
Dear Ruben Imhoff,

Thank you very much for the very careful reading of the manuscript and the detailed eval-
uation. Your constructive comments and suggestions were greatly appreciated. Please find
below the list of your points (italicized) together with the answers (in normal font). We also
provide the marked manuscript that highlights all modifications versus the first submission.
We sincerely hope that the revisions meet your expectations.

Kind regards,

Michel Journée
Edouard Goudenhoofdt
Stéphane Vannitsem
Laurent Delobbe

General comments

General comment 1: Rainfall product description
The description of the method has been improved. It is important to note that the methods
cannot be described in full details due to their complexity. However, a new appendix has been
added in the revised version where radar experts will find more information on the significant
improvements regarding the treatment of static non-meteorological echoes.

General comment 2: Description of the methods
We carefully considered the possibility to move all the methods in a dedicated section. We
think, however, that our paper does not fit well on the typical ”Data-Methods-Results” struc-
ture as we do not really propose any methodological novelty. Regarding the data analysis
section (Section 3), most methodological descriptions are furthermore short (except for the
NMF, but the background information about NMF is now moved to the Appendix) and most
methods are standard/generic (e.g., inverse distance weighted interpolation, cross validation).
We therefore prefer to keep the methodological descriptions close to the discussion of their
results. We are also convinced that going to a typical ”Data-Methods-Results” structure will
impair the readability of our manuscript.

General comment 3: Application of areal averages (section 3.4)
The Section 3.4 has been complemented with an analysis to illustrate how the difference be-
tween the IDW of rain gauge data and the radar product evolves when they are aggregated
in space and time. For this, we derived precipitation values for 67 catchments of various sizes
and for accumulation durations from 1 to 72 hours based on the IDW and RADFLOOD21
datasets. Figure 14 shows in terms of MAE how the discrepancies between both datasets
decrease when the rainfall data are aggregated in space over larger domains and accumulated
over longer periods.
In addition, a figure with the cumulative precipitation sums derived from the timeseries in
Figure 12 has been added (see Figure D4).
Regarding the suggestion to apply an hydrological model for simulating discharges and ana-
lyzing the results making use of the two rainfall datasets, we agree that it would be a very



interesting extension of the present study. However, we consider that it is outside the scope
of this paper which is really focused on documenting rainfall. Furthermore, such additional
study is clearly outside our field of expertise.

Specific comments

Lines 27 – 29: What does this exactly mean for hydrology and/or the flooding that took place?
These measurements bring additional information on the event and its dynamics and com-
plexity. The following sentences have been added in the introduction of the revised version:
”The increase of the seismic noise during the event is induced by the rising stream turbulence,
sediment and debris transport. On 15 July at 00:15 UTC a sudden increase of the seismic
noise coincides with a detailed testimony reporting a sudden roaring in the valley before the
arrival of a flash flood, described as a “tsunami”, 3 km downstream of the geophysical station.
The gravimeter is installed 48m underneath the surface and signal variations are induced by
water accumulating above the gravimeter. The evolution of the gravity measurements along
the event shows increasing subsoil’s saturation with less and less water accumulation and
increasing runoff.”

Lines 70 – 74: What was the density (per km2) of the gauging network and how does this
density differ per region. I.e., how is the density in a heavily hit catchment such as the Vesdre,
for instance? It’s sometimes hard to estimate that from the figure.
A map of Belgium with the definition of the discussed catchments and the locations of the
rain gauges has been added in the Introduction. In complement, the following sentences have
been added in Section 2.1:
”The spatial distribution of these 308 sites is illustrated in Figure 1 by the grey dots. On
average over Belgium, this represents a density of 10 measurement sites per 1000 km. This
density is somewhat lower for the Meuse basin (9 per 1000 km) and slightly larger for the
Vesdre basin (11.5 per 1000 km).”

Lines 81 – 82: How did this gap filling exactly work? Were gaps replaced with the data of the
closest station, was some kind of spatial interpolation method used or something else?
Weather observations are routinely checked at RMI against errors. This data quality con-
trol (QC) task is performed manually with the help of data interfaces that include statistical
plausibility tests, time series plots, maps, etc. In the case of missing rain gauge data, several
estimations are suggested by the QC interface: data from the nearest rain gauge, inverse
distance weighted interpolation (IDW) from neighboring rain gauges, radar-based QPE, etc.
In the present case, the estimations were derived by inverse distance weighted interpolation
(IDW) from neighboring rain gauges. This is now specified in the revised manuscript:
”Estimations derived by inverse distance weighted interpolation (IDW) from neighboring
weighing rain gauge data have been considered to correct the 2 periods of erroneous data as
well as to fill the gaps.”

Lines 82 - 84: How were the daily values adjusted? This, as well as my previous comment,
is quite relevant information for the dataset you are providing.
If a manual observation is made later than 08:00 local time and if it is raining between 08:00
and the actual observation time, then the daily accumulation of the preceding day will be



overestimated while the accumulation of the following day will be underestimated. When
such a case is detected, the daily accumulations are adjusted to follow the evolution of the
daily totals of neighboring rain gauges. The following sentence has been added in Section 2.1
”This adjustment is based on the sequence of daily totals of neighboring rain gauges.”
Globally, the data quality control implied very few interventions on the data, and none for
the rain gauges located in the most severely affected area (e.g., Vesdre Basin). This is now
stated in the revised manuscript:
”Globally, the QC analysis led to few interventions on all available rain gauge data and none
concerning the rain gauges located in the most severely affected areas (i.e., Vesdre basin).”

Line 104 – “different kind of technology”: do you mean that the hardware of the radars is
different?
The radars are all C-band dual-polarization weather radars except the Wideumont radar
which was still a single-polarization radar in 2021. Next to this difference, the radars also
differ by their configuration and data processing. This has been clarified in section 2.2.1 of
the revised manuscript.

Lines 104 – 105: This is indeed a major challenge. It would be interesting for the reader if
the authors can briefly describe how RMI handles this to make their composite.
This is complex and technical. The main approach to reduce inhomogeneities between radars
is the use of a static clutter map and a long-term gauge bias correction for each radar. These
two steps are described briefly in sections 2.2.2 and 2.2.4 and in a new appendix.

Lines 109 – 112: Could the authors describe in a little more detail what this basic radar
estimation method is (just the Marshall-Palmer reflectivity to rain rate transformation, or
more?) and how the comparison with the rain gauges took place. Regarding the latter, we
often compare gauge location by corresponding grid cell, but it is also possible to take the
rainfall advection into account (as the radar and rain gauges measure at different elevations),
etc.
The description has been extended in section 2.2.2. The advection error is not taken into
account. This error is relatively random and can be mitigated by taking median values.

Lines 113 – 120: I think this is a major improvement of the radar rainfall estimation in
hilly regions. Actually, this improvement makes the provided and described dataset unique
and different from what was already available at the time. Although I am familiar with the
method used, I do not think that the average reader is. Hence, can I ask the authors to put
more emphasis on this procedure and describe it in more detail.
In the present case, this improvement is indeed very important for producing high-quality
rainfall estimates at ground. The importance of the method is already stressed in section
2.2.2 of the manuscript. The method is now described with more details in the appendix.

Lines 123 – 124: What was considered abnormal or unrealistic, i.e. was there a threshold or
is this qualitative?
The clutter removal techniques are extensively described in Goudenhoofdt and Delobbe
(2016). Concerning the identification based on the vertical profile of reflectivity, the technique
is based on thresholds and it is described in the reference paper as follows : ”A measurement
at a given elevation is considered as clutter if the gradient between its value and the corre-



sponding (horizontally) interpolated value on a higher (lower) elevation exceeds in magnitude
-20 dBZ km−1 (+10 dBZ km−1). Because of variations from signal fluctuations, a minimum
absolute difference of 5 dBZ between two corresponding values at different elevations is re-
quired for clutter identification”.

Lines 129 – 130: How is this identification of the precipitation type exactly done and what Z-R
relationship is used? I know most of this is described in Goudenhoofdt and Delobbe (2016),
but either refer explicitly to this paper or (/and) describe it here.
Some modifications have been applied since the publication in 2016. The relations for rain,
relevant for this event, are now explicitly described in section 2.2.3.

Lines 136 – 137 - “The rainfall accumulation over 5 minutes is obtained by computing the
movement of precipitation using optical flow techniques”: What kind of optical flow techniques
were used?
The combined local-global method is used. Note that the flood case was not characterized
by strong winds. Temporal sampling effects (e.g. jumping cell or ripple effects on the accu-
mulation maps) were therefore very limited. This information has been added in section 2.2.4.

Lines 139 – 143: If any methods from other papers were used in the KED method and setup,
then some referencing is necessary here.
Although no specific external references have been used, Hudson and Wackernagel (1994) is
now cited for background information about KED. More details are also provided in appendix
B.

Lines 160 – 161: Although I fully agree, what can be said about the quality of the radar here?
I.e., is the radar missing any precipitation in space, or overestimating, in this region? As
radar estimates in hilly and mountainous areas are challenging, this is to be expected. It would
be very interesting to have an idea of this too. This could also point out why and where the
combination of both data sources is going to be crucial for a good analysis of this event. The
answer to this comes already partially back in Figure 4, so good to give some more details
here.
It is difficult to assess the quality of the radar product regarding the spatial structure of the
most extreme precipitation because the density of rain gauges is rather low with respect to
the size of the area affected by the most extreme 3-day accumulations (e.g., above 200mm).
We nevertheless complemented the discussion about uncertainty/accuracy with the following
sentences:
”By taking a closer look on the rightmost point of the scatter plots of Figure 5 (i.e., manual
rain gauge with the largest 3-day accumulation), we find an underestimation of almost 25%
by the radar product, while the IDW interpolation of neighboring rain gauges underestimates
that specific observation by 35%. A similar analysis but focused on daily rainfall totals also
highlights that the estimation of the largest values is challenging but better addressed by the
radar product. Daily precipitation values above 80mm, which have been recorded 17 times
by manual rain gauges during the 3-day period, are on average underestimated by 16% by
the radar product and by 22% by the IDW interpolation of neighboring rain gauges.”
A paragraph about uncertainties in rain gauge data has also been added at the end of Section
2.1.



Lines 164 – 168: This actually belongs in the methods section, which is right now missing for
the analysis part of this paper.
For the sake of readability of the paper, we prefer not to move these lines (see our answer to
the 2nd general comment).

Lines 175 – 176: Could the authors briefly describe the used method (and reason to use that
method) from Van de Vyver (2012, 2013) in the methods section and then refer to the paper?
The following sentences have been added to briefly describe the considered extreme precipi-
tation statistics:
”In order to assess the exceptionality of the precipitation amounts during the event, extreme
precipitation statistics derived for Belgium by Van de Vyver (2012) and Van de Vyver (2013)
have been considered. These statistics result from a spatial generalized extreme value (GEV)
distribution fitted on annual rainfall maxima derived for various accumulation durations and
several locations in Belgium from historical precipitation data. Thanks to this spatial ap-
proach, extreme precipitation statistics are estimated for any location in Belgium and are
currently considered as the reference for, e.g., the design of hydraulic structures. Return
periods can be associated from these statistics to the 3-day precipitation accumulations, as
illustrated in Figure 6 for the rainfall distribution estimated by the radar product (i.e., Figure
4b).”

Lines 206 – 208 – “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.”: I think the authors can put some more emphasis on this finding. It would
be interesting to relate this to literature findings (either here on in a discussion section) for
similar extreme flooding events or similar rainfall patterns. I.e., is this what you expect or is
this unique to this event?
This finding illustrates the highly unusual nature of this event. In Belgium, extreme summer
rainfalls are generally caused by local convective storms and, consequently, extreme return
periods are obtained for short durations and concern relatively small areas. In surrounding
regions with similar climatic conditions, this type of event is also very rare. A relatively
similar event with mixed convective and stratiform rainfall occurred in the Netherlands and
the bordering part of Germany in August 2021 (Bauer et al., 2011). Over an area of 740
km2 more than 120 mm of rainfall were recorded in 24 h. Maximum amounts for the whole
episode reached 160 mm, which is still lower than the extreme values obtained in the present
case.
Long duration rainfall events, affecting large areas and producing flash floods in several catch-
ments are relatively common in the Mediterranean and Alpine-Mediterranean regions as
shown in several inventories of European flood events (Gaume et al., 2009; Marchi et al.,
2010 and Amponsah et al., 2018). These events occcur mostly in Autumn under specific cli-
matic forcing and triggering mechanisms that are not present in the climatic region of interest
here.
The above comments have been included in Section 3.2 near Fig. 8. in the revised version.

Lines 221 – 243: This belongs in the methods section.
The background information about NMF was moved to the Appendix C.

Section 3.3: I am not familiar with the NMF method, but can I ask the authors to explain a



bit more elaborately what you are trying to reach with this method and why you focus in the
results on a rank-3 NMF (and not more or less)? Why do we need the NMF method? Is it to
be able to split the mesoscale rainfall field into more regional scale stratiform and convective
rainfall, or is there another reason? See also my comment below related to figure 10a.
Our objective with the NMF analysis is to illustrate that the temporal distribution of rainfall
was not everywhere the same. NMF decompositions of various ranks have been derived, but
the rank-3 NMF analysis provides the clearest decomposition of the data into distinct spatio-
temporal patterns as shown in Figure 10. Figure 10 provides a very synthetic view of the
event with 3 maps and 3 timeseries. It allows to derive the following qualitative descriptions
of the event:

In the south-east part of the country, rainfall were rather continuous on 13th and 14th
July. 15th July as rather dry in that area.

In the central part of the country, few rainfall were observed on 14th July, although it
was the most severe period for the Vesdre basin. For the central part of the country,
rainfall responsible for floods occurred on 15th July.

In the East part of the country (e.g., Vesdre basin), we can note a sequence of very
intense precipitation peaks from the evening of 13th July to the morning of 15th July.

We find it interesting to highlight these very different spatio-temporal rainfall patterns, even
if we do not have yet determined what the dynamical source of these patterns is.
The following sentences have been added in the revised manuscript (see Section 3.3):
”This NMF analysis will allow us to highlight that rainfall was distributed in time differently
over the country. The NMF analysis will provide a synthetic view of the event from which
qualitative descriptions can be derived.”
”Although NMF approximations of various ranks have been derived, the discussion will be
focused on the rank-3 NMF that provides a clear decomposition of the data into 3 distinct
spatio-temporal patterns as illustrated in Figure 10.”

Figure 3: Here I would show the catchments that you are focusing on instead of the province
of Liège.
The Province of Liège is shown on Figure 4 just to highlight the area where the most extreme
precipitation occurred. It allows mainly to link to zoomed maps (bottom line) to the maps
of Belgium (top line).

Figure 10a: The sub panel is showing the difference between the rank-3 NMF and RAD-
FLOOD21 data, right? This is not yet clear from the caption. In addition, from the figure
and the corresponding text it is not directly clear to me if a difference is good or bad and how
big of a difference is considered acceptable. As mentioned earlier, I am not familiar with the
NMF method, so that definitely plays a role too. Is a small difference and indication that with
(just) three ranks, and corresponding regions, you capture most of the rainfall in space and
time, or should I interpret it differently?
The caption of Figure 10a has been clarified. Since NMF provides an approximation of the ini-
tial data, there is a difference on the 3-day total between the rank-3 NMF and RADFLOOD21
data, as shown on Figure 11a. The map on Figure 11a indicates where the discrepancies be-
tween both is the largest. In particular, there is a zone in central Belgium where the rank-3



NMF approximation underestimates the 3-day total by up to 50mm. This is a pattern not
captured by the rank-3 NMF, but where total rainfall amounts remain rather moderate (i.e.,
lower than 100mm over the 3 days).

Figure 12: Useful figure, but I think this figure fits better in the study area description. Hence,
put it together with one of the first figures. I think it would fit well in figure 3.
The map of Belgium with the definition of the discussed catchments has been moved to the
Introduction section.

Figure 13: It looks like the individual points in the graphs have relatively coarse steps (1,
2, 3, 6, 12, etc. hours), even though the data is based on hourly accumulations. Hence, I
think the authors could put more data points in this graph, which more clearly identifies when
differences between the two datasets occur. In fact, why not just go to 5-min steps and derive
the cumulative sums on that time step?
The Figure 13 in the revised manuscript illustrates now maximum precipitation accumula-
tions derived for durations from 1 to 72 hours by steps on 1 hour. Regarding the use of the
hourly radar product instead of the 5-min one, we consider the analysis based on hourly data
as meaningful since the event starts to be extreme for accumulation durations larger than 6
or even 12 hours (see Figures 8 and 9).

Figure A1: Just to double check, we are looking at the maximum x-hour window accumulation
that occurred, right? So, for e.g. the grids cells in the Vesdre, we are looking at the statistics
of the maximum x-hr accumulation that occurred during the 3-day period and not the average?
Besides, do you look at a rolling window in which for every 5-min steps a new x-hour window
is assessed or have the authors assessed it differently? Good to briefly mention this in the
methods and the caption.
In Figure A1 (now Figure D1), we indeed consider for each grid cell the maximum x-hr accu-
mulation that occurred during the 3-day period. This maximum x-hr accumulation is derived
from the hourly radar product for durations till 12 hours, and otherwise from daily-aggregated
radar product. This seems to us already clearly mentioned in the text and caption:
Text, Section 3.2: ”The analysis of Figure 8 can be extended to any location in Belgium
based on the hourly radar product. For each 1-km pixel of the radar product, the maxi-
mum 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.”
Caption of Fig. A1 (now D1): ”Return period estimated for the maximum precipitation ac-
cumulation 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).”

Technical corrections

Line 107: Although true, I think this needs some referencing.
A reference has been added.

Lines 130 – 131: Good to add a reference here.
The Z-R relationship is mentioned here https://www.ou.edu/radar/z_r_relationships.

https://www.ou.edu/radar/z_r_relationships.pdf


pdf (see page 2) with a reference to http://www.roc.noaa.gov/ops/z2r_osf5.asp which
is not anymore active. No public reference from NOAA seems currently available.

Lines 275 – 278: From a hydrologist’s perspective, it is more useful to provide these numbers
in mm instead of in km3. The same comment holds for the conclusion section.
Total precipitation values in km3 were requested by the Editor. Values in mm have been
added between brackets.

Figure 2: The most important components of this figure, the radar locations and their 100-km
range, are relative hard to distinguish from the rest of the map with the using colors. My
suggestion would be to use different colors and somewhat larger font and icon size.
The figure has been modified accordingly.

Figure 8: The figure has a title and a footnote, which are partially repeated in the caption. I
would suggest to just keep the text in the caption and remove the title and footnote from the
figure. In addition, this holds for some other figures, too.
Most figures had internal titles and sometimes subtitles and footnotes in order to be compre-
hensible in themselves (e.g., in case they are reused outside the manuscript). We removed
internal titles from several figures (Figures 6, 7, 8 and 9 in the revised manuscript). For other
more complex figures, we think that summarized internal titles are still useful, in addition to
a well-detailed caption.

Figure A2: What is the highest value in the sub panels? It seems that the maximum value of
the color scale could be somewhat lower, e.g. 50 mm, that would give somewhat more contrast.
The largest 3-hourly values reach almost 55mm (on 2021-07-14 from 18:00 to 21:00 UTC).
The colorscale has been adapted to give slightly more contrast.

All language-related suggestions have been implemented in the revised manuscript.
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Abstract. The exceptional flood of July 2021 in central Europe impacted severely Belgium
:::::::
Belgium

:::::::
severely. 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.5

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 scientific10

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-15

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
::::::::
economic

:::::::
damage for20

this region is estimated 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 at25

1



several locations. Exceptional floods were observed in several tributaries of the Meuse catchment, in particular along the Ves-

dre
:::
(see

::::::
Figure

::
1)

:
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).
:::
The

:::::::
increase

::
of

:::
the

:::::::
seismic

::::
noise

::::::
during

:::
the

:::::
event

::
is

:::::::
induced

::
by

:::
the

::::::
rising

:::::
stream

::::::::::
turbulence,

::::::::
sediment

:::
and

::::::
debris

::::::::
transport.

:::
On

:::
15

:::
July

:::
at

:::::
00:15

::::
UTC

::
a30

::::::
sudden

:::::::
increase

::
of

:::
the

:::::::
seismic

::::
noise

::::::::
coincides

::::
with

:::
the

:::::::
detailed

:::::::::
testimony

::::::::
reporting

:
a
::::::
sudden

:::::::
roaring

::
in

:::
the

:::::
valley

::::::
before

:::
the

:::::
arrival

::
of
::

a
:::::
flash

:::::
flood,

::::::::
described

:::
as

:
a
:::::::::
“tsunami",

::
3
:::
km

:::::::::::
downstream

::
of

:::
the

:::::::::::
geophysical

::::::
station.

::::
The

:::::::::
gravimeter

::
is
::::::::
installed

::::
48m

:::::::::
underneath

:::
the

::::::
surface

::::
and

:::::
signal

:::::::::
variations

:::
are

:::::::
induced

::
by

:::::
water

::::::::::::
accumulating

:::::
above

:::
the

::::::::::
gravimeter.

:::
The

::::::::
evolution

:::
of

::
the

:::::::
gravity

::::::::::::
measurements

:::::
along

:::
the

:::::
event

::::::
shows

:::::::::
increasing

::::::::
subsoil’s

::::::::
saturation

::::
with

::::
less

::::
and

:::
less

::::::
water

:::::::::::
accumulation

::::
and

::::::::
increasing

:::
run

::::
off.35
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Figure 1.
:::
Map

::
of

:::::::
Belgium

::::
with

:::
the

:::::::
definition

::
of
:::

the
::

6
:::::::::
catchments

:::::::
discussed

::
in

:::
this

:::::
study.

:::::
Some

::
of

:::::
these

::::::
domains

:::
are

::::::::::
overlapping:

:::
the

:::::
Wayai

:::
and

::::::
Hoëgne

::::::::
catchments

:::
are

::::::
included

::
in

:::
the

:::::
Vesdre

::::::::
catchment;

:::
the

::::::
Vesdre,

:::::
Ourthe

:::
and

:::::::
Amblève

:::::::::
catchments

::
are

:::::::
included

::
in

:::
the

:::::
Meuse

::::::::
catchment.

:::
The

::::::
Meuse

:::::::
catchment

::
is
::::
here

:::::
limited

::
to
:::

its
::::::
Belgian

::::
part.

:::
The

:::
dots

::::::::
represent

::
the

:::::::
locations

::
of
:::

the
::::
rain

:::::
gauges

:::
that

:::::::
provided

::::
data

:::::
during

::
the

::::
2021

:::::::
mid-July

:::::
event.

:::
The

::::
gray

::::
lines

:::::
delimit

:::
the

::::::
Belgian

::::::::
provinces.

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 of40
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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,45

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
:::::::
analyses

:
require a detailed knowledge

of rainfall, as the triggering factor of these events. Extremely rare event
:::::
events

:
need to be documented as much as possible and50

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
:::::::
occurred

:
in the last decades have been documented in the literature.

For example, 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 catchment55

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

::::::::::::
Mediterranean region from 1991 to 2015 is described in Amponsah et al. (2018). All these studies underline the importance of60

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
:::::
gauge measurements to provide a quantitative estimation of precipitation65

at high 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
:::::
gauge

:
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 Section70

4.

3



2 Precipitation data

2.1 Rain gauges
:::::
gauge

:
data

Several rain gauges
:::::
gauge 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,75

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 4
:
1
:
by the grey dots.

::
On

:::::::
average

::::
over

::::::::
Belgium,

::::
this

::::::::
represents

::
a
::::::
density

:::
of

::
10

:::::::::::
measurement

:::::
sites

:::
per

::::
1000

::::
km2.

::::
This

:::::::
density

::
is

::::::::
somewhat

:::::
lower

:::
for

:::
the

::::::
Meuse

::::
basin

:::
(9

:::
per

::::
1000

:::::
km2)

:::
and

:::::::
slightly

:::::
larger

::
for

:::
the

::::::
Vesdre

:::::
basin

:::::
(11.580

:::
per

::::
1000

:::::
km2).

:
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
:::::
gauge 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 rain85

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
::
by

:::::::
inverse

:::::::
distance

::::::::
weighted

::::::::::
interpolation

::::::
(IDW)

:
from neighboring weighing rain gauges

:::::
gauge

:
data have been con-90

sidered 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.
:::
This

::::::::::
adjustment

::
is

:::::
based

::
on

:::
the

::::::::
sequence

::
of

:::::
daily

:::::
totals

::
of

::::::::::
neighboring

::::
rain

::::::
gauges.

:
Globally, the QC analysis led to few interventions on all available

rain gauges data
:::::
gauge

::::
data

:::
and

::::
none

::::::::::
concerning

:::
the

:::
rain

::::::
gauges

::::::
located

::
in
:::
the

:::::
most

:::::::
severely

:::::::
affected

:::
area

::::
(i.e.,

::::::
Vesdre

::::::
basin).

:
95

::::::
Finally,

:::
one

::::::
should

::::
note

::::
that

:::
rain

::::::
gauge

:::
data

:::
are

:::::::
subject

::
to

::::::
various

:::::::
sources

::
of

:::::::::::
uncertainties.

:::::
First,

:::
the

:::::
World

:::::::::::::
Meteorological

::::::::::
Organization

:::::::
(WMO)

:::::::::::
recommends

:::
the

:::::::::::
measurement

:::::::::
uncertainty

::::::
related

::
to

:::
the

:::::
sensor

:::::::::::
performance

:::::
under

::::::
nominal

::::
and

:::::::::::
recommended

:::::::
exposure

::
to

::::
stay

:::::
below

:::
5%

:::::::::::::
(WMO, 2018a).

:::::::
Second,

:::
the

:::::
close

::::::::::
environment

::
of

:::
the

:::
rain

::::::
gauge

:::::
might

::::::::
influence

::
the

:::::::::::::
measurements.

::::::::
Following

:::
the

::::::
WMO

:::::
siting

::::::::::::
classification

:::::::::::::
(WMO, 2018b),

:::::
RMI

::::::::
weighing

::::
rain

::::::
gauges

::::
are

::::::::
classified

:::::
either

::
as
::::::

Class
:
1
:::::

(i.e.,

:::::::
reference

::::
site)

:::
or

::::
Class

::
2
::::
(i.e.,

:::::::::
additional

::::::::
estimated

:::::::::
uncertainty

:::::
added

:::
by

:::::
siting

::
up

::
to
::::
5%)

::::::::::::::::::::::::::
(Gonzalez Sotelino et al., 2016)

:
.
:::
No100

::::::::::
classification

::
is
::::::::
currently

::::::::
available

::
for

:::
the

:::::
other

::::
rain

::::::
gauges

:::::::::
considered

::
in

:::
this

:::::::
analysis.

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
:::::
detail in

4
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Goudenhoofdt and Delobbe (2016). The method is under a continuous improvement process based on research and quality105

control. In particular, the significant underestimation of the operational product during the flood event, has led to several

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 reflected110

back to the radar by precipitation. Most radars in Europe perform a full volume scan of the atmosphere at different elevation

angles (3D) in about 5 minutes. Estimating rainfall from radar measurements is a challenge because of the many sources of

errors and uncertainties (Figure 2).

birds

interference ground clutter

chaff

ship

hail effects

shielding

insects

sun

wind turbines

nonuniform vertical profile

calibration

attenuation

sea clutter

aircraft

wet radome
propagation conditions

overshooting

Figure 2. 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)115

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

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

– Neuheilenbach, Deutsche Wetterdienst, Germany (DENHB)

– Essen, Deutsche Wetterdienst, Germany (DEESS)

– Avesnois, Meteo France, France (FRAVE)120
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Figure 3. 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
::::
The

:::::
radars

:::
are

:::
all

::::::
C-band

::::::::::::::
dual-polarization

::::::
radars

::::::
except

::
the

::::::::::
Wideumont

:::::
radar

:::::
which

::::
was

::::
still

:
a
::::::::::::::::
single-polarization

::::
radar

::
in
:::::
2021.

:::::
Their

::::::::::::
configuration and data processing , which can

evolve over time. A particular challenge is to mitigate the in-homogeneity
:::
can

:::::
differ

:::::::::::
significantly.

::::
This

::::
leads

::
to

::::::::::::::
inhomogeneities

between the radars and loss of information in the data processing chain
:::
that

::::
need

::
to

:::
be

::::::
reduced

::::::
before

:::::::::
producing

:
a
:::::::::
composite.

A radar has a typical range of 250 km but the quality of the measurements tends to decrease with the distance. Data
::
As125

:::::
found

::
by

:::::::::::::::::::::::::::::
Goudenhoofdt and Delobbe (2016),

::::
data

:
within a 100 km radius are generally considered as appropriate for rainfall

estimates of good quality (Figure 3).

2.2.2 Quality control of the radar measurements

The quality control starts by checking the long-term calibration bias of the radar. Using
:::
This

::::
uses

:
a basic radar estima-

tion method, an average of the
:::
with

:::::::::::
interpolated

:::::::::
reflectivity

::
at

:::::
800m

::::::
above

:::
the

:::::
radar

::::
level

:::::::::
converted

::
to

::::
rain

::::
rate

:::::
using

:::
the130
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:::::::::::::
Marshall-Palmer

:::::::::::
relationship

:::::::::::::
(Z = 200R1.6).

:::
An

:::::::
average bias is computed based on comparison with gauge measurements

:::::::::
(collocated

:::::
pixel)

:
over the past two months. The method is tuned to remove all uncertainties and errors not related to calibra-

tion 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.135

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

:::::::
method

::
is

::::::::
presented

::
in

:::::
details

::
in
:::
the

:::::::::
Appendix

::
A.

:
140

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
:::::::
automatic

:
methods: (1) comparison with the

satellite cloudiness product, (2) detection of abnormal changes between measurements at different altitudes and (3) detection145

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 precip-

itation 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 radar150

beams or by data in a close neighborhood. The radar reflectivity (Z) is then converted into rain rates (R) based on the identified

precipitation type(snow, hail, convective rainfall, widespread rainfall).
:::::
taking

::::
into

:::::::
account

:::
the

::::::::::
precipitation

:::::
type.

::::
Only

::::
rain

:::
has

::::
been

:::::::
observed

:::
for

:::
the

::::::
current

::::::
event.

:::
The

::::::
current

:::::
event

::::
was

:::::::::::
characterized

::
by

::::
low

::
to

:::::::::
moderately

::::
high

::::::::::
reflectivity.

:::
The

::::::::
standard

::::::::::::::
Marshall-Palmer

:::::
(MP)

:::::::
relation

::
is

::::::::
normally

:::::::
applied.

::::::
Above

:::
40

::::
dBZ,

::::
the

:::::
DWD

:::::::::
convective

:::::::
relation

::
is
:::::

used

:::::::::::
(Z = 77R1.9),

::::::::
resulting

::
in

:::::
lower

::::
rain

::::
rates

:::::
with

::::::
respect

::
to

::::
MP.

:::
For

::::::::
localized

:::::::::::
precipitation

:::::
below

:::
40

::::
dBZ,

:::
the

::::
US

:::::::::
convective155

::::::
relation

::
is

::::
used

:::::::::::::
(Z = 300R1.4).

::
It

:::
also

::::::
results

::
in

:::::
lower

::::
rain

::::
rates

::::::::
compared

::
to

::::
MP. A special relation is used for non-convective

precipitation
:::::::::
reflectivity

:::::
below

:::
40

::::
dBZ in areas with orography, where some

::::::::::
precipitation

:
enhancement is expected(Z = 200R2,

following the US Radar Operations Center).
:
.
:::
The

::::::
NOAA

::::::::::::
recommended

::::::
relation

:::
for

:::::::::
orography

::
in

::::
West

:::
US

::
is

::::
used

:::::::::::
(Z = 75R2.0).

::::
This

:::::
results

::
in

::::::
higher

::::
rain

::::
rates

::::::::
compared

::
to

::::
MP.

2.2.4 Compositing , accumulation and merging
:::::::
rainfall

::::::::::::
accumulation160

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
::::
used

::::
here. Data at

very long range with low spatial resolution are not included.
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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.
:::
The

:::::::::
combined

::::::::::
local-global165

::::::
method

::
is

::::
used.

:::::
Note

:::
that

:::
the

::::::
present

::::
flood

::::
case

::::
was

:::
not

:::::::::::
characterized

::
by

::::::
strong

:::::
winds.

::::::::
Temporal

::::::::
sampling

::::::
effects

::::
(e.g.

:::::::
jumping

:::
cell

::
or

:::::
ripple

::::::
effects

::
on

:::
the

:::::::::::
accumulation

::::::
maps)

::::
were

::::::::
therefore

::::
very

::::::
limited.

:
Accumulations over longer durations are obtained

by taking the sum of the 5-min accumulations.

2.2.5
:::::::
Merging

:::::
with

::::
rain

::::::
gauges

The accumulated rainfall over 1 hour is combined with rain gauge measurements from the automatic stations using Kriging170

with external drift (KED)
::::::::::::::::::::::::::::::
(e.g. Hudson and Wackernagel, 1994). 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
::::::
method

:::
has

:::::
been

:::::
tuned

::
for

::::::::
Belgium

:::
(see

:::::::::
Appendix

:::
B).

:::
The

::::::
sliding

::::::
1-hour

:
spatial correction factor

is then applied to the 5 minutes accumulation.
::::
This

:::::
favors

:::
the

:::::::::::
homogeneity

:::
of

:::
the

:::::
5-min

:::::::
products

:::::
over

:::
the

::::::::::
consistency

::::
with175

::
the

::::::
1-hour

::::::::
products.

:

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 4. While the weather was completely dry during this period in the North-West of Belgium, rainfall180

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 Liège.

In Figure 4, 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) approach185

(Figure 4, panel a.). On the other hand, the hourly radar product data are temporally aggregated on the 3-day period (Figure 4,

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
:
in

:
areas with a poor density in rain gauges. The difference between both estimations (Figure 4, panel c.) shows that the largest190

discrepancies are located in an area without any rain gauges
:::::
gauge in the North of Belgium. Significant differences can also be

noted in eastern part of the Province of Liège 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,

8



the radar product shows that the 3-day precipitation total has exceeded 200mm for a narrow but elongated area of 265 km2195

oriented from southwest to northeast.

Figure 4. Spatial distribution in Belgium (top panels) and in the Province of Liège (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
::::
gauge

:
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
::::
gauge

:
locations are displayed by the grey dots and the red delimited

area corresponds to the Province of Liège.

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
:::::
gauge

:
data, a leave-one-out cross-validation is applied, i.e., 155 IDW estimations are computed by200

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 5. Concerning IDW, these results indicate an overestimation of the smallest val-

ues 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
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100mm. The largest values are however generally underestimated. The derived Mean Absolute Error (MAE) and Root Mean205

Square Error (RMSE) indicate that the radar product provide nevertheless a more accurate spatial distribution of the 3-day

accumulation than IDW.
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Scatter plot of the estimations versus the observations
Estimation error of the 3−day precipitation accumulation for 155 manual rain gauges

Figure 5. 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.

Based on the
:::
By

:::::
taking

::
a
:::::
closer

::::
look

:::
on

:::
the

::::::::
rightmost

:::::
point

::
of

:::
the

::::::
scatter

:::::
plots

::
of

::::::
Figure

::
5

::::
(i.e.,

::::::
manual

::::
rain

::::::
gauge

::::
with

::
the

::::::
largest

:::::
3-day

:::::::::::::
accumulation),

:::
we

:::
find

:::
an

:::::::::::::
underestimation

::
of

::::::
almost

::::
25%

:::
by

:::
the

::::
radar

::::::::
product,

:::::
while

:::
the

::::
IDW

:::::::::::
interpolation

::
of

::::::::::
neighboring

::::
rain

::::::
gauges

::::::::::::
underestimates

::::
that

:::::::
specific

::::::::::
observation

::
by

:::::
35%.

::
A

::::::
similar

:::::::
analysis

:::
but

:::::::
focused

:::
on

::::
daily

:::::::
rainfall210

::::
totals

::::
also

:::::::::
highlights

:::
that

:::
the

:::::::::
estimation

:::
of

:::
the

::::::
largest

:::::
values

::
is
::::::::::
challenging

:::
but

::::::
better

::::::::
addressed

:::
by

:::
the

::::
radar

::::::::
product.

:::::
Daily

::::::::::
precipitation

::::::
values

:::::
above

::::::
80mm,

::::::
which

::::
have

::::
been

::::::::
recorded

::
17

:::::
times

:::
by

::::::
manual

::::
rain

::::::
gauges

::::::
during

:::
the

:::::
3-day

::::::
period,

:::
are

:::
on

::::::
average

:::::::::::::
underestimated

::
by

:::::
16%

::
by

:::
the

:::::
radar

::::::
product

::::
and

::
by

::::
22%

:::
by

:::
the

::::
IDW

:::::::::::
interpolation

::
of

::::::::::
neighboring

::::
rain

::::::
gauges.

:

::
In

::::
order

::
to

::::::
assess

:::
the

:::::::::::
exceptionality

::
of

:::
the

:::::::::::
precipitation

:::::::
amounts

::::::
during

:::
the

:::::
event, extreme precipitation statistics derived for

Belgium by Van de Vyver (2012) and Van de Vyver (2013) , return
::::
have

::::
been

::::::::::
considered.

:::::
These

:::::::
statistics

:::::
result

:::::
from

:
a
::::::
spatial215

:::::::::
generalized

:::::::
extreme

:::::
value

::::::
(GEV)

:::::::::
distribution

:::::
fitted

:::
on

:::::
annual

:::::::
rainfall

:::::::
maxima

::::::
derived

:::
for

::::::
various

:::::::::::
accumulation

::::::::
durations

::::
and

::::::
several

:::::::
locations

::
in

::::::::
Belgium

::::
from

::::::::
historical

:::::::::::
precipitation

::::
data.

::::::
Thanks

::
to
::::
this

::::::
spatial

::::::::
approach,

:::::::
extreme

::::::::::
precipitation

::::::::
statistics

::
are

:::::::::
estimated

:::
for

::::
any

:::::::
location

::
in

::::::::
Belgium

::::
and

:::
are

::::::::
currently

:::::::::
considered

:::
as

:::
the

::::::::
reference

::::
for,

::::
e.g.,

:::
the

::::::
design

::
of

:::::::::
hydraulic

::::::::
structures.

::::::
Return

:
periods can be associated

::::
from

::::
these

::::::::
statistics

:
to the 3-day precipitation accumulations, as illustrated in

Figure 6 for the rainfall distribution estimated by the radar product (i.e., Figure 4b). Large return periods can be noted for220

extended areas within Belgium. For instance, the return period estimated for the 3-day total exceeds 50 years for 24.5% of

the Belgian territory (i.e., 7500 km2). The area with a return period estimated larger than 100 years covers more than 13% of

the country (i.e., 4000 km2). 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

10



return periods significantly larger than the length of the time series. This upper level is exceeded for an area corresponding to225

6.5% of Belgium (i.e., 2000 km2). At some places, the 3-day total exceeds considerably the 200-year return level.

Figure 6. Return period estimated for the 3-day precipitation total in Belgium (corresponding to the rainfall distribution estimated by the

radar product, i.e., Figure 4b).

3.2 Rainfall distribution in time

Figure 7 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

approximately 36 hours, thus much smaller than 3 days. It appears also that, within this 36-hour period, the hourly precipitation230

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

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 8 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 Liège, precipitation accumulations on short durations till 3 hours do not exceed235

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 have240

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).
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3−day total (*) : 291.6mm

3−day total (*) : 229.3mm

3−day total (*) : 216mm

3−day total (*) : 208.2mm

Neu−Hattlich

Mont Rigi

Spa

Jalhay

13 July 
 00:00 UTC

14 July 
 00:00 UTC

15 July 
 00:00 UTC

16 July 
 00:00 UTC

0 mm

5 mm

10 mm

15 mm

20 mm

25 mm

0 mm

5 mm

10 mm

15 mm

20 mm

25 mm

0 mm

5 mm

10 mm

15 mm

20 mm

25 mm

0 mm

5 mm

10 mm

15 mm

20 mm

25 mm

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

Figure 7. 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 Liège.

The analysis of Figure 8 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 on245

the results of Van de Vyver (2012) and Van de Vyver (2013). Figure 9 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 D1. 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,250

an increase in the size of the severely affected areas.

:::::
Figure

::
9
::::::::
illustrates

::::
the

:::::
highly

:::::::
unusual

::::::
nature

::
of

::::
this

:::::
event.

:::
In

::::::::
Belgium,

:::::::
extreme

:::::::
summer

:::::::
rainfall

::
is

::::::::
generally

::::::
caused

:::
by

::::
local

:::::::::
convective

::::::
storms

:::
and,

::::::::::::
consequently,

:::::::
extreme

:::::
return

::::::
periods

:::
are

::::::::
obtained

::
for

:::::
short

::::::::
durations

:::
and

:::::::
concern

::::::::
relatively

:::::
small

:::::
areas.

::
In

::::::::::
surrounding

:::::::
regions

::::
with

::::::
similar

:::::::
climatic

::::::::::
conditions,

:::
this

::::
type

::
of

:::::
event

::
is
::::
also

::::
very

::::
rare.

:::
A

::::::::
relatively

::::::
similar

:::::
event
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Figure 8. Maximum precipitation accumulation
::::::
between

::::
13th

::::
July

::::
06:00

::::
UTC

::
to
::::

16th
::::
July

::::
2021

::::
06:00

:::::
UTC 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 Liège. 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).
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Figure 9.
::::::::
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

::::
km2.

:
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::::
with

:::::
mixed

:::::::::
convective

::::
and

::::::::
stratiform

::::::
rainfall

::::::::
occurred

::
in

:::
the

::::::::::
Netherlands

::::
and

:::
the

::::::::
bordering

::::
part

::
of

::::::::
Germany

::
in

::::::
August

:::::
2021255

::::::::::::::::
(Brauer et al., 2011)

:
.
::::
Over

::
an

::::
area

::
of

::::
740

::::
km2

::::
more

::::
than

::::
120

:::
mm

::
of

:::::::
rainfall

::::
were

:::::::
recorded

:::
in

::
24

::
h.

:::::::::
Maximum

:::::::
amounts

:::
for

:::
the

:::::
whole

::::::
episode

:::::::
reached

::::
160

::::
mm,

:::::
which

::
is

::::
still

:::::
lower

:::
than

:::
the

:::::::
extreme

::::::
values

:::::::
obtained

::
in
:::
the

:::::::
present

::::
case.

:

::::
Long

:::::::
duration

::::::
rainfall

::::::
events,

::::::::
affecting

::::
large

:::::
areas

:::
and

:::::::::
producing

::::
flash

:::::
floods

::
in

::::::
several

::::::::::
catchments

::
are

::::::::
relatively

::::::::
common

::
in

::
the

::::::::::::
Mediterranean

::::
and

::::::::::::::::::
Alpine-Mediterranean

::::::
regions

::
as

::::::
shown

::
in

::::::
several

:::::::::
inventories

::
of

::::::::
European

::::
flood

::::::
events

::::::::::::::::::::::::::::::::::::::::::::::::::::
(Gaume et al., 2009; Marchi et al., 2010; Amponsah et al., 2018)

:
.
::::::::
However,

::::
these

::::::
events

:::::
occur

:::::
mostly

::
in
:::::::
Autumn

:::::
under

:::::::
specific

:::::::
climatic

::::::
forcing

:::
and

:::::::::
triggering

::::::::::
mechanisms

::::
that

::
are

:::
not

:::::::
present260

::
in

:::
our

:::::
region

::
of
:::::::
interest.

:

The apparent discontinuity in Figure 9 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 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 series265

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 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 km2.270

3.3 Spatio-temporal analysis of the heavy rainfall event

The rainfall distribution in time illustrated in Figure 7 is limited to the rain gauges with the largest 3-day accumulation, which

are all located in a
::
the

:
same area (i.e., East of the Province of Liège). 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 are275

provided in Figures D2 and D3. 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-Perpiñán, 1997; Fodor, 2003; Cunningham, 2008) can be helpful in this context.

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 few280

representative variables. They provide an approximate but easier to interpret representation of the data. One of the most popular

technique
:::::::::
techniques 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)
::::::
(NMF) of the 5-min radar product.

Given a data matrix V with m rows and n columns (i.e., a matrix of dimension m×n) and with non-negative elements285

vij ≥ 0 (i.e., V is a non-negative matrix), the non-negative matrix factorization (NMF ) approximates V as the product of two
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non-negative matrices W and H of dimensions m× k and k×n respectively,

V (m×n) ≈W (m×k) H(k×n).

The approximation (C1) of V can equivalently be written with vectors instead of matrices by

V (m×n) ≈
k∑

i=1

w
(m×1)
i h

(1×n)
i ,290

where wi (resp. hi) of dimension m× 1 (resp. 1×n) denotes the ith column of W (resp. the ith row of H). Equation (C2)

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 WH has to be295

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
::::
This

:::::
NMF

:::::::
analysis

:::
will

:::::
allow

:::
us

::
to

::::::::
highlight

:::
that

:::::::
rainfall

:::
was

:::::::::
distributed

:::
in

::::
time

::::::::
differently

::::
over

::::
the

:::::::
country.

:
It
::::

will
:::::::
provide

:
a
::::::::
synthetic

:::::
view

::
of

:::
the

:::::
event

::::
from

::::::
which

:::::::::
qualitative

::::::::::
descriptions

:::
can

:::
be

:::::::
derived.

::::::::::
Background

::::::::::
information

::::::::
regarding

:::
the

:::::
NMF

::::::
method

:::
are

:::::
given

::
in

:::
the

::::::::
Appendix

::
C.

In order to analyze the 5-min rainfall by NMF, the data need first to be structured in a non-negative m×n matrix V where300

each element vij contains the radar value of the pixel i 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

::::::::
Although

:::::
NMF

:::::::::::::
approximations

::
of

::::::
various

:::::
ranks

:::::
have

::::
been

:::::::
derived,

:::
the

:::::::::
discussion

::::
will

:::
be

::::::
focused

:::
on

:::
the

::::::
rank-3

:::::
NMF

::::
that

:::::::
provides

:
a
:::::
clear

::::::::::::
decomposition

::
of

:
the NMF approximation of this data into 3 components is

::::::
distinct

:::::::::::::
spatio-temporal

:::::::
patterns

illustrated in Figure 10. Each component i is composed of a vector wi with values for the m pixels (i.e., spatial pattern of the305

component i) and a vector hi with values for the n timestamps (i.e., temporal pattern of the component i).

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 the310

whole July 15. Finally, the third factor extracts the heaviest precipitation pattern located in the Province of Liège. 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 data315

description.

The information given in Figure 11 indicates that the rank-3 NMF approximation provides a meaningful summary of the

rainfall data. First, Figure 11A quantifies how the 3-day accumulation is approximated by the rank-3 NMF. The approximation
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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 by320

almost 50mm in the rank-3 NMF. This is a local pattern that is not captured by the rank-3 NMF. In Figure 11B, the correlation

between the radar product and the 3 temporal components hi 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 wi. To conclude, the information provided by the 3 spatial components wi and 3 temporal components hi

(i.e., the 3 maps and 3 time series of Figure 10) summarizes well in an easily interpretable way the rainfall data for areas with325

a 3-day accumulation above 100mm.

Figure 10. Spatial and temporal patterns of the 3 components resulting from a rank-3 NMF of the 5-min rainfall data.
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Figure 11. A. Approximation of
:::::::
Difference

:::
on the 3-day accumulation by

::::::
between the rank-3 NMF of

:::
and the 5-min RADFLOOD21 data.

B. Result of the correlation analysis between the rainfall data and the 3 temporal components hi for each pixel: the map illustrates which

component hi 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 12 illustrates hourly timeseries of areal rainfall averages for 6 catchments of different size (defined in Figure 13
:
1).330

Areal averages derived from the radar product are compared against an alternative estimation solely based on rain gauges

:::::
gauge data, i.e., an IDW interpolation of hourly rain gauges

:::::
gauge

:
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 12 indicates also a very large variability in time of hourly rainfall for the

Vesdre, Hoëgne and Wayai catchments. This variability in time is significantly smoothed for averages over the large-sized335

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 km3
::::
(110

::::
mm). Similarly, the total precipitation

over the Ourthe and Vesdre catchments is estimated to 0.240 km3
:::
(130

:::::
mm) and 0.125 km3

:::
(180

:::::
mm), respectively.

Definition of the 6 catchments considered in Figure 12. Some of these domains are overlapping: the Wayai and Hoëgne

catchments are included in the Vesdre catchment; the Vesdre, Ourthe and Amblève catchments are included in the Meuse340

catchment. The Meuse catchment is here limited to its Belgian part.

The maximum accumulation for durations from 1 hour to 72 hours derived from these hourly areal time series is provided in

Figure 14
::
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
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Total RADFLOOD21: 109.7mm
Total IDW: 115.3mm
MBE: 5.1%
MAE: 7.6%
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MBE: −6.1%
MAE: 22%
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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
Hourly areal averages for 6 catchments

Figure 12. Hourly timeseries of areal rainfall averages for 6 catchments of different size which are mapped in Figure 13
:
1. The hourly areal

averages are derived from the hourly radar product as well as from hourly rain gauges
::::
gauge

:
data (i.e., IDW interpolation of rain gauges

::::
gauge

:
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).
:::
The

:::::
MBE

:
is
::::::::
computed

::
as

:::
the

::::::
average

:::::::
difference

:::::::
between

::
the

:::::
hourly

::::
IDW

:::
and

::::::::::::
RADFLOOD21

:::::::
estimates

::::
(i.e.,

:::::::::::::::::
IDW-RADFLOOD21).

::::
Both

::::
MBE

:::
and

:::::
MAE

::
are

:::::::::
normalized

::
by

::
the

::::::
average

::::::::::::
RADFLOOD21

:::::
value

:::
over

:::
the

:::::::
displayed

::::::
period.

200mm on average for the 2 smallest catchments of the Hoëgne and Wayai.
:::::::::
Cumulative

:::::::::::
precipitation

:::::
sums

::::::
derived

:::::
from

:::
the345

:::::
hourly

:::::::::
timeseries

::
in

::::::
Figure

::
12

:::
are

:::::::::
illustrated

::
in

:::::
Figure

:::
D4

:::
for

:::
the

::::::::
interested

:::::::
readers.

:

::::::
Finally,

::
in

:::::
order

::
to

::::::::
quantify

::::
how

:::
the

::::::::
difference

::::::::
between

:::
the

::::
IDW

:::
of

::::
rain

:::::
gauge

::::
data

:::
and

::::
the

::::
radar

:::::::
product

:::::::
evolves

:::::
when

:::
they

:::
are

::::::::::
aggregated

::
in

:::::
space

:::
and

:::::
time,

::
we

::::::::::
considered

::
67

:::::::::::
hydrological

:::::::::
catchments

::
in

::::::::
Belgium

::
of

::::::
various

:::::
sizes

::::
with

::
an

:::::::
average

:::::
3-day

:::::::::::
accumulation

::::::::
exceeding

::::::
20mm.

::::::
Hourly

:::::
areal

:::::::
averages

::::
were

:::::::
derived

::
for

::::
each

:::::::::
catchment

:::
and

::::
then

:::::::::::
accumulated

::
for

:::::::
various

:::::::
durations

:::
till

::::
72h.

:::
For

::::
each

:::::::::
catchment

:::
and

::::::::::::
accumulation

:::::::
duration,

:::
the

:::::::::
difference

:::::::
between

::
all

:::::
pairs

::
of

::::
IDW

:::
and

::::::::::::::
RADFLOOD21350

:::::::
estimates

::
is
:::::::::::
characterized

:::
by

:::
the

:::::
mean

:::::::
absolute

::::
error

::::::
(MAE)

::::::::::
normalized

::
by

:::
the

:::::
mean

::
of

:::
the

::::::::::::::
RADFLOOD21

:::::
values

::::::
during

:::
the

:::::
3-day

::::::
period.

:::::::
Average

:::::
MAE

::::::
values

:::
for

:::::::::
catchments

:::
of

::::::
similar

:::::
sizes

:::
are

:::::
finally

:::::::::
computed

:::
and

:::::::::
illustrated

::
in

::::::
Figure

:::
14.

::::::
These
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hourly RADFLOOD21 IDW of hourly rain gauges accumulations

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

Figure 13. Maximum precipitation accumulation for durations from 1 hour to 72 hours (3 days)
::
by

::::
steps

::
of

:
1
::::

hour
:

derived from hourly

timeseries of areal rainfall averages for 6 catchments of different size which are mapped in Figure 13
:
1. The hourly areal averages are derived

from the hourly radar product as well as from hourly rain gauges
:::::
gauge data (i.e., IDW interpolation of rain gauges

::::
gauge

:
data at 1km

resolution followed by a spatial aggregation of the interpolation points included in the respective domains).

:::::
results

::::::
clearly

::::::::
highlight

:
a
::::::::
decrease

::
of

:::
the

:::::::::::
discrepancies

:::::::
between

::::
both

:::::::
datasets

:::::
when

:::
the

::::
data

:
is
::::::::::
aggregated

::
in

:::::
space

::::
over

:::::
larger

:::::::
domains

:::
and

:::::::::::
accumulated

::::
over

:::::
longer

:::::::
periods.

:

4 Conclusions355

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 supplement360

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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Figure 14.
::::
Mean

:::::::
absolute

::::
error

::::::
(MAE)

::::::
between

:::
all

::::
IDW

:::
and

::::::::::::
RADFLOOD21

:::::::::::
accumulations

::::
from

::::
13th

:::
July

::
to

::::
16th

:::
July

::::
2021

:::
for

::::::
various

:::::::
durations

::::::
between

:
1
:::
and

:::
72

::::
hours

:::
and

:::
for

::
67

::::::::
catchments

::
of

::::::
various

:::
size

::
in

::::::
Belgium

:::::
(from

::
61

::::
km2

::
to

::::
14800

:::::
km2).

:::
The

:::::
3-day

::::::::::::
RADFLOOD21

::::::::::
accumulation

::::::
exceeds

:::::
20mm

::
on

::::
areal

::::::
average

::
for

::
all

:::::
these

::::::::
catchments.

::::
The

::::
MAE

::
is

::::::::
normalized

:::
per

::::::::
catchment

:::
and

::
per

::::::::::
accumulation

:::::::
duration

::
by

::
the

::::::
average

::::::::::::
RADFLOOD21

:::::
value

:::
over

:::
the

:::::
3-day

:::::
period.

::::::
Average

:::::
MAE

:::::
values

::
for

:::::::::
catchments

::
of

:::::
similar

::::
sizes

:::
are

:::::
finally

:::::::
displayed

::
in

:::
the

:::::
figure.

very
:
it important to use radar observations as close to the ground as possible. A proper treatment of ground echoes was therefore365

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.370

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 km2. 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 not375

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 km3
:::
(125

:::::
mm) and 1.527 km3

:::
(110

:::::
mm)

are estimated for the Province of Liège 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,380

according to several testimonies, as very close to flash flood with surprise effects at various levels (Van Camp et al., 2022;
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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
:::
also

:::
be taken into account.385

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 international390

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
::::
fields. 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 contribution395

to this global effort.

Data availability. The discussed rain gauge data and radar product RADFLOOD21 can be accessed on Zenodo (Journée et al., 2023;

Goudenhoofdt et al., 2023).

Appendix A:
:::::::
Filtering

:::
of

:::::
static

::::::::::::::::
non-meteorological

::::::
radar

::::::
echoes

A1
:::::::
Doppler

::::::::
filtering400

:::
The

:::::
radar

:::::
signal

::::::::
processor

:::::::
includes

::
a
:::::::
Doppler

::::
filter

:::
for

::::::::
removing

::::::
clutter.

::::
The

::::::::::
Wideumont

::::
radar

:::::
filter

:
is
::
a
::::
time

::::::
domain

:::::::
Infinite

::::::
Impulse

:::::::::
Response

::::
filter.

::::
The

::::
more

::::::
recent

:::::::
Jabbeke

:::
and

:::::::::
Helchteren

::::::
radars

::::::
include

:
a
:::::::::::::::
frequency-domain

:::::::
filtering

::::::
which

::::::::
computes

::
the

::::::
power

::::::::
spectrum

::::
using

::
a
:::::::
Discrete

::::::
Fourier

:::::::::
Transform

::::::
(DFT).

::::
The

::::
time

::::::
domain

::::
filter

::::
only

::::::::::
suppresses

::
the

::::::
signal

::
in

:::
the

::::::
filtered

:::::
region

:::::
while

:::
the

::::
DFT

::::
filter

::
is
::::
also

:::::::
designed

::
to
::::::
restore

:::
the

:::::::
weather

:::::
signal

::
in

:::
the

::::::
filtered

::::::
region.

::
In
::::::::
addition,

:::
the

:::::::::
processing

:::::
chain

:::::::
includes

::::::::
threshold

:::::
checks

:::
to

::::::
remove

::::
data

::
of

:::
low

:::::::
quality.

:::
The

::::::
clutter

::::::::
correction

::::
ratio

::::::::
(CCOR)

::
is

::::::
defined

::
as

:::
the

::::::::::
logarithmic

::::
ratio405

:::::::
between

:::
the

::::::::
unfiltered

:::::
signal

::::::
power

:::
and

:::
the

::::::
clutter

::::::
filtered

::::::
signal

::::::
power.

:::
The

::::::
CCOR

:::
for

:::::
each

:::::
range

::::
gate

::
is

::::::::
compared

::::
with

::
a

:::
user

:::
set

::::::::
threshold

:::
and

::::
data

::::
with

::
a

::::::
CCOR

:::::
above

:::
this

::::::::
threshold

:::
are

:::
set

::::::
invalid.

:

A2
::::::::::::
Computation

::
of

:::
the

:::::
static

::::::
clutter

:::::
map

:
A
::::::::::::
measurement

:::::::
location

:
is
::::::::::
considered

:::::::::::
systematically

::::::::::::
contaminated

::
by

::::::::::::::::
non-meteorological

::::::
echoes

:::::::
(clutter)

:::
if:

–
::
its

:::::
height

::
is
::::::
below

::::
1200

::
m

:::::
above

:::
the

:::::
radar

::::
level

:
410
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::::::::
reflectivity

:::::
(dBZ)

:
0

:
5

::
10

::
15

::
20

::
25

::
30

::
35

::
40

::
45

::
50

::
55

::
60

::
65

:::::::
frequency

::
0.2

::
0.2

::
0.2

::
0.2

:::
0.18

:::
0.16

:::
0.14

::
0.1

:::
0.04

:::
0.02

:::
0.01

::::
0.005

::::
0.005

::::
0.005

Table A1.
::
For

:
a
:::::
given

::::::::
reflectivity

::::
level,

:::
the

:::::::
minimum

::::::::
frequency

:::::
which

:::
will

::::
never

:::
be

::::::
reached

::
by

:::::::::
precipitation

::::
only

:::::
under

::
the

::::::
current

::::::
Belgian

::::::
climatic

::::::::
conditions.

–
::
its

:::::::
distance

::::
from

:::
the

:::::
radar

::
is

:::::
below

::::
100

:::
km

–
::
its

::::::::
frequency

:::
of

::::::::
exceeding

:::::
7dBZ

::
is

:::::
above

::::
20%

:::
for

::
a

::::
given

::::::
period

:

:::
For

:::
the

::::
sake

::
of

::::::::::
consistency,

:::
the

:::::
static

:::::
clutter

::::
map

::
is

::::::::
smoothed

::
to
:::::::
remove

:::::
small

::::
holes

:::::
with

::::
valid

::::
data.

:

A3
::::::::::::
Computation

::
of

:::::
static

::::::
clutter

::::
level

::::::::
statistics

:::
The

:::::::::
frequency

:::::::::
distribution

::
of

:::
the

:::::::::
reflectivity

::
is
:::::::::
computed

::
by

::::
bins

::
of

:::::
5dB.415

::
In

::::
most

::::::
cases,

:::
the

::::
fixed

::::::
target

:::::
causes

::
a
:::::
signal

:::::
with

:
a
::::::::
relatively

::::::::
constant

:::::::::
reflectivity.

:::::
This

::::::::::
corresponds

::
to

:::
the

:::
bin

:::::
with

:::
the

::::::
highest

:::::::::
frequency.

:
It
::
is
:::::::::
considered

::
as
:::

the
:::::
mean

::::::
clutter

:::::
level.

:::::
Some

::::::
targets,

:::
like

:::::
wind

::::::
farms,

:::
can

:::::
cause

:
a
:::::::::
fluctuating

::::::
signal,

::::
and

:::
the

::::
mean

::::::::
statistics

::
is

::::::
useless.

::::
For

:
a
:::::
given

:::::::::
reflectivity

::::
bin,

:::
one

:::
can

:::::::::
determine

::
if

::
its

:::::::::
frequency

::
is

:::::::::
unrealistic

::
in

:::
the

::::::
current

:::::::
Belgian

:::::::
climatic

:::::::::
conditions.

:::
By

::::::
taking

:::
the

:::::
upper

:::::
bound

:::
of

:::
the

::::::
highest

:::::::::
unrealistic

:::
bin,

::::
one

::::::
obtains

:::
the

::::::::
maximum

:::::::::
detectable

::::::
clutter

::::
level.

:
420

:::
The

:::::::::
unrealistic

::::::::::
frequencies

::::
have

::::
been

:::::::::
optimized

:::
by

:::
trial

::::
and

::::
error

:::::
using

:::::::
several

::::
years

:::
of

::::
data.

::::
The

:::::
results

::::
can

::
be

::::::
found

::
in

::::
Table

::::
A1.

A4
::::::::::::
Identification

::
of

:::::
static

::::::
clutter

:
A
::::::::::
reflectivity

:::::::::::
measurement

::
is

:::::::::
considered

::
as

:::::
static

:::::
clutter

::
if:

:

–
:
it
:::::::
belongs

::
to

:::
the

:::::
static

:::::
clutter

::::
map

::::::::
computed

:::
in

::
the

::::
last

:::
two

:::::::
months425

–
::
its

:::::
value

::
is

:::
not

:
5
:::
dB

:::::
above

:::
the

:::::::::
maximum

:::::
clutter

:::::
level

::::::::
computed

::
in

:::
the

:::
last

::::
two

::::::
months

:

A5
::::::::
Handling

:::
of

::::
false

:::::
zeros

:::
The

::::::
CCOR

::::::::
threshold

::
is
:::
set

::
to
:::

30
:::
dB

:::
for

:::
the

:::::::
Jabbeke

::::
and

:::::::::
Helchteren

::::::
radars

:::
and

:::
15

:::
dB

:::
for

:::
the

::::::::::
Wideumont

:::::
radar.

::::::
When

:::
the

:::::::
Doppler

::::
filter

:::::::
removes

:::::
more

::::
than

:::
this

::::::::
threshold

:::
the

:::::::::
reflectivity

::
is
::::::::::
improperly

::
set

::
to
:::::::::
"undetect"

:::
by

:::
the

:::::
radar

:::::::::
processing

::::::
(which

:::::
means

::::
zero

::::::::::::
precipitation).

:::::
Other

::::
kind

::
of

:::::::::
processing

:::::
from

::
all

::::::
radars

:::
are

::::
also

:::::::::
introducing

:::::
false

:::::
zeros.

::::
This

::
is

::::::::::
problematic

:::::
since430

::
the

:::::
static

::::::
clutter

:::::::
statistics

::::::
cannot

::
be

:::::::::
computed

::::::
reliably

::::::::
anymore.

::::
The

::::
only

:::::::::
guaranteed

:::::::
solution

::
is

::
to

:::
use

:
a
:::::
static

:::::
clutter

::::
map

::::
and

::::::::
maximum

::::::
clutter

::::
level

:::::
based

:::
on

::::::::
unfiltered

:::::::::
reflectivity.

:

:::::
Using

:::
the

::::::::
unfiltered

::::::::
statistics

::::::
results

::
in

:
a
:::::::::
significant

::::::::
reduction

:::
of

:::
the

::::
filter

::::::::::::
performance.

::
To

:::::
keep

::::
some

:::::::::
efficiency,

::
a
:::::
value

:::::
which

::
is

::::
valid

:::
for

:::
the

:::::::
filtered

:::::::
statistics

:::
and

::::::
which

:::::::
exceeds

:::
the

::::::::
unfiltered

:::::
mean

::::::
clutter

::::
level

::::::
minus

:::
the

::::::
CCOR

::::::::
threshold

::
is

:::
not

:::::::
rejected.435
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Figure A1.
::::
Static

:::::
clutter

::::
map

::
for

:::
the

:::::::
unfiltered

::::
(left)

:::
and

::::::
filtered

:::::
(right)

:::::::::
reflectivity,

:::::
before

::::
(top)

:::
and

::::
after

::::::::
smoothing

:::::::
(bottom).

:::
The

::::
map

::
is

::::::
centered

::
on

:::
the

:::::
Vesdre

:::::::::
catchment.

:::::
Some

::::::
residual

::::::
clutter

:::::
might

::::::
remain

::
at

:::
this

:::::
stage

:::
but

::
the

::::::
clutter

:::::::::
processing

::::::
further

:::::::
includes

:::::::::
dynamical

:::::
filters

:::::
based

::
on

:::::::
satellite

:::::::::
cloudiness,

::::::
vertical

::::::
profile

::
of

:::::::::
reflectivity

::::
and

::::::
spatial

::::::
texture

:::
(see

:::::::
Section

:::::
2.2.2).

:

A6
:::::::
Results

::::::
Figures

:::
A1

:::
and

:::
A2

:::::
show

:::
an

:::::::
example

::
of

:::
the

:::::
static

:::::
clutter

::::
map

::::
and

:::::::
statistics

:::
for

:::
the

:::::
radar

::
of

::::::::::
Helchteren,

::::
valid

::::::
during

:::
the

:::::
flood

:::::
event,

::
in

:::
the

::::::
Vesdre

::::::::::
catchment.

::
It

:::
can

:::
be

::::
seen

::::
that

:
a
:::::::::

significant
::::

part
:::
of

:::
the

::::
area

::
is

:::::::
affected

:::
by

:::::
strong

:::::::
clutter.

:::
The

::::::::
Doppler440

::::::
filtering

::
is
::::
very

:::::::
efficient

::::
and

::::
some

::::
high

:::::::::::
precipitation

::::::
values

:::
can

::
be

::::::::
retrieved.

:
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Figure A2.
::::
Mean

::::
(top)

:::
and

::::::::
maximum

:::::::
(bottom)

:::::
clutter

::::
level

::
for

:::
the

::::::::
unfiltered

::::
(left)

:::
and

:::::
filtered

:::::
(right)

:::::::::
reflectivity.

:::
The

::::
map

::
is

::::::
centered

:::
on

::
the

::::::
Vesdre

::::::::
catchment.
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Appendix B:
::::::
Tuning

::
of

:::
the

:::::
KED

:::::::
method

:::
The

:::::
KED

::::::
method

:::
has

:::::
been

:::::
tuned

::
on

:::::::
Belgian

:::::::
rainfall.

::::
Here

:::
are

:::
the

::::
main

::::::::::
parameters:

:

–
::::::::::
Interpolation

::
of
:::
the

::
4
::::::
closest

::::
radar

::::::
values

::
at

:::::
gauge

:::::::
location

:

–
::::::::
Spherical

:::::::::
covariance

:::::
model

:::
for

:::
the

:::::::
residual

::::
error

::::
with

::
a

:::::
range

::
of

::
20

:::
km

:
445

–
:::::::::
Correlation

::::::
limited

::
to

:::::
70 %

::
in

:
a
:::::
1 km

:::::::::::
neighborhood

::::
due

::
to

::::::::
sampling

:::
and

::::::::::::
measurements

:::::
errors

:

–
::::::
Square

:::
root

:::::::::::::
transformation

::
to

:::::
ensure

::::::::::
Gaussianity

:

–
:::
Use

::
of

:::
the

:::
21

::::::
nearest

::::::
gauges

:::
for

:
a
:::::
given

:::::::
location

–
:::
Not

:::::
valid

::::::
locally

::
if
::::
less

::::
than

:
4
:::::
gauge

::::::
values

:::::
above

::::::
0.1mm

:

–
:::
Not

:::::
valid

::::::
locally

::
if
:::
the

:::::::::
correlation

::::
(R2)

::::::::
between

::::
radar

::::
and

:::::
gauge

::
is

:::::
below

::::
0.5.450

–
::::::
Invalid

:::
data

::::::::
replaced

::
by

::
a

:::::
single

:::::
gauge

::::
bias

::::::::
correction

:

–
::::::
Smooth

::::::::
transition

::
to

::
a
:::::
single

:::::
gauge

::::
bias

:::::::::
correction

::::::
outside

:::
the

::::::
convex

::::
hull

Appendix C:
:::::::::::
Non-negative

::::::
matrix

::::::::::::
factorization

::::::
(NMF)

:::::
Given

:
a
:::::

data
::::::
matrix

::
V

::::
with

:::
m

::::
rows

::::
and

::
n
::::::::
columns

::::
(i.e.,

::
a

::::::
matrix

::
of

:::::::::
dimension

:::::::
m×n)

:::
and

:::::
with

:::::::::::
non-negative

::::::::
elements

::::::
vij ≥ 0

::::
(i.e.,

::
V

::
is

:
a
:::::::::::
non-negative

:::::::
matrix),

:::
the

:::::::::::
non-negative

::::::
matrix

::::::::::
factorization

:::::::
(NMF)

:::::::::::
approximates

::
V

::
as

:::
the

:::::::
product

::
of

::::
two455

::::::::::
non-negative

::::::::
matrices

::
W

::::
and

::
H

::
of

::::::::::
dimensions

:::::
m× k

::::
and

:::::
k×n

::::::::::
respectively,

:

V (m×n) ≈W (m×k) H(k×n).
:::::::::::::::::::::::

(C1)

:::
The

::::::::::::
approximation

::::
(C1)

:::
of

::
V

:::
can

::::::::::
equivalently

:::
be

::::::
written

::::
with

::::::
vectors

::::::
instead

::
of
::::::::
matrices

::
by

:

V (m×n) ≈
k∑

i=1

w
(m×1)
i h

(1×n)
i ,

:::::::::::::::::::::::::

(C2)

:::::
where

:::
wi:::::

(resp.
:::
hi)::

of
:::::::::

dimension
::::::
m× 1

:::::
(resp.

::::::
1×n)

::::::
denotes

::::
the

::
ith

:::::::
column

::
of

:::
W

:::::
(resp.

:::
the

:::
ith

::::
row

::
of

::::
H).

:::::::
Equation

:::::
(C2)460

:::::::::
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

::::
WH

:::
has

::
to

:::
be

:::::::::
minimized.

:::::::
Various

:::::::::
algorithms

:::
for

:::::
NMF

::::
have

:::::
been

::::::::
proposed

::
in

:::
the

::::::::
literature.

::
In

::::
this

:::::::
analysis,

:::
we

:::::
used

:::
the

::::::::
algorithm

::::::
rNMF465

::::::::::::::
(Sun et al., 2013)

:::::::
available

:::
as

::
an

::
R

:::::::
package.

::::
We

::::
refer

::
to

:::::::::::
Gillis (2020)

::
for

:::::
more

:::::::
detailed

::::::::::
information

:::::
about

:::::
NMF.
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Appendix D:
:::::::::
Additional

::::::
figures

Figure D1. 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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Figure D2. 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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Figure D3. 3-hourly precipitation accumulations in the Province of Liège 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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Total RADFLOOD21: 109.7mm
Total IDW: 115.3mm

Total RADFLOOD21: 124.2mm
Total IDW: 139.3mm

Total RADFLOOD21: 191.2mm
Total IDW: 200.8mm

Total RADFLOOD21: 126.1mm
Total IDW: 131.7mm

Total RADFLOOD21: 178.4mm
Total IDW: 189mm

Total RADFLOOD21: 203.4mm
Total IDW: 191.1mm

Hoëgne   (126 km²) Wayai   (82 km²)

Amblève   (1075 km²) Vesdre   (696 km²)

Meuse   (13880 km²) Ourthe   (1846 km²)

Jul 13 Jul 14 Jul 15 Jul 16 Jul 13 Jul 14 Jul 15 Jul 16
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50 mm

100 mm
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200 mm

0 mm

50 mm

100 mm

150 mm

200 mm

0 mm

50 mm

100 mm

150 mm

200 mm

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
Cumulative precipitation sums derived from hourly areal averages for 6 catchments

Figure D4.
::::::::
Cumulative

::::::::::
precipitation

::::
sums

:::::
derived

::::
from

:::
the

:::::
hourly

::::::::
timeseries

::
of

::::
areal

::::::
rainfall

::::::
averages

::::::::
illustrated

:::
for

:
6
::::::
selected

:::::::::
catchments

:
in
::::::
Figure

::
12.
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