1,2], but it requires large amounts of computational resources. However,
there are techniques to speed up this method [3]. WRF-DA assimilates radar reflectivity
and radial velocity data with various schemes. A recently developed full-hydrometeor
assimilation scheme integrates warm-rain and cold-cloud processes without the need to
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indirectly partition radar reflectivity to hydrometeor types [4]. Lightning observations,
which are assimilated indirectly with the 3D-Var method, may improve forecasts during
convective storms, especially in areas not covered by weather radars. Thunderstorm cells
are characterized by high humidity and wind convergence (i.e., air vertical velocity) values,
and thus, methods which assimilate these parameters should be more effective [5].

In this work, a radar and lightning data assimilation system based on WRE-DA is
presented and evaluated for a precipitation event in the region of Athens, Greece. Section 2
presents the data and methodology used in this study, Section 3 presents the results from
the case study, and our conclusions are summarized in Section 4.

2. Data and Methodology

Reflectivity and radial velocity data were collected with the mobile X-band Doppler
polarimetric radar (XPOL) of the National Observatory of Athens (NOA), which typically
operates on top of a 500 m hill in the suburbs of Athens, Greece, with a gate resolution of
300 m and a range of 120 km. The time taken to complete a volume scan is about 2 min.
The volume scan includes plan position indicator (PPI) scans at 1°, 2° and 3° antenna
elevations for measurement of the spatial distribution of precipitation, and Range Height
Indicator (RHI) vertical section scans at selected azimuth angles for measurement of the
vertical structure of precipitation. The radar data were processed with dual-polarization
algorithms developed in [6], which include the attenuation and vertical profile of reflectivity
corrections. An elevation-hybrid scan of near-surface rainfall was estimated using mea-
surement sectors with minimal beam blockage by the terrain. Lightning observations were
collected with a lightning detection network consisting of six low-cost VLF-LF frequency
receivers operating in Greece. The estimation of lightning position was based on the time
and direction of its arrival [7]. The number density of lightning observations in 10 min peri-
ods and 9 km cells was converted to proxy air humidity and vertical velocity-divergence
profiles, similarly to [5].

The WRF model (version 4.6.1) setup included three nested domains at 9, 3 and
1 km (for high-resolution forecasting in the Athens area) spatial resolutions, as shown
in Figure 1. Two-way nesting, high resolution (about 30 m) terrain and the Lin cloud
microphysics scheme [8] were used. The initial and boundary conditions at a spatial
resolution of 7 km at the start of the assimilation period were provided by the Icosahedral
Nonhydrostatic (ICON) weather forecast model, which is available in real time from the
German Weather Service (DWD). Data assimilation was performed in a time period of three
successive cycles of 10 min each just before the analysis time, in order to reduce the effects
of the linear model approximation used in the 4D-Var minimization of the cost function.
The control variables in 4D-Var include wind, air vertical velocity, pressure, temperature,
and the relative humidity and specific humidity of hydrometeors. The background error
covariances were previously estimated per season using the NMC method [9] for 3 h
forecasts every 2 h instead of the usual 24 h forecasts every 12 h for all events recorded in
the last four years. The scaling parameters for the WRE-DA of background error covariances
have a significant effect on the assimilation results [10]. In this study, their values were
qualitatively selected to achieve results closer to the radar observations. More specifically,
the length scaling was set to 0.5 (less spatial spread of the influence of observations), except
for the case of the wind components in radar data assimilation, where it was set to 2.0 (more
spatial spread of the influence of observations). The assimilation of 3D-Var lightning data
followed by 4D-Var radar data in each 10 min time period took place in the first and second
domains, respectively. No-echo radar data assimilation was used to remove precipitation
where it was not observed. After each 10 min assimilation, the new initial conditions are
interpolated down to the finer resolution domains, and a short 20 min WRF forecast was
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conducted for the calculation of the initial conditions of the next 10 min period. Finally, a
three-hour forecast is conducted with the new initial conditions at the analysis time.
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Figure 1. (a) The WRF nested domains (d01, d02 and d03) with their cell size in km and the number
of cells per dimension, and the locations of the lightning receivers (gray dots). (b) The XPOL mobile

weather radar.

3. Results

The precipitation event of 5 October 2024 is analyzed in this section. South-westerly
winds were transporting moist, unstable air and thunderstorm cells in the region of most
interest (second domain). Figures 2 and 3 show the radar observations of rainfall and
lightning estimated locations, respectively, in time periods just before and after the analysis
time (11:00 UTC).
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Figure 2. Accumulated rainfall estimated by the radar data in the time period (a) before and (b) after

the analysis time on 5 October 2024. The measurement sector and range of radar data are shown with

a dashed line.
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Figure 3. Lightning detections on 5 October 2024 in two-hour time periods (a) before and (b) after the
analysis time on 5 October 2024.

The results from the WREF forecast based on ICON initialization data without any data
assimilation are shown in Figure 4. The forecast was initialized at 10:00 UTC to allow for a
warming (spin-up) period of one hour. A limited amount of rainfall was forecasted in this
time period in the second domain of the simulation.
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Figure 4. No-data assimilation run on 5 October 2024. (a) Mean value of radar reflectivity in the lower
ten model levels of the second WRF domain at 11:00 UTC; (b) WRF accumulated rainfall forecast in
the time period of 11:00 to 14:00 UTC.

Figure 5 shows the results from the assimilation of only radar data in the second
domain and within the sector of radar measurements. As mentioned above, the assimila-
tion period started at 10:30 UTC with initialization data from ICON at 10:00 UTC and a
WREF forecast until 10:30 UTC. Data assimilation added hydrometeors, i.e., increased the
calculated radar reflectivity, in the echo areas of the radar measurements. Also, it removed
hydrometeors in the echo cells of the model (Figure 4a) inside the radar measurement
sector that did not contain radar echo (Figure 5a). With radar data assimilation, rainfall
bands were created in the model in the same direction as observed in the radar measure-
ments (Figure 2). The intense storm activity in the center of Evia island to the northeast of
Athens (Figure 3b) was also forecasted. However, limited rainfall was accumulated in the
southwestern part of the second domain, where thunderstorm cells were advected from
outside the second domain.
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Figure 5. (a) Same as Figure 4a, but with radar data assimilation. (b) Same as Figure 4b, but with

radar data assimilation.

Figure 6 shows the results with radar and lightning data assimilation. The lightning

data assimilation took place in the first domain, but it was interpolated down to the second
domain, as mentioned previously. The lightning cells observed in the southwest part of
the domain (Figure 3) added hydrometers and wind convergence zones in this area, which
were then advected by the model towards the northeast direction. Thus, additional bands
of accumulated rain were forecasted, similar to the radar observations in the time period of
the forecast (Figure 2).
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Figure 6. (a) Same as Figure 4a, but with radar and lightning data assimilation. (b) Same as Figure 4b,
but with radar and lightning data assimilation.

4. Discussion and Conclusions

The results of the combined radar-lightning data assimilation showed a significant
and promising improvement in precipitation nowcasting. The 4D-Var assimilation scheme
of radar data in a 30 min time period also works as a spin-up period for the model. The
lightning data provided the required missing information outside the measurement area of
the radar, which complements the radar information for thunderstorm advection from this
area. This assimilation and nowcasting system is currently running in operational mode
on a simple 18-core personal computer (1.5 h is needed to complete the nowcast), while
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raw radar and lightning data are processed on a second computer with less computational
power. Future work will include real-time assimilation of additional data, like Global
Navigation Satellite System (GNSS) zenith tropospheric delay observations at a large
number of stations in Greece, to add more information in the first domain. The proposed
system could form the basis of a local operational early warning system for flash-floods
that requires relatively limited computer resources.
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