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Abstract. High-resolution gridded precipitation data is scarce, especially at time intervals shorter than daily. However hydro-
logical applications for example benefit from a finer temporal resolution of rainfall information. In this context, we introduce
an hourly precipitation dataset for Belgium, featuring a resolution of 1 km. An hourly high-resolution gridded precipitation
product over Belgium can provide valuable insights into the dynamics of both short-term and long-term rainfall events, which
can be used for wide-ranging applications such as flash flood forecasting and warning systems, studying precipitation extremes
and trends, validating weather and climate models or detecting changes in precipitation patterns due to climate change. Similar
products such as EURADCLIM (Europe) (Overeem et al., 2023) and RADKLIM (Germany) (Winterrath, 2018), both radar-
based gauge-adjusted datasets, have already been created and published. Both datasets are high spatial resolution dataset (2 km
and 1 km, respectively).

A high resolution precipitation grid of hourly precipitation data for Belgium covering the period from 1940 to 2016 using the
analog technique, is created. The analogs are sampled from the period 2017-2022 for which high resolution radar data precip-
itation fields are available. The initial step involves identifying the criteria, i.e. atmospheric parameters such as atmospheric
pressure, temperature and humidity, that can be used to determine analogous days. These atmospheric parameters are obtained
from the ERAS observational data provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). In a
second step, hourly precipitation data for suitable analog days are extracted from our radar database, and then used to create
the high resolution grid of hourly precipitation for Belgium from 1940 to 2016. Data from rain gauges on the Belgian terrain
were used for validation of the candidate precipitation analogs.

The dataset for this project lists the top 25 analog days for 1940-2016 based on similarities in weather patterns. The analogs
are ranked based on how closely they match to their target day.

The database is relying on the Zarr archiving format and is composed of two archives. A first archive contains all target days
together with the 25 best analogs. The second one provides a precipitation field for each hour of every day in the past. The

Zarr format of the database allows slicing through the database. For example, it allows one to easily delimit a specific area
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of interest and a specific time frame for which the high resolution gridded median hourly precipitation fields are needed. The
median field dataset is available on Zenodo (https://doi.org/10.5281/zenodo.14965710) (Debrie et al., 2025).

Copyright statement. TEXT

1 Introduction

Recently, increased attention has been given to sub-daily precipitation observations due to intense rainfall events such as during
the recent flood of July 2021 which affected Belgium, Germany and Luxembourg (Tradowsky et al., 2023; Journée et al., 2023),
flash flooding in urban areas and fast-responding catchments. Various studies have shown that state-of-the-art high-resolution
hydrological model simulations are more responsive and perform better when fed with precipitation data at sub-daily inter-
vals (e.g. Finnerty et al., 1997; Satish and Vasubandhu, 2013). This requires the development of high-resolution precipitation
observation fields that can be used in both adjusting the model parameters and validating the quality of hydrological forecasts.
Furthermore, gridded precipitation datasets have wide-ranging applications, such as providing the inputs to national hydrolog-
ical modeling (Bell et al., 2007), the assessment of historical climate and its variability (e.g. Blenkinsop et al., 2008; Becker
et al., 2013; Yu et al., 2016) and the assessment of reanalysis and downscaled climate model products (Isotta et al., 2015),
as mentioned in Lewis et al. (2018). The main purpose of the current work is to develop such a gridded hourly precipitation
dataset on a very long period using an analog method.

Lorenz made use of the concept of analogs in 1969 (Lorenz, 1969) to investigate the predictability limits of the atmosphere,
and since then, the analog method has been widely used in many studies on various topics: purely data-driven forecasting (e.g.
Toth, 1989; Yiou, 2014; Yiou and Déandréis, 2019), predictability analysis (e.g. Toth, 1991; Xavier and Goswami, 2007; Li
and Ding, 2011), data assimilation (e.g. Lguensat et al., 2017), downscaling (e.g. Ghilain et al., 2021; Rozoff and Alessandrini,
2022), causality analysis (e.g. Sugihara et al., 2012; Vannitsem and Ekelmans, 2018; Huang et al., 2020), or even extracting
dynamical properties of attractors (Foresti et al., 2024), among others.

The analog method consists in finding similarities within a collection of events, and to exploit these similarities for various
purposes, in particular for emulating new events. These similarities are generally measured based on specific distances be-
tween the events under consideration. In atmospheric and climate dynamics, it often consists in measuring Euclidean distances
between specific fields.

For downscaling purposes, it is hypothesized that local weather situations are influenced by large-scale synoptic-scale predic-
tors. Essentially, if two synoptic situations are similar, they are likely to result in similar local effects. By using well-chosen
atmospheric predictors, one can identify situations, say for a specific day, with the most comparable atmospheric conditions
to a specific target day in order to predict the local properties of interest, such as for instance high resolution daily or hourly

precipitation.
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To find analogs, the synoptic weather pattern of the target day is analyzed, considering selected predictors. The analog technique
searches for days that have similar atmospheric conditions within the time frame when the high resolution targeted local
properties are available, without making assumptions about the probability distributions of the predictors (Raynaud et al.,
2020). It is important to note that this approach relies on the assumption that similar atmospheric conditions will result in
similar precipitation patterns. While this may not always hold true, this approach provides a useful starting point for creating a
high-resolution gridded dataset. We will use this approach for inferring high-resolution hourly precipitation fields over Belgium
for about the past 80 years using RADCLIM, a combined gauge-radar climatological dataset at a spatial resolution of 1x1 km?
and at an hourly time scale developed by the Royal Meteorological Institute of Belgium (RMI). Figure 1 provides a visual
overview of the method used. Section 2 will give an overview of the data used and the analog technique will also be explained.
An analysis of the analog days found based on the selected predictor set will be presented in Section 3, together with the
high-resolution hourly precipitation dataset. Section 4 gives a description of the organization of the dataset. The discussion and

main conclusions are outlined in Section 5.
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Figure 1. Overview figure illustrating the process of downscaling and validation of precipitation fields based on the analog method. The
procedure in a nutshell: (i) selection of the analog days within the period covered by the radar based on large-scale fields of ERAS to a
specific target day in the past; (ii) association of the hourly precipitation fields of the analog days to the specific target in the past; (iii)
construction of the best estimate of the precipitation field, either by using a single analog or a combination of them.



65

70

75

80

85

90

2 The data and the studied area

The downscaling analog-based approach for constructing high resolution precipitation dataset uses several datasets: (i) a large-
scale database used for the identification of the analogs (ERAS5); (ii) the high-resolution fields used as the downscaled proxy
(Radar data); and (iii) the independent observations used to validate the downscaled fields (Automatic Weather Station, AWS,

data from RMI). These three datasets are first described, together with the domain over which the analysis is performed.
2.1 The datasets
2.1.1 ERAS5

This study used atmospheric reanalysis, specifically the ERAS reanalysis on pressure levels from 1940 to the present (Hersbach
et al., 2020), to identify analog days based on atmospheric conditions. ERAS is the fifth generation European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis for global climate and weather over the past eight decades. The
atmospheric parameters data is available at a spatial resolution of 0.25 degrees, enabling the identification of analog synoptic
days.

Since ERAS reanalysis data is only available from 1940, it is only possible to build a high-resolution precipitation series based
on analogs from 1940. Since radar data is available from 2017, the emulated dataset is built until 2016. Three pressure level

fields from the reanalysis are used: Geopotential (z), Temperature (t) and Relative humidity (r).
2.1.2 Radar data

The RADCLIM product is an offline counterpart to the real-time RADQPE (RADar Quantitative Precipitation Estimation)
system (Goudenhoofdt and Delobbe, 2016). It reconstructs historical precipitation datasets using the same core methodology
as RADQPE, but adapts it for retrospective analysis by incorporating missing radar or rain gauge measurements that were un-
available during real-time operations. This approach addresses the gaps and uncertainties inherent to instantaneous processing,
resulting in a more complete and reliable dataset suited for climatological analyses.

RADCLIM provides high resolution radar-based quantitative precipitation estimation for Belgium and its surroundings. The
RADCLIM product is obtained after a careful processing of the weather radar measurements and a merging with rain gauge
measurements. This combination provides a detailed and accurate picture of precipitation distribution in time and space.

Data is collected through a network of weather radars and rain gauges. RADCLIM incorporates 3D reflectivity data from a
network of four C-band dual-polarization weather radars: Jabbeke and Wideumont, owned and operated by RMI; Helchteren,
managed by the Flanders Environment Agency (VMM); and Avesnois, operated by Meteo-France. The rain gauge data come
from automatic networks of the Flemish Environment Agency (VMM), the Service Public de Wallonie (SPW), the Hydraulic
Laboratory (WL), the Royal Meteorological Institute (RMI) and from manual rain gauges network CLIM of RMI. Both auto-

matic and manual quality checks are carried out to ensure data reliability.
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Radar reflectivity measurements are converted into rain rates. To get from raw radar reflections to reliable precipitation es-
timates, several processing steps are carried out. To mitigate non-meteorological echoes (e.g., ground clutter, wind farms),
satellite cloudiness comparisons, vertical reflectivity profile analyses, and spatial texture detection are employed.

The data from the different radars are then merged into a precipitation composite. Precipitation accumulations are calculated
over 5-minute and 1-hour intervals using optical flow techniques. These data are combined with rain gauge observations every
5 minutes via a statistical interpolation method based on the hypothesis of Gaussian process. This creates a correction factor,
which is then also applied to the 5-minute accumulations.The final composite product has a spatial resolution of 1 km and
uses the Belgian Lambert 2008 projection. Coverage extends from 0.3°W to 9.7°E and from 47.4°N to 53.7°N. Precipitation
accumulations for 5 minutes and 1 hour are available based on UTC time and are provided in standard formats such as GeoTIFF
and HDF5. An overview of the approach to combine the estimated precipitation fields with the Radar and the measurement
network is presented in the Appendix of Journée et al. (2023). The quality of the precipitation fields generated by the method
is also discussed in Journée et al. (2023) on the July 2021 flood event over Belgium.

The available archive of radar images used to build the RADCLIM dataset spans six years from 2017 to 2022. The hourly
precipitation fields are available within this time frame. The effectiveness of finding suitable analogs for a specific target
day is directly proportional to the size of the candidate analog database. The analog technique will only be able to emulate
precipitation that were already recorded over the six-year period, which could of course be restrictive in particular for extreme

events.
2.1.3 Rain gauge data (AWS)

Rain gauge data from the RMI’s Automatic Weather Stations (AWS) have been available since 2003/2004. Prior to that, only
8h-8h precipitation data were recorded, which are not suitable when matching days based on Oh—0Oh accumulations. RMI’s
weather stations are part of a global network that essentially records ground-based observations of temperature, humidity,
air pressure, wind and precipitation, among other things. The RMI’s weather stations are fully automated and are providing
measurements every 10 minutes. Precipitation is measured by weighing rain. Based on the data from an AWS station, hourly
accumulations can be provided.

The 11 stations whose measurements were used were selected from across the country for optimal coverage, as illustrated in
Figure 2. Furthermore, the stations were in operation during the case study year of 2006 and also from 2017 to 2022, the years

for which radar data is available.
2.2 Study area

The research was carried out across a rectangular region covering Belgium, extending slightly wider to the west and north to
encompass the dynamics over the North Sea. The topography changes from a flat sea and polder landscape to the low mountains
of the Ardennes. The region considered to determine analog days extends from 1.5 to 6.5 longitude and 49.4 to 52.4 latitude,
with an approximate area of 117 000 km?. With the spatial resolution of the ERAS reanalysis, 273 grid points fill the rectangle
as depicted in Figure 2.
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Figure 2. The rectangle represented by dots covers Belgium and its near surroundings where the dots represent the grid points for which data
are available in our selection of the ERA5 reanalysis. RMI stations across Belgium that provided observational precipitation data (Beitem,
Zeebrugge, Melle, Ukkel, Dourbes, Ernage, Retie, Humain, Diepenbeek, Buzenol and Mont Rigi) are presented by the orange dots.

The radar composite cover an area from 0.3W to 9.7E in longitude and from 47.4N to 53.7N latitude.

3 Analog technique

The analog technique used in this study is based on the principle that local weather conditions are in uenced by large-scale
atmospheric patterns. According to the weather analog hypothesis, if two synoptic-scale situations are similar, they are likely
to produce similar local weather outcomes. By comparing a given target day with past days that had similar atmospheric
conditions, we aim to estimate local variables, such as precipitation. This approach assumes that similar large-scale atmospheri
conditions lead to similar local precipitation patterns. While this assumption may not always hold perfectly, it provides a solid
foundation for developing a high-resolution gridded precipitation dataset.

To identify analog days, we tested various combinations of atmospheric variables and time steps. The selection of predictors anc
time steps was guided by insights from previous research on analog methods. These previous studies have consistently show
that geopotential height is among the most effective predictors for identifying analog days, which is why it was prioritized
from the outset (Horton et al., 2017; Horton, 2019). The results con rmed that sets including geopotential height consistently
outperformed those without it. Due to the computational burden of selecting analogs and validation when testing multiple
variables across many pressure levels and time steps, only a limited selection of predictor sets was addressed in line with the
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previous literature. Therefore, we made informed, targeted selections to ensure feasibility, guided by a combination of trial-
and-error and the ndings from previous studies. Several combinations of elds and times of day were tested, and we ultimately
arrived at a scheme that provides good results. However, we acknowledge that other combinations might perform even better,
and further work is needed to optimize the method. These improvements are planned for the next version of the dataset.

The identi cation of best analog days is therefore based on the following combination of predictors:

(1) Geopotential height at 850 hPa at 0 and 12 UT (PRES012)

(2) Relative humidity at 850 hPa at 9, 12 and 18 UT (RELHUM)

(3) Temperature at 850 hPa at 12 UT (TEMP12)

(4) Geopotential height at 850 hPa at 6 UT, at 500 hPa at 12 UT and at 700 hPa at 24 UT (TWS3)

(5) (4) + Geopotential height at 1000 hPa at 12 UT (TWS4)

Furthermore to account for seasonality, candidate analog day searches are conducted within a 120-day window around the
target day (60 days before and 60 days after). For example, candidate analog days for 19 March are selected within a window
of days from 18 January till 18 May.

When concerning geopotential height, analogs are selected according to the Teweles—Wobus score (TWS) developed in Tewele
and Wobus (1954). This score has been found to lead to higher performances than more classical Euclidean and Malahanobi
distances (e.g. Kendall and Stuart, 1983; Guilbaud and Obled, 1998; Wetterhall et al., 2005; Raynaud et al., 2020). It quan-
ti es the similarity between two geopotential elds comparing their spatial gradients and thus an analogy of the atmospheric
circulation instead of considering the actual values at grid points (Horton, 2019). In this way we can select dates that have the
most similar spatial patterns in terms of atmospheric velocity elds at several pressure levels (Raynaud et al., 2020). Analogs
selected using predictive variables such as relative humidity and temperature are assessed based on the Root Mean Squa
Error (RMSE) metric.

3.1 Validation of the most appropriate method

The performances of the various indicator sets were evaluated by comparing the precipitation elds for the target day with those
of the corresponding analog day, which was characterized by radar composite data collected at the same locations as the 1
measurement points. On the target day (in this case, a day in 2006), 24-hour precipitation measurements were available from 1:
AWS stations. Once an analog day was identi ed using a given predictor set, the radar-based precipitation eld for that analog
day was used for comparison. Because radar grid points do not align exactly with the AWS station coordinates, we identi ed
the four nearest radar grid points to each station. The mean precipitation from these four surrounding grid points was then usec
as the estimated 24-hour precipitation at that AWS location for the analog day. The value found as a result then counts as the
amount of fallen precipitation at that particular location according to the radar data. The RMSE (Root Mean Square Error) was

used to quantify the difference between two precipitation elds (each consisting of 11 point measurements) by considering the
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corresponding grid points. This means that for every day, the analog precipitation e(lqd and the historical precipitation eld are

compared point by point and for every pair of elds the following measure was calculatﬁg:r <(Prs  Pas)?, with ps the
precipitation amount in mm/24h on the historical day at locasigns the precipitation amountin mm/24h on the analog day at
locations andng the number of stations. This measure is calculated for every single day and was then averaged over months,
seasons and the whole year to make the comparison between the different methods more convenardraff@sRMSE
expressed in mm/24h as unit is displayed onykexis. Lower mean RMSE values indicate a smaller degree of difference
between the precipitation elds which signi es higher accuracy. This metric is used for evaluating the performance of different

selection methods.

Figure 3. Monthy (a), seasonly (b) and yearly (c) performance of the different predictor sets. The ve methods under consideration were
assessed on a monthly, seasonal, and annual basis. For each predictor set, the mean RMSE (in mm/24h) was computed for each time peri
(month, season, and year). The average of these summary statistics serves as an indicator of the overall performance of each predictor se
As showed in all three gures, itis clear at a glance that the TWS3 and TWS4 methods exhibit superior performance compared to RELHUM
and TEMP12.

As shown in Figure 3, the options relying on geopotential height only produce the most accurate results when considering the
best analog day. In the gure, the average root mean squared error (RMSE) for the various predictor sets concerning the best
analog days is displayed on the y-axis as a function of time unit (months, seasons, years). A lower RMSE signi es superior
average performance of the predictor set, thereby indicating better average rst analogs. A signi cant difference in mean
RMSE was observed among the ve selection meth@ds@:00056). A post-hoc analysis revealed that the 4TWS predictor

set performed notably better (signi cant lower mean RMSE) than TEMPpl:2(Q:00261) and RELHUM § = 0:03603.

There were no signi cant differences in mean RMSE between TWS4 and TWS3 and between TWS4 and PRES012.

Based on these results and based on the choices made in the literature mentioned above, we will determine analogs based ¢
this set of 4 geopotential height-related predictors (TWS4) for follow-up and analog dataset building.
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3.2 Validation of the selected predictor set (TWS4)

In the preceding section, the TWS4 predictor set was identi ed as the most effective. This section examines the top daily
analogs discovered using this method and evaluates their statistical properties at daily and hourly time scales for 2006. The
year 2006 was selected as the case study year because from that moment onward, a considerable number of automatic weatt
stations became available, and the year was relatively wet. While more ‘average' years such as 2007, 2012 or 2014 could have
been considered, our focus on evaluating precipitation elds led us to prefer a relatively wet year.

We also examined in details additional years after 2006. Overview gures for evolution of geopotential height for 2011 (drier
year) and 2012 (wetter year) are added in the supplement to show the robustness of the results (see Figures S1, S2 and S3, a
also the gures attached below). We found that the evolution of geopotential height remains consistent between the real days
and the analog days identi ed using the 4TWS predictor set. The overall statistical properties of weather patterns are preserved
across the different years, suggesting that the method reliably captures the key dynamical features and precipitation patterns.
By extension, a 10-year period (1990 — 1999) will also be looked at more closely by considering the best analog for each target
day as well as an ensemble of analog days with a variable number of members.

Just as Uccle serves as the national reference station in Belgium for monthly, seasonal, and yearly climatological reports, as
well as for trend analysis, it was also chosen as the reference and evaluation location in this study.

3.2.1 Statistics on geopotential height

Figure 4 shows the temporal evolution of the geopotential height at 12 UT at the 500hPa pressure level in Uccle on consecutive
best analog days for 2006. The overall trend appears to be consistent in both scenarios, with a minimum at the end of winter
and a maximum at the end of summer. However, upon closer examination, it is found that the geopotential height on real days
(RD) exhibits less extreme uctuations compared to the analog days (AD) (range AD: 5099 m — 5961 m; range RD: 5167 m —
5894 m).
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Figure 4. The temporal evolution in geopotential height at the 500 hPa pressure level at 12 UT in Uccle in 2006 (panel a); the corresponding
data on the best analog days in 2006 (panel b); differences in geopotential height on analog days, real days and random days (panel ¢). Th
yellow curves in the rst two plots aid the eye in seeing patterns in the presence of overplotting by tting a smooth curve to the data.

The differences in geopotential height for consecutive days on analog days appear to show larger jumps and less persistenc
compared to real days. The term 'difference’ refers to the daily consecutive changes in geopotential height. Speci cally, for
the entire year, the change in geopotential height between 12:00 UTC on day x and 12:00 UTC on day x+1 is calculated. This
provides an indication of the temporal consistency of the geopotential height on consecutive analog days. A closer analysis
of these differences between the 365 open successive days as shown in the third panel of Figure 4, especially their standar
deviations, con rms this suspect (SD AD = 143; SD RD = 68; SD Random = 218). For reference, the histogram also shows
the distribution of geopotential height differences between consecutive days in 2006 at 500 hPa pressure level for Uccle, for
randomly generated analog days.

The distribution of differences shows a larger spread (and thus more extreme differences in geopotential height between con-
secutive days) for the analog days than for the real days. When comparing the 364 differences between randomly generate
analog days, it is evident that the actual analogs have a better preservation of dispersion and pefsistshoa (ifferences

of random days and analog days giyesalue 0f8:882 10 16). This indicates that selecting the best analogs based on the
TWS4 predictor set seems appropriate.

Nevertheless, the low-frequency variability visible in panel (a) with long periods of low or high values seems less well repre-
sented. A possible reason is the limited period within which the analogs are selected (2017-2022).

10



Figure 5. Monthly statistics of geopotential height at 500 hPa pressure level in Uccle at 12 UT in 2006. Top left to bottom right: (a2) mean, (b)
minimum, (c) maximum and (d) standard deviation. The general pattern between real and analog days seems similar across all four summar
measures.

In Figure 5 and Figure 6, the graphs demonstrate the trend of various descriptive statistics of geopotential height at best analoc
days when averaged over months and seasons. All the gures show that the analog days approximate the pattern of the real day
quite well. This further gives con dence in the analogs chosen through the TWS4 predictor set as being a valid approximate
representation of reality.
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Figure 6. Seasonal statistics of geopotential height at 500 hPa in Uccle at 12UT in 2006. Top left to bottom right: (a) mean, (b) minimum,
(c) maximum and (d) standard deviation. The general pattern seems similar in the different cases.

230 Also in the ten-year period from 1990 to 1999, a similar pattern can be seen in the temporal evolution of the geopotential
height at 12UT at the 500 hPa pressure level in Uccle between the target period and the consecutive best analog days ( gure

not shown).
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3.2.2 Statistics on precipitation elds

To assess the quality of daily precipitation estimation, observed 24-hour precipitation values at RMI stations on real days
were compared with the estimated precipitation from the best radar analog days. As explained before, the precipitation amount
observed by the radar at a speci ¢ location is found by averaging the 4 closest grid values.

An assessment of the quality of analog days was checked by looking at the daily average per month, as well as comparing
the monthly standard deviation between the target day and the best analog day at different locations. As an example, Figure
7 for Uccle is shown here, but a similar picture is seen at other locations considered. We see similar trends between real anc
analog days, although the period we are looking at here is short, this image suggests that the approach in identifying analogs

for 24-hour precipitation accumulation, is approriate.

Figure 7. Evolution of (a) daily mean per month and (b) monthly standard deviation of 24h precipitation accumulation in Uccle in 2006.

3.2.3 ROC curve

The Receiver Operating Characteristic (ROC) curve serves as a widely used diagnostic tool in forecast veri cation, with
the Area Under the ROC Curve (AUC) used as a veri cation metric for evaluating the discrimination ability of a forecast
(Ben Bouallegue and Richardson, 2022). Speci cally, for precipitation forecasts, the ROC curve provides a valuable tool for
assessing the performance of models across varying thresholds. This curve illustrates the relationship between the true positivi
rate (sensitivity) and the false positive rate (1-speci city) at multiple threshold levels (Ben Bouallégue and Richardson, 2022).
We will use ROC curve analysis to assess the performance of predictive models based on the TWS4 predictor set, using variou:

summary statistics and a variable number of analogs corresponding to each target day (i.e. variation in the ensemble size). It i
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