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Abstract. The exceptional flood of July 2021 in central Europe impacted severely Belgium. As rainfall was the triggering factor
of this event, this study aims at characterizing rainfall amounts in Belgium from July 13th to July 16th 2021 based on 2 types
of observational data. First, observations recorded by high-quality rain gauges operated by weather and hydrological services
in Belgium have been compiled and quality checked. Second, a radar-based rainfall product has been improved to provide
a reliable estimation of quantitative precipitation at high spatial and temporal resolutions over Belgium. Several analyses of
these data are here performed to describe the spatial and temporal distribution of rainfall during the event. These analyses
indicate that the rainfall accumulations during the event have reached unprecedented levels over large areas. Accumulations
over durations from 1 to 3 days significantly exceeded the 200-year return level at several places, with up to 90% of exceedance
over the 200-year return level for 2-day and 3-day values locally in the Vesdre basin. Such a record-breaking event needs
to be documented as much as possible and available observational data must be shared with the scientific community for
further studies in hydrology, in urban planning and, more generally, in all multi-disciplinary studies aiming at identifying and
understanding factors leading to such disaster. The corresponding rainfall data are therefore provided freely as a supplement
(Journée et al., 2023; Goudenhoofdt et al., 2023).

1 Introduction

From July 13 to 16 2021, a long period of sustained and heavy rainfall affected Central Europe producing extreme rain-
fall amounts in western Germany, eastern Belgium, Luxembourg and The Netherlands. This meteorological event combined
with already near-saturation soil conditions and steep slopes of several river valleys in the region caused disastrous flooding
(Kreienkamp et al., 2021; Mohr et al., 2022). This event was one of the most severe natural catastrophes in Europe in the last
half century and was responsible for at least 220 fatalities and loss amounts estimated to EUR 46 billion (MunichRe, 2022;
Mohr et al., 2022). In the Walloon region of Belgium alone, 39 people lost their lives and the total cost for this region is es-
timated to EUR 2.8 billion (Gouvernement Wallon, 2022). According to Assuralia (2022), the total amount of compensations
paid in Belgium by the insurance companies is EUR 2 billion. This exceptional event occurred within a low-pressure system,
called Bernd, very slowly moving over Central Europe, feeding the flooded region with very moist air. The associated rainfall
was characterized by a sustained large-scale stratiform component combined with locally embedded convective precipitation.

In eastern Belgium, this led to extreme rainfall amounts breaking many historical rainfall records at several locations. Excep-
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tional floods were observed in several tributaries of the Meuse catchment, in particular along the Vesdre where the most severe
consequences have been deplored in terms of casualties and damage (Dewals et al., 2021). In the Vesdre catchment, an increase
of the seismic noise and an increasing saturation of the weathered zone have been observed during this event by a seismometer
and a gravimeter, respectively (Van Camp et al., 2022).

After such a disaster, questions arise on the role of climate change on the occurrence of this type of event. An attribution
study has been rapidly performed (Kreienkamp et al., 2021) and concludes that the likelihood of such an event to occur today
at any place over Western Europe compared to a 1.2 °C cooler climate has increased by a factor between 1.2 and 9. According
to the Clausius-Clapeyron relation, a warmer atmosphere can contain more water vapour which is expected to increase the
intensity and frequency of precipitation events. This type of relationship is however difficult to ascertain as the occurrence of
such an event is both dynamically and thermodynamically driven (Ludwig et al., 2022; IPCC, 2021; Vergara-Temprado et al.,
2021). This makes the attribution of such events to climate change a real challenge, and further analyses are required to address
this issue as for instance in Meyer et al. (2022). Such type of analyses strongly rely on the quality of the available observational
data.

As described in Mohr et al. (2022), these devastating floods are the result of complex interactions between meteorological,
hydrological and hydro-morphological phenomena. An additional aspect that needs to be considered is the presence of dams
upstream of some affected valleys in eastern Belgium (Dewals et al., 2021). Multi-disciplinary analysis are required for an
in-depth understanding of the course of the events. Investigating the complex dynamics in the affected catchments is necessary
to understand the relation between extreme rainfall and the resulting impact. Such analysis require a detailed knowledge of
rainfall, as the triggering factor of these events. Extremely rare event need to be documented as much as possible and data
must be made available for further studies in hydrology, in urban planning and, more generally, in all multi-disciplinary studies
aiming at identifying and understanding factors leading to such disaster.

Several extreme rainfall and flood events that occured in the last decades have been documented in the literature. For ex-
ample, the extraordinary rainfall and flash flood event which affected the eastern part of The Netherlands in August 2010 is
described in Brauer et al. (2011). In Germany, the hydrometeorology of the extreme flood in the Starzel catchment on 2 June
2008 is analysed in Ruiz-Villanueva et al. (2012). On 8-9 September 2002, a catastrophic flash flood affected the Gard region
(France) with maximum 24h rainfall values of 600-700 mm. This event is extensively documented and analysed in Delrieu
et al. (2005). In Marchi et al. (2010), hydrometeorological data from 25 extreme flash floods across Europe are presented and a
high-resolution dataset of rainfall and discharge observations for 49 events in Europe and the Mediteranean region from 1991
to 2015 is described in Amponsah et al. (2018). All these studies underline the importance of rainfall observations at high
spatial and temporal resolutions for the post-analysis of extraordinary flood events.

In the present paper, the observational rainfall data for Belgium that can be used for such analyses are exposed and made
available to the scientific community (Journée et al., 2023; Goudenhoofdt et al., 2023). These data are twofold: (1) in-situ
observations from high-quality rain gauges and (2) rainfall products based on weather radar observations. The radar data are

carefully processed and combined with rain gauges measurements to provide a quantitative estimation of precipitation at high
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spatial (i.e., 1 km) and temporal (i.e., 5 min and hourly) resolutions. Several analyses of these data are performed to describe
the spatial and temporal distribution of rainfall during the event and to illustrate its exceptional character.

The paper is organized as follows. In Section 2, the rain gauges data and the radar product available for Belgium during
the period from July 13th to July 16th 2021 are detailed. Section 3 includes several analyses of these data to discuss the event

regarding its spatial and temporal extent together with its exceptional character. Some conclusions are drawn in Section 4.

2 Precipitation data
2.1 Rain gauges data

Several rain gauges networks are deployed in Belgium to continuously monitor rainfall at ground level. These networks are
operated by the Royal Meteorological Institute of Belgium (RMI) and by the Belgian regional hydrological services, i.e.,
Service Public de Wallonie - Mobilité et Infrastructures (https://hydrometrie.wallonie.be), Vlaamse Milieumaatschappij and
Hydrologisch Informatiecentrum (https://www.waterinfo.be/). In total, 323 rain gauges located in 308 different sites have
recorded precipitation quantities during the severe rainfall event of mid-July 2021. The spatial distribution of these 308 sites
is illustrated in Figure 3 by the grey dots. Among the 323 available devices, 168 weighing rain gauges monitored rainfall in
real-time with a 5-min time resolution and 155 manual rain gauges recorded daily precipitation amounts. Manual precipitation
observations are made each day at 08:00 a.m. local time.

All the recorded rain gauges data were checked manually for possible errors and inconsistencies. This data quality control
(QC) analysis is made with the help of maps and time series plots that allow to compare data from neighboring rain gauges.
Comparisons are also made with meteorological radar products. This validation process highlighted that 2 weighing rain gauges
provided zero precipitation data continuously during several hours, which was inconsistent with the heavy rainfall observed by
neighboring rain gauges as well as by the radars during that period. In addition, a few gaps of short duration (usually 1 or 2
successive timestamps) were reported in the 5-min time series of some other weighing rain gauges. Estimations derived from
neighboring weighing rain gauges data have been considered to correct the 2 periods of erroneous data as well as to fill the
gaps. Regarding the manual rain gauges, some observers measured the daily precipitation amount later than 08:00 am. As a
consequence, the total accumulation during the event was correctly recorded but not properly distributed on each day, needing

adjustments of the daily values. Globally, the QC analysis led to few interventions on all available rain gauges data.
2.2 Radar-based rainfall product (RADFLOOD21)

The radar product is obtained after a careful processing of the weather radar measurements and a merging with validated
rain gauge measurements. Some of the main challenges of radar-based precipitation estimation are discussed in details in
Goudenhoofdt and Delobbe (2016). The method is under a continuous improvement process based on research and quality

control. In particular, the significant underestimation of the operational product during the flood event, has led to several
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90 improvements. Additionally, some of the parameters have been optimized for this particular case. The processing steps are

explained below.
2.2.1 Weather radar measurements

Radars transmit electromagnetic pulses, typically within a beam width of 1 degree. Part of the transmitted power is reflected
back to the radar by precipitation. Most radars in Europe perform a full volume scan of the atmosphere at different elevation
95 angles (3D) in about 5 minutes. Estimating rainfall from radar measurements is a challenge because of the many sources of

errors and uncertainties (Figure 1).
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Figure 1. Phenomena affecting the radar data quality. Courtesy of Markus Peura (Finnish Meteorological Institute).

The product is based on the 3D reflectivity measurements of the following radars:

Helchteren, Vlaamse Milieumaatschappij, Belgium (BEHEL)

Jabbeke, Royal Meteorological Institute of Belgium, Belgium (BEJAB)

100

Wideumont, Royal Meteorological Institute of Belgium, Belgium (BEWID)

Neuheilenbach, Deutsche Wetterdienst, Germany (DENHB)

Essen, Deutsche Wetterdienst, Germany (DEESS)

Avesnois, Meteo France, France (FRAVE)
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Figure 2. Radar coverage with 100 km radius, country borders and height above see level (in gray scale from 0 to 1000 meter).

These radars use different kind of technology, scanning strategy and data processing, which can evolve over time. A particular
105 challenge is to mitigate the in-homogeneity between the radars and loss of information in the data processing chain.
A radar has a typical range of 250 km but the quality of the measurements tends to decrease with the distance. Data within

a 100 km radius are generally considered as appropriate for rainfall estimates of good quality (Figure 2).
2.2.2 Quality control of the radar measurements

The quality control starts by checking the long-term calibration bias of the radar. Using a basic radar estimation method, an

110 average of the bias is computed based on comparison with gauge measurements over the past two months. The method is
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tuned to remove all uncertainties and errors not related to calibration errors. The calibration bias is removed before further
processing.

Radar measurements over a given area can be permanently or regularly affected by clutter (i.e. non-meteorological echoes)
coming from hills or wind farms. This can be solved by removing measurements with an abnormally high frequency of echoes.
A new method has been developed to keep values as actual precipitation if they are significantly larger than the maximum
expected clutter level. The goal is to include radar observations as close to the ground as possible without contamination by
ground echoes. This is important to mitigate underestimation due to orographic enhancement of precipitation taking place in
the lowest layers of the atmosphere. We suspect that this effect was particularly strong during the flood event.

The radar beam can be partially blocked by elevated areas. The percentage of energy lost is therefore computed. The reflec-
tivity measurements is then corrected accordingly.

The radar measurements can be contaminated by residual non meteorological echo from planes, wireless devices or the
ground in case of abnormal propagation. Such clutter are identified based on three methods: (1) comparison with the satel-
lite cloudiness product, (2) detection of abnormal changes between measurements at different altitudes and (3) detection of

unrealistic spatial texture.
2.2.3 Rainfall rate estimation at the ground

The processing starts by the identification of convective precipitation based on reflectivity gradients. Non convective precipi-
tation is extrapolated to the ground by using an averaged vertical profile of reflectivity. This allows in particular to mitigate the
overestimation caused by melting snow. Missing data after the quality control can be replaced by data from higher radar beams
or by data in a close neighborhood. The radar reflectivity (Z) is then converted into rain rates (R) based on the identified pre-
cipitation type (snow, hail, convective rainfall, widespread rainfall). A special relation is used for non-convective precipitation

in areas with orography, where some enhancement is expected (Z = 200R?, following the US Radar Operations Center).
2.2.4 Compositing, accumulation and merging

In order to mitigate the underestimation produced by radar signal attenuation by rainfall along the path, the observations from
several radars are combined. Only data from the 3 closest radars and within a range of 180 km are here used. Data at very long
range with low spatial resolution are not included.

Instantaneous rain rates are obtained every 5 minutes corresponding to the full 3D radar scan. The rainfall accumulation over
5 minutes is obtained by computing the movement of precipitation using optical flow techniques. Accumulations over longer
durations are obtained by taking the sum of the 5-min accumulations.

The accumulated rainfall over 1 hour is combined with rain gauge measurements from the automatic stations using Kriging
with external drift (KED). The KED method interpolates the gauge values in a given neighborhood while taking the radar
estimation as a linear combination of the expected value of the (Gaussian) process. The correlation of the residual errors is
assumed to decrease up to 20 km. Note that the gauge measurements and sampling errors are taken into account. The spatial

correction factor is then applied to the 5 minutes accumulation.
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3 Quantitative rainfall analysis
3.1 Total rainfall distribution in space

Precipitation accumulations over 3 days, from July 13th 06:00 UTC to July 16th 06:00 UTC, vary largely over Belgium,
as illustrated on Figure 3. While the weather was completely dry during this period in the North-West of Belgium, rainfall
accumulations reached almost 300mm in the eastern part of the country (i.e, the rain gauges recorded up to 291.6mm). Accu-
mulations over the 3-day period exceeding 200mm have been recorded by 4 weighing rain gauges (Jalhay, Spa, Mont Rigi and
Neu-Hattlich) and by one manual rain gauge (Hockai). These 5 rain gauges are located in the Province of Licge.

In Figure 3, the 3-day precipitation total is mapped over Belgium in two ways. On one hand, all available 3-day totals
recorded by weighing and manual rain gauges are spatially interpolated by an inverse distance weighted (IDW) approach
(Figure 3, panel a.). On the other hand, the hourly radar product data are temporally aggregated on the 3-day period (Figure 3,
panel b.). Both estimations provide on a large-scale perspective comparable rainfall distributions over the country. Differences
are however noticeable at finer scales. First, the IDW approach tends to give artificial circular patterns around some rain
gauges, while radar observations are expected to better capture fine-scale rainfall patterns. Second, the IDW approach is blind
is areas with a poor density in rain gauges. The difference between both estimations (Figure 3, panel c.) shows that the largest
discrepancies are located in an area without any rain gauges in the North of Belgium. Significant differences can also be
noted in eastern part of the Province of Liege where the precipitation accumulations are the largest and vary strongly on short
distances. Such rainfall patterns with large gradients need a very dense network of rain gauges to be accurately captured solely
by ground observations. The radar product is thus essential for the spatial analysis of such precipitation events. In particular,
the radar product shows that the 3-day precipitation total has exceeded 200mm for a narrow but elongated area of 265 km?
oriented from southwest to northeast.

In order to estimate the uncertainty associated to both spatial distributions of the 3-day precipitation accumulation, a valida-
tion analysis is conducted as follows. As the radar product do not integrate observations from manual rain gauges, the 3-day
totals from 155 manual rain gauges serve as validation data. For the IDW-derived spatial distribution that relies on both weigh-
ing and manual rain gauges data, a leave-one-out cross-validation is applied, i.e., 155 IDW estimations are computed by leaving
systematically one different manual rain gauge data out which is used as reference to evaluate the estimation error. The results
are illustrated by scatter plots in Figure 4. Concerning IDW, these results indicate an overestimation of the smallest values
and an underestimation of the largest ones. IDW tends to smooth the spatial distribution of rainfall and attenuates extremes.
Regarding the radar product, a rather good match with the manual observations can be noticed for 3-day accumulations till
100mm. The largest values are however generally underestimated. The derived Mean Absolute Error (MAE) and Root Mean
Square Error (RMSE) indicate that the radar product provide nevertheless a more accurate spatial distribution of the 3-day
accumulation than IDW.

Based on the extreme precipitation statistics derived for Belgium by Van de Vyver (2012) and Van de Vyver (2013), return
periods can be associated to the 3-day precipitation accumulations, as illustrated in Figure 5 for the rainfall distribution esti-

mated by the radar product (i.e., Figure 3b). Large return periods can be noted for extended areas within Belgium. For instance,
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3-day precipitation accumulation (from 13th July 06:00 UTC to 16th July 2021 06:00 UTC)

a. IDW interpolation of rain gauges observations b. radar product (RADFLOOD21) c. difference (b. minus a.)

100 km

0 25 50 75 100 125 150 175 200 225 250 275 300 -80 -60 -40 -20 0 20 40 60 80

Figure 3. Spatial distribution in Belgium (top panels) and in the Province of Li¢ge (bottom panels) of the precipitation accumulation over 3
days (from July 13th 06:00 UTC to July 16th 06:00 UTC). The spatial distribution is derived by inverse distance weighted (IDW) interpolation
of all available automatic and manual rain gauges data (left panels) as well as by the radar product (center panels). The difference between
both estimations is provided in the right panels. Rain gauges locations are displayed by the grey dots and the red delimited area corresponds

to the Province of Liege.

the return period estimated for the 3-day total exceeds 50 years for 24.5% of the Belgian territory (i.e., 7500 km?). The area
with a return period estimated larger than 100 years covers more than 13% of the country (i.e., 4000 km?). It should be noted
that the extreme precipitation statistics provided by Van de Vyver (2012) and Van de Vyver (2013) are here limited to return
periods of 200 years, as the uncertainty increases considerably when considering return periods significantly larger than the
length of the time series. This upper level is exceeded for an area corresponding to 6.5% of Belgium (i.e., 2000 km?). At some

places, the 3-day total exceeds considerably the 200-year return level.
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estimation (mm)

a. IDW estimation (leave—one—out cross validation)

rain gauges data (mm)

EGUsphere\

Estimation error of the 3—day precipitation accumulation for 155 manual rain gauges
Scatter plot of the estimations versus the observations

b. radar product (RADFLOOD21)

MAE: 8.3mm
RMSE: 12.8mm

150 200 250

Figure 4. Scatter plots of the IDW and radar product estimations versus the observations of the 3-day accumulation for 155 manual rain

gauges. The average discrepancies between estimations and observations are summarized by the Mean Absolute Error (MAE) and the Root

Mean Square Error (RMSE) for both scatter plots.

radar product, i.e., Figure 3b).

3.2 Rainfall distribution in time

Return period estimated for 3-day precipitation accumulation
from 13th July 06:00 UTC to 16th July 2021 06:00 UTC

200 years

Figure 5. Return period estimated for the 3-day precipitation total in Belgium (corresponding to the rainfall distribution estimated by the

Figure 6 provides a closer look to the rainfall distribution in time for the 4 weighing rain gauges with a 3-day accumulation

over 200mm. These time series indicate that, for these locations, most of the total rainfall accumulation occurred in a period of
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approximately 36 hours, thus much smaller than 3 days. It appears also that, within this 36-hour period, the hourly precipitation

totals are highly variable with several peaks and some hours with almost no precipitation.

Hourly precipitation quantity from 13 to 16 July 2021
Weighing rain gauges with more than 200mm over 3 days

Jalhay

25 mm-

20 mm-

| ‘|II ol
5mm-
— ,,-II - IIIII II-I.I II.IIIIIII--_-__ -

0mm-

Spa

25 mm-

3-day total (*) : 291.6mm
15 mm-

20 mm-
15 mm-

10 mm-
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o mm- l||l_IIIIIlllllll--llllllllllll -

Mont Rigi

25 mm-
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Neu—Hattlich
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13 July 14 July 15 July 16 July
00:00 UTC 00:00 UTC 00:00 UTC 00:00 UTC

(*) 3—day totals from 13 July 06:00 UTC to 16 July 2021 to 06:00 UTC

Figure 6. Time series of hourly precipitation totals for the 4 weighing rain gauges with a 3-day accumulation exceeding 200mm. These 4

rain gauges are located in the Province of Liege.

For the 5 manual and weighing rain gauges with the largest 3-day total (i.e., exceeding 200mm), the maximum precipitation
accumulation for durations from 1 hour to 3 days is provided in Figure 7 and compared against precipitation amounts corre-
sponding to events with return periods from 10 to 200 years, i.e., 10-year to 200-year return levels. For these stations which are
all located in the same area of the Province of Liege, precipitation accumulations on short durations till 3 hours do not exceed
a return period of 30 years. The precipitation quantities tend however toward extreme levels when increasing the accumulation
duration: 6-hour accumulations present a return period above 75 years at 3 places and 12-hour accumulations exceed the 200-
year return level at the 4 weighing rain gauges. For the 5 considered locations, the exceedance over the 200-year return level is
even larger for precipitation accumulations over 1 day and especially over 2 and 3 days: these 2-day and 3-day values exceed

the 200-year return level by 30% to 90% depending on the location. In Jalhay, where the largest 2-day and 3-day amounts have

10
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been recorded, these 2-day and 3-day values correspond to the 200-year return level of rainfall events with a duration of 13

days and 15 days respectively, as it can be noted in Dewals et al. (2021).

Maximum precipitation accumulation between 13th July 06:00 UTC to 16th July 2021 06:00 UTC for durations from 1 hour to 3 days
compared against the 10-year to 200-year return levels
Rain gauges with more than 200mm over 3 days

Jalhay Hockai (manual rain gauge) Spa
300 mm -
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200 mm -
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\
\
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1 h'our 2 hclzurs 3 hc‘)urs 6 h(l.vurs 12 hlours 1 c}ay 2 d'ays 3 d‘ays 1 hvour 2 ht‘)urs 3 h(’)urs 6 hcl:urs 12 hlours 1 ciay 2 dlays 3 d.ays 1 hvour 2 h:)urs 3 héurs 6 hclzurs 12 h‘ours 1 c;ay 2 dlays 3 d'ays

Mont Rigi Neu-Hattlich
300 mm - Max. precip. total (derived from 5-min series)
Max. precip. total (derived from daily series)
250 mm - 200-year return level
100-year return level
200 mm -

75-year return level
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30-year return level
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\
|
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20-year return level
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' ' ' ' ' . \ . ' ' ' ' ' ' \ . 10-year return level
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The return levels are based on the results of Van de Vyver (2012):
They are derived from 10-min historical series for durations till 12 hours and from daily historical series for durations of 1 day or more.

Figure 7. Maximum precipitation accumulation for durations from 1 hour to 3 days for the 5 rain gauges with a 3-day accumulation exceeding
200mm compared against the 10-year to 200-year return levels. These maximum values are derived from 5-min time series (weighing rain
gauges) as well as from daily time series (weighing and manual rain gauges). These 5 rain gauges are located in the Province of Liege. The
return levels are derived from 10-min historical series for durations till 12-hours and from daily historical series for durations of 1 day or

more (Van de Vyver, 2012, 2013).

The analysis of Figure 7 can be extended to any location in Belgium based on the hourly radar product. For each 1-km
pixel of the radar product, the maximum rainfall accumulation is derived for durations from 1 hour to 3 days during the period
July 13th 06:00 UTC to July 16th 06:00 UTC. Return periods can then be associated to these precipitation maxima based on
the results of Van de Vyver (2012) and Van de Vyver (2013). Figure 8 summarizes the frequency distribution of these 1-km
sampled return periods for the 8 considered accumulation durations. The spatial distribution of the estimated return periods
for each accumulation duration can be found in Figure Al. These results indicate that the precipitation accumulations for
durations up to 3 hours did not reach exceptionally high values anywhere in Belgium (i.e., return period below 30 years). For
longer accumulation durations (from 6 hours to 3 days), a clear trend towards extreme values can be noticed with, in parallel, an
increase in the size of the severely affected areas. The apparent discontinuity in Figure 8 from 12-hour to 1-day accumulations

is related to the temporal granularity of the considered data: maximum accumulations are derived from hourly radar product

11
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for duration till 12-hours and from fixed daily accumulations (from 08:00am to 08:00am local time) for durations of 1, 2 or
3 days in order to be consistent with the extreme value statistics (Van de Vyver, 2012). The Hershfield factor (van Montfort,
1990) aimed to adjust the impact of the time series granularity when deriving extreme value statistics is not used to stay as

close as possible to the actual statistics.

Frequency distribution on the Belgian territory (sampled at 1-km resolution) of the return period associated
to the maximum precipitation accumulation between 13th July 06:00 UTC to 16th July 2021 06:00 UTC
for durations from 1 hour to 3 days

return period (years)
<10
10-15
75%- 15-20
20-25
25-30
30-40
40-50
B s0-75
B 5100
e - B 100200
e —

100%-

50%-

25%-

Fraction of the Belgian territory

1 h'our 2 hc'>urs 3 ht')urs 6 thJurs 12 h'ours 1 c;ay 2 d'ays 3 d'ays
accumulation duration

Maximum precipitation accumulation are derived from hourly radar product (RADFLOOD21) for durations
from 1 hour to 12 hours and from daily accumulations derived from RADFLOOD21 for durations of 1, 2 or 3 days.

Figure 8. Frequency distribution on the Belgian territory of the return period associated to the maximum precipitation accumulation between
13th July 06:00 UTC to 16th July 2021 06:00 UTC for durations from 1 hour to 3 days. The maximum accumulations are derived from
hourly (resp. daily) radar product for durations till 12 hours (resp. of 1, 2 or 3 days). The area of Belgium is 30688 km?.

3.3 Spatio-temporal analysis of the heavy rainfall event

The rainfall distribution in time illustrated in Figure 6 is limited to the rain gauges with the largest 3-day accumulation, which
are all located in a same area (i.e., East of the Province of Liege). Rainfall is however distributed in time differently in other
areas of Belgium. The sequence of 5-min radar product (Goudenhoofdt et al., 2023) allows to grasp the spatial-temporal
dynamic of the 3-day event. In complement, maps of 3-hourly precipitation totals derived from the 5-min radar product are
provided in Figures A2 and A3. It remains however difficult to get an overall insight on the spatial and temporal evolutions of
the rainfall patterns during the event from these 5-min or 3-hourly sequences.

Dimensionality reduction methods (Carreira-Perpifidn, 1997; Fodor, 2003; Cunningham, 2008) can be helpful in this con-
text. The goal of dimensionality reduction is to provide a low-dimensional approximation of large data while minimizing the
loss of relevant information contained in the data. These approaches aim thus at summarizing the essence of the data in a
few representative variables. They provide an approximate but easier to interpret representation of the data. One of the most
popular technique for dimensionality reduction is principal component analysis (Jolliffe and Cadima, 2016; Wilks, 2011). In
this analysis, because of the non-negative character of precipitation data, we will compute a non-negative matrix factorization

(Gillis, 2020) of the 5-min radar product.
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Given a data matrix V' with m rows and n columns (i.e., a matrix of dimension m X n) and with non-negative elements
vi; > 0 (i.e., V is a non-negative matrix), the non-negative matrix factorization (NMF) approximates V' as the product of two

non-negative matrices W and H of dimensions m x k and k x n respectively,
V(mxn) ~ W(mxk) H(an) (1)

The approximation (1) of V' can equivalently be written with vectors instead of matrices by

k
V(an) ~ ngmxl) hl(‘lxn)7 (2)

i=1

where w; (resp. h;) of dimension m x 1 (resp. 1 X n) denotes the ith column of W (resp. the ith row of H). Equation (2)
formulates the approximation of V' as the sum of k matrices of rank 1 (i.e., the matrix product of 2 vectors), which are called
components or features. In practice, k is set much smaller than the dimensions m and n in order to decompose V' into a limited
number of components expected to represent meaningful characteristics of the original data. NMF is generally solved as an
optimization problem, where an objective function characterizing the difference between V' and matrix product W H has to be
minimized. Various algorithms for NMF have been proposed in the literature. In this analysis, we used the algorithm rNMF
(Sun et al., 2013) available as an R package.

In order to analyze the 5-min rainfall by NMF, the data need first to be structured in a non-negative m x n matrix V' where
each element v;; contains the radar value of the pixel 4 for the timestamp j. This analysis is performed for the 1-km radar pixels
located in Belgium (i.e., m = 30669) and the period July 13 00:00 UTC to July 16 12:00 UTC (i.e., n = 1009). The result of
the NMF approximation of this data into 3 components is illustrated in Figure 9. Each component 7 is composed of a vector
w; with values for the m pixels (i.e., spatial pattern of the component ¢) and a vector h; with values for the n timestamps (i.e.,
temporal pattern of the component 7).

These results show that NMF provides a decomposition of the rainfall data into 3 factors with distinct spatio-temporal
characteristics. The first factor corresponds to stratiform precipitation in the South East part of Belgium that started already in
the morning of July 13 and lasted rather continuously till the end of July 14. The second factor concerns the central part of
Belgium with precipitation in the evening of July 13, followed by a rather dry situation on July 14 and again precipitation the
whole July 15. Finally, the third factor extracts the heaviest precipitation pattern located in the Province of Liege. This pattern
is characterised by successive periods with very intense convective precipitation that started in the evening of July 13 and lasted
till the morning of July 15. The NMF analysis clearly shows that rainfall was distributed in time differently in various areas
of the country. In view of temporal distributions that are overlapping for the three factors, it is hard to figure out what is the
dynamical source of these patterns. This constitutes an interesting future research, going beyond the scope of the current data
description.

The information given in Figure 10 indicates that the rank-3 NMF approximation provides a meaningful summary of the
rainfall data. First, Figure 10A quantifies how the 3-day accumulation is approximated by the rank-3 NMF. The approximation
error is rather low in most places: between -8% and 16% where the 3-day accumulation exceeds 100mm. There is however

a region in central Belgium with 3-day accumulation (around 80mm in the radar product) that is largely underestimated by
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almost 50mm in the rank-3 NMF. This is a local pattern that is not captured by the rank-3 NMF. In Figure 10B, the correlation
between the radar product and the 3 temporal components h; is assessed for each pixel. This analysis confirms that each of
these temporal components are mostly correlated with the radar product in distinct geographical areas, which corresponds the
spatial components w;. To conclude, the information provided by the 3 spatial components w; and 3 temporal components h;
(i.e., the 3 maps and 3 time series of Figure 9) summarizes well in an easily interpretable way the rainfall data for areas with a

3-day accumulation above 100mm.

Rank-3 non negative matrix factorization (NMF) of 5-min RADFLOOD21 data
Factor 1, spatial pattern wy(x) Factor 1, temporal pattern hy(t)

mm/5min
-~ 4w
> w o

0.5M\J\MN
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Figure 9. Spatial and temporal patterns of the 3 components resulting from a rank-3 NMF of the 5-min rainfall data.
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A. Approximation of the 3-day accumulation by the rank-3 NMF B. Most correlated rank-3 NMF factor with the 5-min RADFLOOD21 data
Difference between the rank-8 NMF and the RADFLOOD21 data Correlation between the factors hy(t) and the RADFLOOD21 data v(t) for each pixel x

Largest correlation with:

NMF factor hy(t)
NMF factor hy(t)
NMF factor hs(t)
low correlation (<0.3) with hy(t), h(t) and hy(t)

-50 -40 -30 -20 -10 0 10 20 30 40 50
mm mm

Figure 10. A. Approximation of the 3-day accumulation by the rank-3 NMF of the 5-min RADFLOOD?21 data.
B. Result of the correlation analysis between the rainfall data and the 3 temporal components h; for each pixel: the map illustrates which

component h; is the most correlated with each pixel data, provided that the correlation is larger than 0.3.

3.4 Analysis of areal averages

Estimation of areal rainfall averages for catchments may be useful of the hydrological analysis of the event. Such areal averages
can easily be derived from the radar product by considering the mean value of all pixels included in the domain of interest.
Figure 11 illustrates hourly timeseries of areal rainfall averages for 6 catchments of different size (defined in Figure 12). Areal
averages derived from the radar product are compared against an alternative estimation solely based on rain gauges data,
i.e., an IDW interpolation of hourly rain gauges data at 1km resolution followed by a spatial aggregation of the interpolation
points included in the respective domains. The comparison between both estimations indicates that their difference increases
for smaller catchments. Figure 11 indicates also a very large variability in time of hourly rainfall for the Vesdre, Hoégne and
Wayai catchments. This variability in time is significantly smoothed for averages over the large-sized Meuse catchment. By
spatially and temporally integrating the radar product, the total precipitation amount that fell over the Belgian part of the Meuse
catchment during the 3 days is estimated to 1.527 km?. Similarly, the total precipitation over the Ourthe and Vesdre catchments
is estimated to 0.240 km?® and 0.125 km?, respectively.

The maximum accumulation for durations from 1 hour to 72 hours derived from these hourly areal time series is provided in
Figure 13 for the 6 considered catchments. These values increase significantly between 6 hours and 48 hours of accumulation
duration. The 48-hour totals are estimated to 100mm on average over the large-sized catchment of the Meuse and reach almost

200mm on average for the 2 smallest catchments of the Hoégne and Wayai.
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Hourly areal averages for 6 catchments
Areal averages derived from hourly RADFLOOD?21 data as well as from the IDW of hourly rain gauges accumulations

Meuse (13880 km2) Ourthe (1846 km?)
20 mm-
Total RADFLOOD21: 109.7mm Total RADFLOOD21: 126.1mm
Total IDW: 115.3mm Total IDW: 131.7mm
15 mm-
MBE: 5.1% MBE: 4.4%
MAE: 7.6% MAE: 12.6%
10 mm-
5mm-
0mm-
Ambléve (1075 km?) Vesdre (696 km?)
20 mm-
Total RADFLOOD21: 124.2mm Total RADFLOOD21: 178.4mm
15 mm- Total IDW: 139.3mm
MBE: 12.2%
MAE: 17.4% MAE: 19.7%
10 mm-
5mm-
0mm-
Hoégne (126 km?) Wayai (82 km?)
20 mm-
Total RADFLOOD21: 191.2mm Total RADFLOOD21: 203.4mm
15 mm- Total IDW: 200.8mm Total IDW: 191.1mm
MBE: 5%
MAE: 20.6%
10 mm-
5mm-
0mm-
Jul'13 Jul 14 Jul 15 Jul'16 Jul13 Jul 14 Jul 15 Jul 16

hourly RADFLOOD21 IDW of hourly rain gauges accumulations

Mean bias error (MBE) : average difference between the hourly IDW and RADFLOOD21 estimates (i.e., IDW-RADFLOOD21).
Mean absolute error (MAE) : average absolute difference between the hourly IDW and RADFLOODZ21 estimates.
Both MBE and MAE are normalized by the average RADFLOOD21 value over the displayed period.

Figure 11. Hourly timeseries of areal rainfall averages for 6 catchments of different size which are mapped in Figure 12. The hourly areal
averages are derived from the hourly radar product as well as from hourly rain gauges data (i.e., IDW interpolation of rain gauges data at
1km resolution followed by a spatial aggregation of the interpolation points included in the respective domains). The difference between both

estimations is summarized by the mean bias error (MBE) and the mean absolute error (MAE).

4 Conclusions

The rainfall event of July 13 to 16, 2021 over Central Europe affected considerably the eastern part of Belgium and caused
disastrous floods in several river catchments. In order to understand the course of the events and the various factors relating
rainfall to flood response, it is essential to obtain the best picture of the spatio-temporal distribution of rainfall. In the present
work, we present and we analyse quality controlled rain gauge observations and radar-based rainfall products. The radar
products include a merging with automatic gauge measurements. These data are freely available and provided as a supplement
on Zenodo (Journée et al., 2023; Goudenhoofdt et al., 2023).

The most extreme rainfall were observed in areas with high orography and estimating rainfall from radar observations is
particularly challenging for this event. Radar ground echoes are more frequent and intense in areas with high orography which

affects the quality of the raw radar data. Orographic enhancement is suspected to have played an important role, which makes
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Meuse
Ourthe
Ambléve
Vesdre

. Hoégne

Wayai

Figure 12. Definition of the 6 catchments considered in Figure 11. Some of these domains are overlapping: the Wayai and Hoégne catch-
ments are included in the Vesdre catchment; the Vesdre, Ourthe and Ambleve catchments are included in the Meuse catchment. The Meuse

catchment is here limited to its Belgian part.

very important to use radar observations as close to the ground as possible. A proper treatment of ground echoes was therefore
essential for this case.

In some areas, spatial structures at fine scale present in the radar-based products differ substantially from those obtained
by classical interpolation of rain gauges. Verification shows that errors made by the radar-based product are considerably
smaller than those obtained from rain gauge interpolation. For small catchments, incorporating radar observations is required
for capturing the temporal evolution of rainfall.

A generic statistical analysis of these data is also provided allowing for characterizing the return period of such an event
and the spatial structure of the precipitation field. This analysis shows that the event of mid-July 2021 is a record-breaking
event over most of the eastern part of Belgium with return periods largely exceeding 50 years. The 200-year return level is
exceeded over 2000 km?. The most extreme rainfall over 2 days is almost twice the 200-year return level. The analysis of the
spatial structure of the rainfall field suggests that there are three dominant spatial structures over Belgium. As these are not
well separated in time, additional analyses are needed in order to relate these features to physical processes. Regarding total
precipitation amounts integrated over a region during the event, quantities of 0.484 km? and 1.527 km? are estimated for the
Province of Liege and for the Belgian part of the Meuse catchment, respectively.

It is also interesting to note that the return periods are relatively moderate for shorter durations than 6 hours. Rainfall
temporal evolution can not be considered as typical of a flash flood event. In contrast, the response of the system appears,
according to several testimonies, as very close to flash flood with surprise effects at various levels (Van Camp et al., 2022;
Dewals et al., 2021). This points out the high non-linearity of the system and the fact that various other catchment-specific
parameters like topography, land use or soil properties played an important role. Additional processes like the transport of
debris by fast-flowing water need to be considered to understand the relation between precipitation and flood response. The

presence of dams in some valleys affected by floods should be also taken into account.
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Maximum precipitation accumulation between 13th July and 16th July 2021 for durations from 1 hour to 72 hours (3 days)
derived from hourly areal averages for 6 catchments

Meuse (13880 km?) Ourthe (1846 km?) Ambleve (1075 km?)
200 mm-
150 mm -
100 mm-
50 mm-
0mm-
Vesdre (696 km?) Hoégne (126 km?) Wayai (82 km?)
200 mm-
150 mm -
100 mm -
50 mm-
0mm- B B B B B B B B B B B B B B B B B B B B B B B B
ih 2h  3h  6h 12h 24h 48h 72h ih 2h  3h  6h 12h 24h 48h 72h ih  2h  3h  6h 12h 24h 48h T72h

Accumulation duration

hourly RADFLOOD21 IDW of hourly rain gauges accumulations

Areal averages derived from hourly RADFLOOD21 data as well as from the IDW of hourly rain gauges accumulations

Figure 13. Maximum precipitation accumulation for durations from 1 hour to 72 hours (3 days) derived from hourly timeseries of areal
rainfall averages for 6 catchments of different size which are mapped in Figure 12. The hourly areal averages are derived from the hourly
radar product as well as from hourly rain gauges data (i.e., IDW interpolation of rain gauges data at 1km resolution followed by a spatial

aggregation of the interpolation points included in the respective domains).

The data sets presented here have been produced and quality-controlled with the utmost care. Nevertheless, some additional
work can be performed to further refine rainfall estimates. The radar-based rainfall product used in the present study is based
on single-polarization radar information only. The exploitation of polarimetric information available from the dual-polarization
radars covering the area of interest could bring some additional benefits. Extending the area of interest, incorporating additional
information from radars and rain gauge networks available in neighbouring countries, could be realized within an international
effort for producing the best picture of this event over the full area affected by floods.

The usage of high-quality rainfall data of extreme events is of great interest interest in many field. Besides the question of
the impact of climate change on the occurrence of such events, many questions arise related to water resource and flood risk
management or land use planning. Understanding the full causality chain from rainfall to floods and further to the resulting im-
pact in terms of casualties and economic losses is a challenging multidisciplinary enterprise. The present work is a contribution

to this global effort.
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Return period of the maximum accumulation for durations from 1 hour to 3 days

1-hour total 2-hour total 3-hour total

6-hour total

12-hour total 1-day total 2-day total

Figure Al. Return period estimated for the maximum precipitation accumulation between 13th July 06:00 UTC to 16th July 2021 06:00

UTC for durations from 1 hour to 3 days. The maximum accumulations are derived from hourly (resp. daily) radar product data for durations
till 12 hours (resp. of 1, 2 or 3 days).
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RADFLOOD21 3-hourly precipitation accumulations
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Figure A2. 3-hourly precipitation accumulations in Belgium derived from 5-min radar product data. The timestamp on top of each map

indicates the end of the 3-hour period in UTC.
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RADFLOOD21 3-hourly precipitation accumulations, Province of Liége
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Figure A3. 3-hourly precipitation accumulations in the Province of Liege derived from 5-min radar product data. The timestamp on top of

each map indicates the end of the 3-hour period in UTC.
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