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Abstract. The Dutch real-time gauge-adjusted radar quantitative precipitation estimation (QPE) product pro-
vides 5 min accumulations every 5min on a ~ 1km? grid covering the Netherlands and the area around it
(~ 4.5 x 10° km?). It plays a key role in hydrological decision-support systems and as input for nowcasts in
order to inform decision makers. Major changes to the production of this QPE product were implemented on
31 January 2023, and include (polarimetric) fuzzy logic clutter removal, rain-induced attenuation correction, and
vertical profile of reflectivity correction. Moreover, the mean-field bias rain gauge adjustment was replaced by
a spatially variable rain gauge adjustment. We evaluate the potential quality improvement resulting from these
changes by comparing the last year of the old and the first year of the renewed QPE product. Clutter leading
to overestimation in the old radar product is effectively removed in the renewed radar product. The evaluation
against rain gauge accumulations shows a strong improvement. The average underestimation decreases by about
10 percentage points to 15 % over the Netherlands. Improvements of the statistics are clear for the daily precip-
itation over a large part of the QPE product domain, but also show the potential for incorporating rain gauge
accumulations outside the Netherlands. The 1 h and daily extremes over the Netherlands are also better captured
by the renewed product. Improvements in daily precipitation accumulations for the renewed product are stronger
in the winter period than in the summer period. Finally, it is recommended to include Belgian and German rain
gauge data in the product. The Dutch real-time 5 min gauge-adjusted precipitation radar dataset is publicly avail-
able at https://doi.org/10.21944/5c23-p429 (real time) and https://doi.org/10.21944/e7zx-8al7 (archive) (KNMI
Radar Team, 2018a, b).

To this end, real-time gauge-adjusted radar products opti-

Accurate, timely, and detailed precipitation information is es-
sential for providing early warnings for extreme precipita-
tion (e.g., for event organization, professionals working out-
side, and landslide risk), optimizing agriculture, and improv-
ing water management (e.g., flash flood forecasting). Rain
gauges are accurate but cannot provide the needed cover-
age, whereas satellite precipitation products have limitations
regarding accuracy and spatiotemporal resolution. Ground-
based weather radar products do provide the needed space—
time coverage. However, many sources of error can limit the
usefulness of these products (Doviak and Zrni¢, 1993; Fabry,
2015; Rauber and Nesbitt, 2018; Ryzhkov and Zrnic, 2019).
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mally combine the accuracy of rain gauges with the coverage
of radars.

Peer-reviewed literature providing an overview of the pro-
cessing of nationwide (near) real-time radar precipitation
products and their quality is relatively rare, especially that
covering at least all seasons. There are however interest-
ing studies on the quality of real-time quantitative precip-
itation estimation (QPE) products. Several products cover
the conterminous United States of America, such as the
NCEP Stage IV radar product (evaluated over an 11-year
period by Prat and Nelson, 2015, and Nelson et al., 2016)
and the Multi-Radar Multi-Sensor quantitative precipitation
system (evaluated over case studies: Zhang et al., 2016;
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Tang et al., 2020). For Europe, Park et al. (2019) describe a
near real-time gauge-adjusted European radar precipitation
product and evaluate over May—October for the years 2015—
2017. For Switzerland, Germann et al. (2006) present an 8-
year evaluation. For the Netherlands, Holleman (2007) pro-
vides a 6-year evaluation. For France, Figueras i Ventura and
Tabary (2013) describe a single-polarization and two ver-
sions of dual-polarization (polarimetric) radar precipitation
products, which are evaluated for six radars and a selection
of events.

Here, we provide an overview and quality assessment for
the Dutch real-time radar QPE product. The Royal Nether-
lands Meteorological Institute (KNMI) produces a real-time
gauge-adjusted radar product of 5 min precipitation accumu-
lations on a ~ 1 km? grid every 5min, which has been pub-
licly available since 19 December 2018 (KNMI Radar Team,
2018a, b). This real-time QPE product covers the Nether-
lands and the surrounding area (~ 4.5 x 10° kmz; Fig. 1a),
and is currently produced with a latency of on average ~
2 min. It is based on data from C-band ground-based weather
radars from the Netherlands, Germany, and Belgium, and
on data from 32 automatic rain gauges within the Nether-
lands. Major changes in the production of this QPE prod-
uct have become operational as of 31 January 2023. These
changes include dual-polarization non-meteorological echo
removal (Overeem et al., 2020), rain-induced attenuation cor-
rection (Overeem et al., 2021), and vertical profile of re-
flectivity (VPR) correction (Hazenberg et al., 2013). Qual-
ity information is derived in each processing step and sub-
sequently used to generate a single surface reflectivity field
from volume data for each radar. Further processing includes
the statistical Gabella clutter filter (Gabella and Notarpietro,
2002), quality-based compositing of data from the contribut-
ing radars, conversion of reflectivity data to 5 min rainfall in-
tensities using the Marshall-Palmer relationship (Marshall et
al., 1955), and advection correction. Finally, a spatial adjust-
ment factor field is computed employing 60 min rain gauge
accumulations from a previous clock-hour (every hour on the
hour). The adjustment factor field is applied to the most re-
cent 5 min precipitation accumulation field.

Machine learning is a promising technique to improve
radar-based QPE (e.g., Li et al., 2024) as has for instance
been demonstrated with a random forest model trained on
4 years of data and evaluated for six case studies in Switzer-
land (Wolfensberger et al., 2021). While we do not rule out
the future use of machine learning in our operational radar
products, we choose to follow a more physically based ap-
proach. A disadvantage of machine learning is that it is opti-
mized using a training dataset, and it could hence be vulner-
able to changes in radar availability and settings in an unpre-
dictable way. For some processing steps, such as attenuation
correction, we expect that this is more robust because it is
based on physics and expected to work in a variety of envi-
ronmental conditions.
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Figure 1. (a) A map with radar (dots) and automatic rain gauge
(stars) locations. The background color indicates the distance to the
nearest radar, assuming full availability of the radar data (note that
some radars, or scans, only contributed part of the period, and the
Neuheilenbach radar did not contribute to the datasets studied in this
paper) and taking into account their maximum range. (b, ¢) Maps
with combined radar—gauge availability for the daily accumulations
from the old (31 January 2022-31 January 2023) and the renewed
(31 January 2023-31 January 2024) real-time QPE product. Map
data © OpenStreetMap contributors 2025. Distributed under the
Open Data Commons Open Database License (ODbL) v1.0.

The aim of this paper is twofold: first, to describe the
datasets and algorithms used to produce this QPE product.
Second, to evaluate the quality and limitations for the last
year of the old product and for the first year of the renewed
product. This is not only relevant for (potential) users of this
dataset, but also quantifies the added value of the product
renewal. Specific attention is given to the removal of non-
meteorological echoes through evaluating maps with annual
and maximum precipitation and relative frequency of ex-
ceedance. The evaluation is performed utilizing independent
hourly and daily rain gauge accumulations by means of an-
nual precipitation accumulation maps, scatter density plots,
station-based spatial verification, and metrics as a function
of gauge threshold value.

This paper continues with a radar and rain gauge data
description (Sect. 2) and an overview of the methodology
(Sect. 3). Next, an extensive evaluation of the old and re-
newed radar products against rain gauge accumulations is
presented (Sect. 4), followed by a discussion (Sect. 5). Fi-
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nally, conclusions and a research and development outlook
for this product are provided (Sect. 7).

2 Data

The domain of the Dutch QPE product extends from ~ 0—
~ 10°E and from ~ 49—~ 56°N, with the Netherlands in
the center (Fig. 1a). This region has a temperate, maritime
climate. Two datasets are used: a full year before the transi-
tion to the new product (31 January 2022-31 January 2023;
referred to as the old product) and a full year after this tran-
sition (31 January 2023-31 January 2024; referred to as the
renewed product).

2.1 Radar data

The real-time radar product evaluated in this study is based
on the 5min volumetric (3D; i.e., a collection of typically
5-15 scans executed at different elevation angles) data from
at most seven magnetron-based polarimetric C-band ground-
based weather radars. Doppler clutter filtering is applied to
both horizontal and vertical reflectivity factor (Zy and Z,,
respectively) data in order to remove non-meteorological
echoes. Two radars are located in the Netherlands, two radars
are located in Germany, and three radars are located in Bel-
gium. Fig. la shows the locations of these radars includ-
ing that of an additional radar in Germany (Neuheilenbach)
that has been used in the real-time product since 9 Septem-
ber 2024 (i.e., outside the evaluation period). On average 4.8
and 6.1 radars contribute to the real-time product for the old
(31 January 2022-31 January 2023) and renewed (31 January
2023-31 January 2024) product, respectively. For both peri-
ods, the median number of contributing radars is five. Over
a large part of the radar product domain, the distance to the
nearest radar is shorter than 150 km (Fig. 1a). Notable are the
longer distances to the nearest radar in the Dutch—-German
border region. More information on the Belgian radars is pro-
vided by Goudenhoofdt and Delobbe (2016), on the Dutch
radars by Beekhuis and Mathijssen (2018), and on the Ger-
man radars by Werner (2014).

All radars that are used in this product are calibrated dur-
ing regular maintenance (1-2 times per year). Monitoring
tools are in place at each institute, which can assist to detect
drifts in calibration so that action can be taken if this is the
case. It is therefore assumed that the calibration of the radars
is accurate. For more information on calibration and mon-
itoring, see Beekhuis and Mathijssen (2018) for the Dutch
radars, and Frech et al. (2017) for the German radars.

The radar data processing is described in Sect. 3. The end
result is a 2D real-time radar product of 5Smin accumula-
tions every Smin on a ~ 1kmx ~ 1km grid with almost full
data availability. The 5 min accumulations are aggregated to
1 h (every hour on the hour) and daily (ending 00:00, 06:00,
or 08:00 UTC) accumulations for comparison against KNMI
automatic rain gauge accumulations from the Netherlands
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(1h) and against daily rain gauge accumulations from differ-
ent networks across the entire radar product domain. Accu-
mulations were only computed when data availability was at
least 83.3 %. The annual accumulations were generated with-
out this data availability criterion.

The combined daily radar—gauge availability is gener-
ally 95 % or higher (Fig. 1b and c). Lower availability is
caused by missing gauge records. The exception is that
for the renewed radar product the lower availability for the
(south)western and southeastern part of the product domain
is caused by lower radar data availability. This extended cov-
erage with lower availability can be attributed to the Wideu-
mont radar in the southeast that started contributing in Au-
gust 2023 and the addition of longer range scan data from
the Jabbeke radar in the southwest.

2.2 Rain gauge data

2.2.1  KNMI 10 min and hourly automatic rain gauge
data

KNMI operates an automatic rain gauge network that elec-
tronically measures precipitation accumulations based on the
displacement of a float placed in a reservoir (KNMI, 2000).
The locations of these 32 gauges, with a density of ~ 1 gauge
per 1000 km? over the land surface of the Netherlands, are
displayed in Fig. 1a. The unvalidated 10 min data were ag-
gregated to 1 h precipitation accumulations (every hour on
the hour). Only these accumulations were used to compute
a spatial adjustment factor field for real-time radar product
adjustment. In addition, validated 1h gauge accumulations
(every hour on the hour) were obtained for evaluation pur-
poses. Since the automatic gauge accumulations from a pre-
vious clock-hour (every hour on the hour) are employed in
the adjustment, the evaluation is considered to be indepen-
dent.

2.2.2 KNMI daily manual rain gauge data

The manual rain gauge network operated by KNMI provides
daily precipitation accumulations (the end time of observa-
tion is 08:00 UTC) from 317 (old product) and 319 (renewed
product) gauges (density of ~ 1 gauge per 100 km?). Volun-
teers empty these rain gauges at 08:00 UTC and pass on the
readings to KNMI (KNMI, 2000). Here, the accumulations
that have been validated by KNMI staff are employed for
evaluation purposes. For qualitative comparison purposes, a
product with spatially interpolated daily rain gauge accumu-
lations at a 1km x 1km grid over the Netherlands is used
(Soenario et al., 2010; Siegmund, 2014).

2.2.3 DWD daily rain gauge data

Daily manual and automatic rain gauge accumulations over
Germany were obtained on 6 December 2024 from the
German Weather Service (DWD) open data portal Climate
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Data Center (DWD, 2024); the “historical”, more quality-
controlled data were available through 31 December 2023,
and as of 1 January 2024 the “recent” less quality-controlled
data were employed. These accumulations are utilized for the
spatial evaluation for 468 locations (old radar product) and
649 locations (renewed radar product). The end time of ob-
servation is 06:00 UTC.

2.2.4 ECA&D daily rain gauge data from Belgium,
France, Luxembourg, and the United Kingdom
and the E-OBS dataset

The non-blended daily precipitation accumulations were ob-
tained on 20 December 2024 from the European Climate
Assessment and Dataset (ECA&D, https://www.ecad.eu, last
access: 23 January 2025) project (Klein Tank et al., 2002;
Klok and Klein Tank, 2008) and are used for the spatial eval-
uation. This concerns rain gauge data from 170-171 loca-
tions in Belgium (end time of observation 00:00 UTC) and
Luxembourg (end time of observation 00:00 UTC), 50-64
locations in France (end time of observation 08:00 UTC),
and 2-8 locations in the United Kingdom (end time of ob-
servation 08:00 UTC). This includes non-downloadable se-
ries (i.e., included in ECA&D for the production of derived
data but only accessible through the data owner). These data
have been quality controlled by the ECA&D team (Project
team ECA& D, Royal Netherlands Meteorological Institute
KNMLI, 2021) and often also by the party that has delivered
the data. Instead of the ECA&D, the German rain gauge data
were retrieved from their original source, the DWD open data
portal.

For qualitative comparison purposes, a spatially interpo-
lated daily ECA&D rain gauge accumulation product over
Europe is used (E-OBS version 30.0e; Cornes et al., 2018;
Copernicus Climate Change Service, 2024). This dataset was
aggregated to annual precipitation accumulations.

3 QPE production

Production of the QPE product involves several processing
steps, starting with steps that are applied for each radar sep-
arately. This is followed by processing steps that are done
on the combined product. These two collections of steps are
shown as flowcharts in Fig. 2, ultimately leading to the re-
newed real-time radar product. The production process for
the old radar product lacks most of these processing steps
and is summarized in the next subsection.

3.1 Processing the old radar product

For each radar, a 2D radar pseudo-constant-altitude plan po-
sition indicator (pseudoCAPPI) of Zj, is produced by loga-
rithmic averaging of the Zy (dBZy) data from three scans.
This is converted to precipitation intensities R through a
Zn =200R"6 relationship (Marshall et al., 1955). A constant
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mean-field bias adjustment factor is subsequently applied to
this intensity field (Holleman, 2007). The mean-field bias ad-
justment factor is based on radar and rain gauge 1 h accumu-
lations from a previous clock-hour (every hour on the hour;
as explained in Sect. 3.9). The resulting intensity fields from
each radar are transformed to 5 min accumulations and sub-
sequently combined into a single 2D composite via range-
weighted compositing.

3.2 Fuzzy logic clutter removal

The processing for the renewed radar product starts with
the removal of non-meteorological echoes (clutter) by em-
ploying the fuzzy logic algorithm from the wradlib open-
source Python library for weather radar data processing
(Heistermann et al., 2013; Overeem et al., 2020; Miihlbauer
et al., 2020). The clutter results from reflections of non-
meteorological targets, such as the ground, buildings, trees,
cars, sea surface, ships, birds, and planes. This may be exac-
erbated by anomalous propagation leading to the beam hit-
ting the ground or sea surface. Interference by other sources
of radio waves such as wireless networks and the sun also
cause clutter (Gourley et al., 2007; Fabry, 2015; Huusko-
nen et al., 2016; Saltikoff et al., 2016). Removal of clutter-
affected data is important, since they can lead to severe pre-
cipitation overestimation.

The fuzzy logic algorithm uses decision variables to clas-
sify clutter for each voxel from each scan separately (Vulpi-
ani et al., 2012; Crisologo et al., 2014; Overeem et al., 2020).
The following decision variables are employed for the Dutch
radar data, with their weight provided between brackets: tex-
ture (spatial variability) of the differential reflectivity (ZpR;
0.20), the copolar correlation coefficient (ppv; 0.15), texture
of ppv (0.25), depolarization ratio (0.20) (Ryzhkov et al.,
2017), and clutter phase alignment (0.20) (Hubbert et al.,
2009a, b). For each decision variable, the degree of mem-
bership to the meteorological target class is calculated em-
ploying a membership function. A weighted average of the
degree of membership to the meteorological target class is
computed using all decision variables, each having its own
weight. A voxel is classified as clutter if this weighted av-
erage is below a threshold value of 0.6. In that case the as-
sociated Zy, is set to the “nodata” value (i.e., areas void of
data). All details regarding the fuzzy logic algorithm and its
(parameter) settings are provided by Overeem et al. (2020).

The Belgian radar data lack the decision variable clutter
phase alignment. Utilizing the same membership functions,
only three decision variables are used and with a different
weight: texture of Zpgr (0.5), texture of the two-way differ-
ential propagation phase (0.3), and pgy (0.2). Moreover, the
employed threshold value in the classification is 0.3.

Goudenhoofdt and Delobbe (2016) give more information
on the Belgian radar processing. For the German radars, no
polarimetric data were publicly available for the periods that
are used in this paper. However, DWD has already applied
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Figure 2. Flowcharts of the real-time QPE production chain: (a) for single radar processing; (b) for the combined radar and rain gauge data.

several post-processing algorithms, including a (partly po-
larimetric) fuzzy logic clutter detection and removal algo-
rithm for the two 1-year periods. Werner (2014) provide de-
tails on the German radar processing.

3.3 Attenuation correction

Rain-induced attenuation can lead to severe precipitation
underestimation for C-band weather radars (Hitschfeld and
Bordan, 1954; Tabary et al., 2009; Fabry, 2015). The two-
way path-integrated attenuation (PIA) along the radar beam
can be estimated and corrected for. Here, the recipe from
Overeem et al. (2021) is followed. Horizontal specific atten-
uation is computed from the specific differential phase (Kqp)
(Bringi et al., 1990) assuming a linear relation between the
two for the Belgian and Dutch radars (ky = 0.081K4,). Be-
cause real-time access to dual-polarization data from the Ger-
man radars was not possible, a Hitschfeld-Bordan type of al-
gorithm was applied there. This method, called the modified
Kraemer method, uses the method proposed by Hitschfeld
and Bordan (1954) with an additional limit on the attenua-
tion correction of 10dB and on the resulting reflectivity of
59dBZy to avoid instability of the algorithm (Jacobi and
Heistermann, 2016; Overeem et al., 2021). The final step for
both methods is to increase the Zy value for each voxel by
the computed attenuation. The method using Kgp was shown
to outperform the modified Kraemer method using 1 year of
data from the two C-band radars in the Netherlands, but the
stability of the modified Kraemer method was also confirmed
(Overeem et al., 2021).

For both methods, the wradlib open-source Python library
for weather radar data processing (Heistermann et al., 2013;
Miihlbauer et al., 2020) is utilized. Since the correction is
meant for attenuation caused by liquid precipitation, a voxel
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is only used to compute the attenuation in case its height is
below the forecasted freezing-level height from the numer-
ical weather prediction model HARMONIE-AROME. And
for the method using Kgp, voxels classified as clutter are not
employed to compute attenuation (Wradlib, 2020b). Attenu-
ation correction is applied to all voxels, so also those above
freezing-level height.

For the German radars, for which no polarimetric data
were available, the modified Kraemer method is applied per
elevation scan via the kp, = osz relation. The values of « and
B are reduced from their initial values in an iterative proce-
dure until the constraints Z ¢or < 59 dBZy, and PIA < 10dB
are met. In case constraints are not met, no attenuation cor-
rection is performed. More details are provided by Jacobi
and Heistermann (2016), Overeem et al. (2021), and Wradlib
(2020a).

Here, the algorithm of Overeem et al. (2021) is extended
to attenuation correction for vertically polarized reflectiv-
ity, employing ky = 0.058978Kp, in order to obtain the
attenuation-corrected Zpg. This is important, since it is used
in the VPR correction.

3.4 \Vertical profile of reflectivity correction

Precipitation generally has a non-uniform vertical structure.
Therefore, the increased height of the radar sampling vol-
ume at a long range can lead to errors in surface precipitation
estimates. To address this, the VPR correction is applied as
suggested by Hazenberg et al. (2013, 2014), extended with
the polarimetric melting layer detection from Boodoo et al.
(2010). The algorithm estimates two idealized VPR profiles,
one for stratiform, and one for undefined precipitation based
on all data that have been classified as one of these two pre-
cipitation types. Note that no VPR estimation or correction

Earth Syst. Sci. Data, 17, 4715-4736, 2025



4720

is applied for convective precipitation because there is much
more vertical mixing in convection. The VPR estimates in-
clude an uncertainty estimate that is used in subsequent steps
of the QPE processing chain. The VPR estimates are then
used to extrapolate all reflectivity data down to the ground.
For both estimation and correction for the VPR, the shape of
the beam is assumed to be Gaussian.

3.5 Quality-based merging of radar scans

We use quality information to combine data from several
scans to derive a 2D surface reflectivity product. Appendix A
details the estimation of a quality index QT for each voxel.
The N voxels that contribute to a given pixel in the 2D
surface reflectivity product are combined as follows into a
quality-weighted reflectivity (Zp q):

N
2 =101, Zn,;

; (H
> ili0t

Zho =

6 3

where both reflectivities are expressed in mm®m™".

A combined quality index is also computed for each pixel
in the 2D radar product (Q;). The basic principles are that
each added voxel j raises the value of the quality index, and
that the resulting quality index ranges between 0 and 1:

N
Or=1-[Ja-0r)p. )

j=I

The advantage of this approach is that voxels from scans that
have a non-zero quality can compensate for the zero qual-
ity of voxels from other scans, and that voxels with a lower
quality have a much lower weight in the final product.

3.6 Gabella clutter filter

The Gabella clutter filter from the wradlib open-source
Python library for weather radar data processing (Gabella
and Notarpietro, 2002; Heistermann et al., 2013; Miihlbauer
et al., 2020; Wradlib, 2020c) has been successfully applied
for the detection and removal of residual clutter (e.g., RAD-
KLIM for Germany and EURADCLIM for Europe; Lengfeld
et al., 2019; Overeem et al., 2023a). Here, it is applied to
the 2D Cartesian Zy, g data from each radar and time inter-
val separately. First, large gradients of Z}, g in space are de-
tected. For each central pixel, the number of pixels within a
square lattice of 5 x 5 pixels is counted that have a Zy, g value
less than 6 dB lower than the central pixel. The central pixel
is classified as clutter if this number of pixels is fewer than
six. Second, the ratio between the area and circumference for
contiguous echo areas with Zy, g above 0 dBZj, is calculated.
The central pixel is classified as clutter if this ratio is lower
than 1.3 pixels. The central pixels classified as clutter do not
contribute to the radar product by setting the Zy, to the “no-
data” value and the quality index to O.
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3.7 Compositing of reflectivity images

The radar quality index (Appendix A) is also used to weigh
the reflectivity values from individual radars into a combined
composite of Zy . It employs the same algorithms as for
the construction of 2D surface reflectivity products for each
radar: the quality weighted Zy, is computed using Eq. (1) and
the corresponding quality index is computed using Eq. (2).

3.8 Conversion to rainfall intensities and advection
correction

Reflectivities Zp, g (mm® m—3) are converted to rainfall inten-
sities R (mmh~!) employing the Zn,Q —R relationship (Mar-
shall et al., 1955):

Znq = 200R"S. (3)

This implicitly assumes that the precipitation is liquid, i.e.,
rain.

Storms that move more than 1 km (the spatial resolution of
the QPE product) in 5 min (its temporal resolution) will lead
to artifacts in precipitation accumulations. This is corrected
by interpolating radar composites in time. For this purpose,
advection vectors are computed using the implementation of
Farnebick (2003) in the OpenCV library (http://opencv.org,
last access: 4 February 2025). These vectors are then used
to interpolate the radar composites in time. The resulting in-
terpolated precipitation intensity becomes a weighted aver-
age of the previous (# = t9) and current (+ = #;) precipitation
composite:

n—t
Ring(x, 1) = ——— R(x + v(t — 10), 1o) +
1 — 1
1 — 1
Y R(x — vty —1).11). )
h—t

with ¢ the time (fp <t <1t1), Rini(x, 1) the interpolated pre-
cipitation intensity, R(x, ¢) the composite precipitation inten-
sity, x the location of the pixel, and v the advection vector
(ms~!). Subsequently, the advection-corrected 5 min precip-
itation accumulation is computed by aggregating a number of
interpolated composites and multiplying by the time interval
between the different interpolated composites:

11—t N f1—1
Racc(x,m:NH;Rim(x,on v ) (5)

where N —1 is the number of composites that is generated be-
tween the previous (#p) and present (¢1) composite. Since the
horizontal velocity of showers is expected to be lower than
50ms~!, N = 14 is used for this spatiotemporal resolution
(1 km and 5 min).

3.9 Gauge adjustment of radar accumulations

The method for the adjustment of radar accumulations with
rain gauge accumulations is a modified version of Barnes’
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objective analysis (Barnes, 1964). The aim is to have a
method that is robust in situations with large precipitation
gradients and limited gauge density, and that can use qual-
ity information of both the radar and rain gauge precipi-
tation estimates. The spatial adjustment factor for a given
pixel is computed by the ratio of distance-weighted sums
of the unadjusted radar and corresponding rain gauge pre-
cipitation accumulations at the gauge locations. The compu-
tation of the spatial adjustment factor field is described in
Appendix B. Although the adjustment factor field itself is
computed based on radar and gauge accumulations from the
same 60 min interval, it does not encompass the radar data
from the current 5 min time interval due to the 50 min la-
tency of gauge data, that were only available every clock-
hour (every hour on the hour). Hence, the adjustment factor
field from a previous clock-hour (every hour on the hour)
was used. For instance, from 10:50—11:50 UTC the 5 min ac-
cumulations were adjusted employing the spatial adjustment
factor field based on 60 min radar and gauge accumulations
from 09:00-10:00 UTC. As of 11:50UTC, the applied spa-
tial adjustment factor field was computed based on data from
10:00-11:00 UTC. And possibly, sometimes even an older
adjustment factor field was employed.

4 Evaluation results

The performance of the old radar product in its last year is
compared to the performance of the renewed radar product in
its first year. The performance evaluation is done by qualita-
tive analysis of maps of accumulations and exceedance prob-
abilities as well as by quantitative comparison against rain
gauge accumulations. Statistics are presented as a function
of gauge accumulation threshold value, geographic location,
and season.

Radar precipitation accumulations from pixels directly
above a rain gauge (Ryadars) are evaluated against the cor-
responding rain gauge precipitation accumulations (Rgauges)-
Residuals are defined as the radar accumulations minus the
corresponding gauge accumulations. The following metrics
are computed:

— The relative bias is the mean of the residuals divided by
the mean of the gauge accumulations. It is expressed as
a percentage:

R
Relative bias = ——— x 100

gauges

n
. Zi:l Rres,i
- n

Zi:] Rgauges,i

with n the total number of radar—gauge pairs.

x 100, ©6)

— The coefficient of variation of the residuals (CVies,
called CV in this paper) is computed as the standard
deviation of the residuals, divided by the mean of the
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gauge accumulations:

\/ﬁzyzl(Rres,i _Eres)2

CVres =
R gauges

)

This is a measure of the spread.

— The Pearson correlation coefficient (p) or its squared
value (p?) between the radar and gauge accumulations
is computed:

cov(R , Rradars)
o= gauges» Ilradars (8)

S(Rgauges) X 8 (Rradars) ’

with s the sample standard deviation.

— The Kling—Gupta efficiency (KGE) is computed to sum-
marize performance in one score (Kling et al., 2012):

KGE=1—/(p— 12+ (8~ 12 +(y — 1. ©
with the bias ratio § (being equal to the relative bias + 1):

/3 _ fradars ) (10)

R gauges

The variability ratio y is given by

_ CViadar _
CVgauge Sgauge / Rgauge

Sradar / Riadar

(1)

The chosen metrics are often employed for verification
purposes. The CV is the standard deviation of the residuals
divided by the mean of the reference, here the rain gauges.
Values for the root mean square error (RMSE) will generally
increase for regions with on average higher rainfall amounts.
The reason to use the CV instead of RMSE is that it facili-
tates comparisons between studies, because it takes the av-
erage climatic conditions into account by normalizing with
the mean rainfall of the reference. Furthermore, the CV is a
better measure of the scatter than the RMSE because it is not
affected by the bias. Mean absolute error (MAE) is a similar
metric, but puts less emphasis on outliers than the RMSE and
CV, but is also affected by the bias. The Pearson correlation
coefficient describes the degree of covariation between the
estimate and the reference, hence adding more insight into
the performance.

The relative frequencies of exceedance are computed for
each pixel separately and obtained by dividing the number
of exceedances by the number of values with data (i.e., not
equal to the “nodata” value, denoting outside the radar prod-
uct domain). Missing radar files are not taken into account in
the computation of the number of exceedances and the num-
ber of values with data.

Earth Syst. Sci. Data, 17, 4715-4736, 2025
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4.1 Qualitative analyses

Maps of the maximum 5 min precipitation accumulation over
1 year as shown in Fig. 3a and b reveal values of 10 mm
and higher. These are mostly associated with shipping tracks
and wind farms over the North Sea and the English Chan-
nel, and metal cranes and containers of the Port of Rotterdam
(“Maasvlakte (2)”) for the old radar product (Fig. 3a). They
are hardly present in the renewed radar product, showing the
effectiveness of the fuzzy logic algorithm and the Gabella
clutter filter, with only some remaining isolated spots that are
probably due to wind farms (Fig. 3b). Clutter for the land sur-
face is less of an issue than sea clutter, which is clearly visible
for the old radar product. Maps of the relative frequency of
5 min precipitation > 0.01 and > 6 mmh~! for the old radar
product (Fig. 3c and e) reveal clutter for “Maasvlakte (2)”,
shipping tracks (much more pronounced for 6mmh~!) and
wind farms in the North Sea, and quite some suspicious ar-
eas for the land surface that are likely clutter. Few clutter
areas appear in the renewed radar product, except for the
radial patterns over the North Sea and the English Chan-
nel for > 0.01 mmh~!, pointing toward the Belgian radar in
Jabbeke, which are caused by interference (Fig. 3d).

Fig. 3 shows that to some extent the maximum accumula-
tions, but especially the relative frequencies of exceeding a
threshold, are generally larger for the renewed radar product.
This could be partly due to the much wetter 1-year period,
but also indicates lower underestimation due to improved
processing. Note the high 5 min maxima in the southeastern
part for the old radar product, which seem connected to rain
showers. The spatial patterns here are typical for storms that
move faster than a single pixel (1 km) in the time between
two samples (5 min). The renewed product (Fig. 3b) does not
exhibit such patterns, indicating that the advection correction
(see Sect. 3.8) is effective.

The annual precipitation maps (Fig. 4a and c) reveal all
the types of artifacts found in Fig. 3, confirming that clutter
is a large issue for the old radar product, whereas it is mainly
limited to a single spoke-like artifact caused by interference
for the renewed radar product, resulting in accumulations of
1420 mm or higher.

4.2 Annual precipitation maps

Fig. 4 shows the annual precipitation maps for the old and re-
newed radar products and the corresponding E-OBS interpo-
lated rain gauge product. The old radar product severely un-
derestimates the precipitation, especially outside the Nether-
lands, where no gauge accumulations have been employed
in the adjustment. Underestimation is less severe for the re-
newed radar product. Precipitation gradients over the Nether-
lands roughly coincide with the E-OBS gauge product. The
large area with high precipitation accumulations in Germany,
that is missed in the old radar product, is captured by the re-
newed radar product. This is likely the result of the much

Earth Syst. Sci. Data, 17, 4715-4736, 2025

A. Overeem et al.: The Dutch real-time gauge-adjusted radar precipitation product

(a) Old real-time radar product (b) Renewed real-time radar product

dre
©; E
30¢g
_;__ﬁ,-,—g\?r =
5 T 258
) > 5
Q
5 Ri/ % ¢
e ((f\;\ﬁrw\ ) 15§n
i % o
/4 H} /)} IOrZu
- ~1
2 5
\“—4\
31 Jan 2022 8 UTC - 31 Jan 2023 8 UTC 31 Jan 2023 8 UTC - 31 Jan 2024 8 UTC
(c) Old real-time radar product (d) Renewed real-time radar product
T
0.15
€
€
-
0.12©
S
N
0.092>
w
[ =
2
0.06 .
o
2
0.03=
9]
<
31 Jan 2022 8 UTC - 31 Jan 2023 8 UTC
(e) Old real-time radar product (f) Renewed real-time radar product
%;\; 0.0057_
N P c
. e v €
S T 0.004 o
% s A
/ >
D e )R § 0.003%
,j'al:’ (S s GCJ
=\ Vi ¥ =}
=Y 0.002 5
[ & g
o N 3
S 0.001 2
31 Jan 2022 8 UTC - 31 Jan 2023 8 t:}cq“ﬁ 31 Jan 2023 8 UTC - 31 Jan 2024 8 UTC

Figure 3. (a, b) Maps of maximum 5 min precipitation accumula-
tion and (c—f) maps of the relative frequency of 5 min precipitation
> 0.01 and > 6mmh~!. For the old (left panels a, ¢, €) and renewed
(right panels b, d, f) radar product. No data availability criterion has
been applied. Made with Natural Earth.

higher weight of data from the nearest radar in the composit-
ing and, to a lesser extent, the added value of the VPR cor-
rection, the rain-induced attenuation correction, and the con-
tribution of the Borkum radar.

The effect of severe beam blockage can be noticed in
the east and northeast of the Netherlands for both products,
pointing towards the Dutch Herwijnen radar (see Fig. 1). For
the old product, beam blockage becomes apparent only at
longer range from the radar, where the precipitation estima-
tion is mainly based on the data from the Herwijnen radar
(other radars have much more weight close to the radar). The
severe beam blockage in the easterly direction from the Her-
wijnen radar, mainly caused by a line of trees, underpins the
need for radar site protection. The effects of beam blockage
over the northeast of the Netherlands, mainly caused by orog-
raphy by the Utrecht Hill Ridge (Overeem et al., 2023b), is
decreased for the renewed radar product due to the mitigat-
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Figure 4. Annual precipitation accumulations for (a) the old radar
product (~ 1 km?) and for (b) interpolated rain gauge observa-
tions (E-OBS version 30.0e; release September 2024; 0.1° x 0.1°).
(¢, d) The accumulations for the renewed radar product and E-OBS.
The red crosses in (a, ¢) denote the radar locations. Made with Nat-
ural Earth.

ing effect of the addition of data from the German radar in
Borkum (Fig. 1a).

4.3 Scatter density plots

Scatter density plots and metrics of radar versus rain gauge
precipitation accumulations are employed to assess the over-
all performance of the radar product for the Netherlands.
For both 1h and daily precipitation accumulations, the re-
newed radar product performs better than the old radar prod-
uct (Fig. 5). Notably, the underestimation decreases from
~ 17 % to ~ 7 % for hourly and from ~ 24 % to ~ 15 % for
daily accumulations. But also the values for CV are lower
and the values for p?> and KGE are higher for the renewed
radar product. The improvements for the renewed radar prod-
uct are more apparent in the daily scatter density plots than
in the hourly plots through better alignment along the 1: 1
line. The fact that underestimation by the radar is lower in
magnitude compared to the automatic rain gauges than in
comparison to the manual rain gauges is consistent with the
finding reported in Brandsma (2014), namely that automatic
rain gauges are biased low by 5 %—8 % compared to manual
rain gauges. Since clutter leads to overestimation and is more
severe for the old radar product, it partly compensates for the
mean underestimation. This implies that the underestimation
for true precipitation events in the older radar product is ac-

https://doi.org/10.5194/essd-17-4715-2025

. Overeem et al.: The Dutch real-time gauge-adjusted radar precipitation product

4723

tually larger than indicated in Fig. 5. This is confirmed by the
many outliers for (near) zero daily gauge accumulations (and
a few outliers for 1 h accumulations) that are not visible any-
more in the renewed radar product. Hence, the improvement
in the bias may be even larger.

4.4 Summer storm Poly

An example of the capability of the renewed radar product
for real-time precipitation monitoring is shown in Fig. 6.
Summer storm Poly struck the Netherlands on 5 July 2023
with locally more than 25 mm in 24 h (Fig. 6a and b). Daily
precipitation patterns and accumulations from the radar prod-
uct match quite well with those from an interpolated rain
gauge product, based on validated data from 319 rain gauges
from the Netherlands. Only the radar product is available
in real time and provides much more spatial detail and can
hence capture the counterclockwise rotational movement of
the low pressure area (Movie S1 in the Supplement). The
scatter density plot shows a fairly high correspondence of
the daily radar accumulations with the manual rain gauge ac-
cumulations from the Netherlands. It is expected that the old
product performs less well primarily because of the lack of
attenuation correction.

4.5 Spatial evaluation

The performance of daily radar precipitation accumulations
is quantified for 1008 (old radar product) and 1210 (re-
newed radar product) rain gauge locations employing inde-
pendent daily gauge accumulations from networks in Bel-
gium, France, Germany, Luxembourg, the Netherlands, and
the United Kingdom at their default measurement interval
(Fig. 7; note that this does not include the KNMI automatic
gauges used for adjustment). Underestimation is severe for
the old radar product (Fig. 7a), especially when the distance
to the nearest employed automatic gauge from the Nether-
lands and to the nearest radar is long (Fig. 1a). The renewed
radar product displays less underestimation over the land sur-
face of the Netherlands, southwest Belgium, and northwest-
ern Germany (Fig. 7b). The VPR correction, the rain-induced
attenuation correction, and the much higher weight of the
nearest radar in the compositing, likely play an important
role here, as well as the addition of the German radar Borkum
in the northeast of the radar product domain. Notable is the
overestimation for more gauge locations in Germany for the
renewed radar product. The relative bias in parts of Germany
is even closer to zero than in the Netherlands. Perhaps this
is also related to different radar hardware calibration. An-
other explanation is that the German Weather Service has
already corrected their radar data for attenuation, so it has
been corrected for attenuation twice (although this also holds
for the old product). This was not done on purpose, but only
because it was assumed that attenuation correction had not
been applied yet. Since its application was not mentioned in
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Figure 5. Scatter density plots of (a, b) 1h and (¢, d) daily radar precipitation accumulations against, respectively, independent automatic
and manual KNMI rain gauge accumulations from the Netherlands for the old (left panels a, ¢) and renewed (right panels b, d) radar product.
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Figure 6. Daily precipitation accumulations caused by summer storm Poly for (a) the renewed radar product and for (b) independent
interpolated daily manual rain gauge observations for the Netherlands. (¢) A scatter density plot of daily radar precipitation accumulations
for the renewed radar product against independent rain gauge accumulations from KNMI’s manual network from the Netherlands. The 5 min
precipitation accumulations from 5 July 2023 03:55-08:00 UTC are presented as the Supplement (Movie S1). Made with Natural Earth.

the metadata, this indicates the importance of provenance in
the radar metadata. This double attenuation correction will
likely result in overestimation in case of (strong) convective
rainfall. The overall effect is expected to be limited, mainly
because the contribution to the composite of pixels that have
undergone relatively strong attenuation correction is limited

Earth Syst. Sci. Data, 17, 4715-4736, 2025

due to the reduction of the quality index associated with the
attenuation correction (Eq. A4). Similar to the annual pre-
cipitation accumulations shown in Fig. 4, the influence of the
severe beam blockage to the east of the Herwijnen radar is
apparent in the relative bias.
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Figure 7. An independent spatial evaluation of the daily radar pre-
cipitation accumulations against the daily rain gauge precipitation
accumulations for (a, ¢, e) the old radar product (1008 gauge lo-
cations) and for (b, d, f) the renewed radar product (1210 gauge
locations). Note that the joint radar—gauge availability is lower for
some locations (Fig. 1a and b). Made with Natural Earth.

Compared to the old radar product, the values for p gen-
erally increase (Fig. 7c and d) and the values for CV gener-
ally decrease for the renewed radar product (Fig. 7e and f),
confirming the improved performance for precipitation es-
timation. For the old radar product, values for p are typi-
cally 0.8 or higher for the land surface of the Netherlands,
but rapidly decrease outside the Netherlands to values below
0.75. For the renewed radar product, values for p are gener-
ally 0.9 or higher for the land surface of the Netherlands, and
this is even found for regions in Belgium and Germany that
are close to the Dutch border. At farther distances from the
Dutch border, values decrease to values below 0.75. Similar
behavior is found for the CV. To conclude, the quality of the
renewed radar product is much better for the land surface of
the Netherlands and Belgian and German regions close to the
Dutch border.
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4.6 Extremes

The results shown so far are based on all available data, i.e.,
without thresholding. Here, the quality of the radar precipi-
tation accumulations for a range of rain gauge precipitation
threshold values is examined. Figs. 8 and 9 show the values
for the relative bias, p, and CV, and the number of radar—
gauge pairs as a function of this threshold value (step size
of 1 mm) for both products for 1 h accumulations and daily
accumulations, respectively.

The underestimation becomes generally larger for increas-
ing gauge threshold values, but is less severe for the renewed
radar product and fairly constant in the 5-15 mm threshold
range (Fig. 8a) or the entire threshold range (Fig. 9a) for the
renewed product. This is possibly caused by the attenuation
correction. Underestimation is only fairly constant for the old
product for daily threshold values up to ~ 20 mm. The value
for p usually decreases with increasing threshold value, with
the renewed product performing best (Figs. 8b and 9b), ex-
cept for 1h threshold values above ~ 13 mm, for which er-
ratic behavior is found, likely related to the small sample size
(Fig. 8d). The value for CV only strongly decreases from O to
I mm, and remains fairly stable for larger threshold values.
Performance is similar for the old and renewed radar prod-
ucts for 1 h threshold values ranging from 0 to ~ 10 mm, and
slightly better performance for the old product for thresh-
old values larger than ~ 10 mm (Fig. 8c). For higher gauge
threshold values, the old product outperforms the renewed
product. This is possibly related to the fact that both prod-
ucts cover a different 1-year period. In contrast, for daily ac-
cumulations, the value for the CV generally decreases with
better performance for the renewed product for threshold val-
ues ranging from 0 to ~ 25 mm, and similar or slightly better
performance for the old radar product for the larger threshold
values (Fig. 9¢). Finally, the number of radar—gauge pairs is
generally (slightly) higher for the renewed product and com-
parable or lower for the highest threshold values (Figs. 8d
and 9d).

To summarize, for the renewed radar product the underes-
timation is approximately 5-20 percentage points less than
for the old radar product for the full range of 1 and 24h
threshold values. The values for p are (slightly) higher up to
the more extreme 1 or 24 h threshold values for the renewed
product. The values for CV are equal (1h) or lower (24 h)
up to the more extreme threshold values and become higher
(1h) or equal (24 h) for the most extreme threshold values for
the renewed radar product.

4.7 Seasonal dependence

To study a possible seasonal dependence of the quality of
radar precipitation accumulations, Fig. 10 shows scatter den-
sity plots of the daily accumulations (see also Fig. 5c and d)
for 5-month winter (November—March) and summer (May—
September) periods. The following conclusions are drawn:
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Figure 9. An independent evaluation of the daily radar precipitation accumulations against the 317-319 KNMI manual rain gauge accumu-
lations from the Netherlands for the old (orange lines) and renewed (blue lines) radar product for gauge threshold values ranging from 0 mm

(no thresholding) to 40 mm.

— The precipitation underestimation is clearly higher in
the winter period compared to the summer period, with
a much larger difference of ~ 15 percentage points for
the old radar product compared to the ~ 8 percentage
points for the renewed radar product (Fig. 10).
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— For both products, in the summer period, the values for
p are (slightly) worse and the values for CV are worse
compared to the values for the winter period, which may
be related to the expected larger representativeness er-
rors between radars and gauges in case of more local,
convective rainfall.
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— Improvements in the relative bias, pz, and KGE for
the renewed radar product with respect to the old radar
product are more pronounced in the winter period. This
may indicate the effectiveness of the VPR correction
and the fact that the renewed product uses data from
closer to the ground, partly due to more radars, and es-
pecially close to a radar.

5 Discussion

The 1-year evaluation periods for the old and renewed radar
products do not overlap. Hence, different environmental con-
ditions and precipitation characteristics between those years
may also have influenced the comparison between the old
and renewed radar products. It is assumed that the effect of
this is relatively minor for most of the comparisons presented
in this paper because of the lengths of the periods and the re-
sulting large number of samples. The largest effect of using
different periods is expected to be on the performance statis-
tics of more extreme precipitation as presented in Figs. 8
and 9. This holds especially for high precipitation thresholds,
as these are associated with a much lower number of samples
(see panels d of these figures).

The latency of the rain gauge data currently prohibits ad-
justment of the radar data with gauge accumulations from
the same time interval (see Sect. 3.9). Computing a spatial
adjustment factor field on past data is not uncommon and
useful (Park et al., 2019; Imhoff et al., 2021), and may be the
best option. However, this not only results in a less represen-
tative adjustment factor field for the current 5 min time inter-
val, but can also cause a sudden change in the 5 min radar
precipitation accumulations due to the change of adjustment
factor field once an hour (instead of a more gradual change
when the adjustment factor field would be computed every
5 min). This is clearly visible in the Supplement (Movie S1)
for 04:50-04:55, 05:50-05:55, and 06:50-06:55 UTC. The
advantage of the fact that both products use slightly older rain
gauge data for this study is that comparisons of the products
against 1 h automatic gauge data are fully independent.

An obvious improvement to the QPE product would be to
apply real-time gauge accumulations for the adjustment in-
stead of delayed gauge data as is the case for the renewed
product. This potential improvement is assessed by rerun-
ning the adjustment for the renewed radar product. For this
experiment, the spatial adjustment factor field is computed
and applied based on the unadjusted 1 h radar accumulations
from the same hour. This mimics the quality of a product
for which gauge accumulations without latency would have
been available for adjustment. Assessing the resulting daily
accumulations leads to an overall improvement with respect
to the renewed radar product (Fig. 5d): less underestimation
(~ 12 % versus ~ 15 %), higher values for p2 (0.90 versus
0.86), lower values for CV (0.56 versus 0.64), and hence
higher values for the KGE (0.87 versus 0.83).
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There are several remaining (spatially variable) sources of
error that have not been corrected for, such as wet radome
attenuation (Germann, 1999; Kurri and Huuskonen, 2008),
beam blockage, hardware calibration errors (Frech et al.,
2017), and assuming a fixed Zp—R relationship (Marshall et
al., 1955; Uijlenhoet, 2001, 2008). These, and the fact that
the assumptions underlying the correction algorithms that
have been applied are not always valid, contribute to devi-
ations (also spatially variable) found in the radar precipita-
tion product. The relatively low network density of automatic
rain gauges employed in the adjustment and the fact that no
gauge data are employed outside the Netherlands limit the
effectiveness to counteract these sources of error. The use of
the threshold T in the radar—gauge adjustment (Appendix B)
is meant to prevent small absolute differences in radar or
gauge accumulations leading to large differences in the spa-
tial adjustment factor field. However, this may also lead to
less or no adjustment for low radar precipitation accumula-
tions, hence not compensating for underestimation. So, for
regions and intervals where the precipitation is not captured
by the relatively small number of gauges, the precipitation
underestimation by the radar cannot be compensated for. De-
velopments and recommendations to address the sources of
error in the real-time radar precipitation product are provided
in Sect. 7.2.

Since the evaluation is performed against rain gauges, part
of the differences can also be attributed to representativeness
errors between radars measuring aloft in a large volume (typ-
ically ~ 1km?) and gauges measuring locally at the Earth’s
surface (Kitchen and Blackall, 1992) with a catchment area
of typically only ~ 500 cm?. This is especially true for short
durations (e.g., 1 h) where the limited time integration pro-
vides only limited compensation for the differences in vol-
umes. Another part of the differences between the radar and
gauges is caused by the sources of error in the gauge precip-
itation estimation (WMO, 2023).

6 Data availability

radar  dataset
Platform at

The Smin real-time precipitation

is available from the KNMI Data
https://doi.org/10.21944/5¢23-p429  (real  time) and
https://doi.org/10.21944/e7zx-8al7 (archive) (KNMI
Radar Team, 2018a, b) in KNMI HDF5 format containing
metadata, such as geographical information (Mathijssen
et al., 2019). The data are provided in real time, with
one file every Smin. In this study, the archive has been
accessed, which provides a tar file for each day. The data
are in UTC. Object “/imagel/image_data” contains the
Smin precipitation accumulation (mm). For the renewed
radar product, two additional objects are available: object
“/image2/image_data” contains the quality index, and
object “/image3/image_data” contains the adjustment factor
field (dB). Note that “/imageN_data” objects are scaled,
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(b) Renewed real-time radar product (winter)
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Figure 10. Scatter density plots of the daily radar precipitation accumulations against the independent manual KNMI rain gauge accumula-
tions from the Netherlands for the old (left panels a, ¢) and the renewed (right panels b, d) radar product for (a, b) the winter period and for

(¢, d) the summer period.

which can be found in the metadata (“/imageN/calibra-
tion/calibration_formulas™). For instance, the precipitation
accumulations need to be multiplied by 100 to obtain
the precipitation in millimeters since they are stored as
integers in hundredths of millimeters (0.0l mm resolu-
tion). The ‘/imagel/calibration_out_of_image” value in
“imagel/image_data” is used to denote areas outside the
radar product domain for that particular time interval, i.e., a
“nodata” value (areas void of data).

7 Conclusions and outlook

7.1 Conclusions

The Dutch real-time gauge-adjusted radar QPE product has
been available since 19 December 2018 and provides 5 min
accumulations every 5min on a ~ 1 km? grid covering the
Netherlands and the area around it. Major changes in pro-
cessing became operational on 31 January 2023, such as
clutter removal through a fuzzy logic algorithm (Overeem et
al., 2020) and rain-induced attenuation correction (Overeem
et al.,, 2021) on Belgian and Dutch radar data, VPR cor-
rection (Hazenberg et al., 2013) on all radar data, quality-
based merging of radar reflectivities from different scans and
radars, and a spatially variable instead of a mean-field bias
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adjustment with rain gauge accumulations. The last year of
the old dataset and the first year of the renewed dataset were
evaluated.

For the renewed radar product, clutter that was present in
the old radar product is effectively removed, showing the ef-
ficient application of the fuzzy logic clutter algorithm on Bel-
gian and Dutch volumetric radar data and of the Gabella clut-
ter filter on 2D Cartesian data per radar. Applying additional
algorithms, such as a satellite cloud (type) mask and a static
clutter mask (Saltikoff et al., 2019; Overeem et al., 2023a),
do not seem to be necessary.

The influence of beam blockage due to obstacles and orog-
raphy is also apparent in maps of annual accumulations, ex-
ceedance probabilities, and metrics at gauge locations. A
beam-blockage correction algorithm (Bech et al., 2003; Kra-
jewski et al., 2006; Lang et al., 2009; Zhang et al., 2013; Cre-
monini et al., 2016) will likely lead to further improvements
of the product.

The evaluation against independent daily rain gauge ac-
cumulations generally reveals a clear improvement for the
renewed radar product in terms of the relative bias over
the Netherlands (10 percentage points less underestimation),
Pearson correlation coefficient, and CV. Improvements are
also found far away from gauges that are used in the adjust-
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ment, likely pointing to the added value of the VPR correc-
tion, rain-induced attenuation correction, quality-based com-
positing, and the use of more low-level data, as well as to the
contribution of data from an additional German radar. At the
same time, the need for incorporating rain gauge accumula-
tions outside the Netherlands is clear.

Generally, extremes are better captured by the renewed
radar product over the Netherlands: underestimations are
lower and Pearson correlation coefficient values are higher.
Extremes are very important for many of the applications
that use radar-based QPE, so this is an especially encour-
aging result. Precipitation underestimation is stronger in the
winter period than in the summer period for both products.
Quality improvement in the renewed radar product with re-
spect to the old radar product is strongest in the winter period.
This is likely due to the VPR correction and the fact that the
quality-based merging algorithm results in using more low-
level data.

The importance of the real-time radar precipitation prod-
uct expands beyond (near) real-time applications, since it
forms the basis for the early and final reanalysis products
after reprocessing. These two products have a longer la-
tency of ~ 1d and a few weeks, respectively, but their ac-
curacy is higher, since they are enriched with daily man-
ual rain gauge accumulations. Archives of real-time radar
precipitation products can also be useful for training and
evaluating (machine learning) nowcasting algorithms. The
KNMI gauge-adjusted real-time precipitation product is up-
dated every 5Smin and is the input for the pySTEPS deter-
ministic nowcasting product (KNMI Radar Team, 2024) and
will be used for an upcoming seamless ensemble forecasting
product. Hence, any improvements in this precipitation prod-
uct directly lead to improved nowcasts, forecasts, and early
warnings.

7.2 Product outlook

Continuous efforts are needed to further improve the real-
time radar precipitation product. The KNMI Radar Team
consists of both software developers and researchers, and has
adopted the Agile way of working (Agile Alliance, 2025).
This allows for fast deployment of improvements to algo-
rithms and addition of new data sources. This makes this real-
time QPE product a living dataset. The research carried out
on product improvement and evaluation is done in a shared
environment, which greatly facilitates collaboration within
the team. End users are requested to provide us with feed-
back on the quality of our product for their specific use case
(radar @knmi.nl).

The evaluation of the renewed radar product is assumed
to be representative for the current radar product, although
already some changes or improvements have been imple-
mented in the renewed radar product after the end of the eval-
uation period (31 January 2024):
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— Data from the German radar in Neuheilenbach have
been added since 9 September 2024, providing better
coverage (Fig. 1a).

— The latency of the product has been reduced from on
average ~ 7 to ~ 2 min since 9 September 2024. Here,
the latency is the time between the end of the last scan
and dissemination in the public KNMI Data Platform.

— The forecasted freezing-level height that is employed
for the attenuation correction is being taken from
ECMWEF instead of HARMONIE as of 9 September
2024.

— For the Belgian radar in Jabbeke and the German radars,
data from (almost) twice as many elevation scans have
been added as of 9 September 2024 and a few more for
all Belgian and German radars as of 5 November 2024.

— For the adjustment, a dataset of KNMI automatic rain
gauge accumulations has been employed with a much
shorter latency of 5—10 min as of 9 October 2024. This
results in a 60 min spatial adjustment factor field be-
ing computed every 5 min with a latency of 5-10 min.
Hence, the adjustment factor field is much more repre-
sentative for the current 5 min time interval to which it
is applied. An estimate of the resulting improvement is
provided in Sect. 5.

— The beam blockage in the easterly direction from the
Dutch radar in Herwijnen is partly corrected for by as-
signing a low(er) weight to the data from the blocked
sector in the two lowest elevation scans since 5 Novem-
ber 2024. Data from other scans and radars will there-
fore dominate in the final product, hence greatly reduc-
ing the effect of the beam blockage.

— Rain gauge accumulations from ~ 150 water authority
rain gauges have been subjected to quality control (Van
Andel, 2021) and used in the computation of the spatial
adjustment factor field since 18 November 2024. Their
distribution over the land surface of the Netherlands is
irregular, although the coverage is expected to increase.
Currently, these gauges receive a low weight in comput-
ing the adjustment factor field to prevent overwhelming
KNMI’s 32 automatic gauges. The weighting and added
value of the water authority gauges is still under inves-
tigation.

— Improved drizzle detection by avoiding rounding be-
tween processing steps was implemented on 24 Febru-
ary 2025.

— We have implemented a cap of 10dB on the spatial
adjustment factor since 24 February 2025.

In addition, recent (ongoing) research to show the poten-
tial for improving the real-time radar precipitation product
includes the following:
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— Use the differential phase shift to improve precipitation
estimation (Testud et al., 2000; Ryzhkov et al., 2014).

— Assess the potential added value of crowdsourced rain
gauge accumulations from personal weather stations for
the adjustment of radar accumulations. This has already
been demonstrated at the European scale (Overeem
et al., 2024a) and for the Dutch real-time precipita-
tion product (Svato§, 2025) for 1 h accumulations from
1 year. These data are potentially available in real
time and typically have a much higher network density
than government gauges in regions covered by weather
radars (Overeem et al., 2024b). This connects to the rise
of opportunistic precipitation sensing, as stimulated by
the COST Action OpenSense (https://opensenseaction.
eu/, last access: 23 January 2025).

Future potential developments are as follows:

— Beam-blockage correction employing a digital elevation
model. Blocked sectors from the affected elevation scan
are assigned a lower weight. Rainfall retrieval through
the differential phase can also help to further mitigate
beam blockage, although it still does not sample the
blocked part of the measurement volume.

— Improve radar hardware monitoring including alerting.

— Use rain gauge accumulations from Belgian and Ger-
man (hydro)meteorological services for the adjustment.
This is expected to give a major improvement outside
the Netherlands, but requires low latency of gauge ob-
servations.

— Reduce the latency of KNMI’s automatic rain gauge
data enabling the computation of a true spatial adjust-
ment factor field that incorporates the last 5 min radar
precipitation accumulations.

— Employ hydrometeor classification (Al-Sakka et al.,
2013) to further improve precipitation retrieval by
conversion to a liquid water content (Smith, 1984;
Bukovcic et al., 2018).

— Use Z — R relations specific for the precipitation types
(stratiform, convective, undefined; as defined in the
VPR correction algorithm).

— Improve the quality index that is contained in the prod-
uct. This quality index field ranges from 0—1 and serves
as a proxy for uncertainty in the precipitation estimates.
Optimizing the parameter settings and relationships for
the computation of the quality index may yield better
estimates of precipitation and its uncertainty. This espe-
cially concerns the gauge adjustment, that currently re-
sults in quality indices nearing one in the product, which
seems not realistic.
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— Evaluate other gauge-adjustment methods (Gouden-
hoofdt and Delobbe, 2009; Winterrath et al., 2012; Mc-
Kee and Binns, 2015; Barton et al., 2019; De Baar et al.,
2023; Nielsen et al., 2024; DWD, 2025).

Appendix A: Computation of the quality index

The quality of radar data is estimated for each radar voxel
from individual scans. This quality information is applied in
three processing steps:

— Construction of Cartesian maps of surface reflectivity
from all scans of a given radar.

— Quality-based compositing when combining these maps
from all radars.

— Quality-based weighting of radar—gauge pairs in the
gauge adjustment of radar precipitation accumulations.

The procedure to estimate data quality is based on the
premise that each correction algorithm is implicitly also a
quality assessment. So every source of error, correction, or
uncertainty reduces the quality of the radar data. This quality
reduction factor Qx (X is an indicator of the correction al-
gorithm) ranges from O (not useful: the resulting quality is 0)
to 1 (very useful: no quality reduction). Q x is computed for
the following correction algorithms:

— Clutter identification by Clutter Correction (CCOR)
thresholding (based on the amount of Doppler clutter fil-
tering), the fuzzy logic algorithm, and the Gabella clut-
ter filter. If any of these algorithms label a voxel or pixel
as clutter, the corresponding quality is set to 0. If a voxel
is not labeled as clutter, the amount of reflectivity cor-
rection by the Doppler clutter filter (C (dB)) leads to the
following quality reduction:

C 2
Qc =exp (—MD(%) ) , (AL)
0

with Cg a constant describing the amount of correction
associated with halving the quality, here taken as Cop =
3dB.

— Quality reduction in case of higher probability on clutter
(F). The fuzzy logic algorithm generates a score F with
a probability that the echo in a given voxel is meteoro-
logical (i.e., the weighted average of the degree of mem-
bership to the meteorological target class). The fuzzy
logic algorithm removes voxels with a score lower than
0.6 (Dutch radars) or 0.3 (Belgian radars). This score is
employed to compute a quality reduction for the Bel-
gian and Dutch radar data in case the voxel has not been
identified as clutter:

QOr = S(F, F5, Fos), (A2)
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where the constants F5 and Fo; show at which point
the quality is 0.05 and 0.95, respectively. Here, F5 = 0.8
and Fo5 =0.95. The function § is a sigmoid function
given by

(A3)

1
S(x, x5, x95) = 0

g (AR

X5—X95

— Quality reduction by the amount of correction for rain-
induced path attenuation that has been applied (A). The
uncertainty as a result of the correction for attenuation
is proportional to the amount of correction A (Overeem
et al., 2021). This quality reduction (Q ) is computed
by

1A1?
Qa = exp —1n<2>(A—) , (A4)
0

with Ag a constant describing the amount of correction
associated with halving the quality, here Ag = 3 dB.

— Quality reduction by the amount of correction for the
VPR that has been applied (V). This quality reduction
Qv has the same form as the quality reduction by the
Doppler clutter filter (Eq. Al) and attenuation correc-
tion (Eq. A4). Again, halving the quality corresponds to
a 3 dB correction.

— Quality reduction by uncertainty in the derived VPR
(U). The estimation of the VPR comes with an uncer-
tainty estimate. This uncertainty also results in a quality
reduction Qy that is computed in the same manner as
in Eqgs. (A1) and (A4), where halving the quality again
corresponds to 3 dB uncertainty.

— Quality reduction as a result of the height of the sam-
pling volume above the Earth’s surface (H). The higher
the sampling volume, the more can happen with the pre-
cipitation before it reaches the Earth’s surface. This is
already partly taken into account by the VPR correction
for stratiform and undefined precipitation, but the uncer-
tainty will increase with the height due to greater differ-
ences between the precipitation aloft and on the ground
(both hydrometeor type and size distributions). In ad-
dition, despite the application of algorithms to remove
clutter, residual ground clutter could still be present.
Hence, the quality close to the Earth’s surface is also
considered low, but rising steeply in the lower 500 m of
the atmosphere. The resulting quality reduction Qg as
a function of height % is computed by

_ S(h,0,h)—0.05
- 0.95

where 0 < h) < hyy < hy. So the quality first increases
from the ground to A = 0.5km, followed by a stable

H S(hs hhv hm)v (AS)
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high quality (~ 0.95) up to hy = 1.0km, after which it
decreases again to a value of approximately 0.05 at hy, =
4.0km. Again, the function S is the sigmoid function
(Eq. A3).

— Quality reduction as a result of the distance to the radar
(R). The further away from the radar, the larger the
sampling volume over which the precipitation is aver-
aged (beam broadening). The resulting quality reduc-
tion (Qrm) as a function of distance r (km) to the radar
is assumed to be linear:

1-L ifr<ry
ORm = fm (A6)

0 if r >rp,

with rp, the distance (km) at which the quality is reduced
to 0. Here, r, = 500 km. To avoid sharp discontinuities
at the maximum range of a radar scan, the quality is
reduced (QRe) in the last r km of the scan:

1 if r < rmax —re

ORe = (A7)

2
l—(rfrr%—i—l) if 7 > Foax — Fes

with 7max the maximum possible distance to the radar
for the chosen scan. This reduction is applied to the last
re = 50km of the scan. The total quality reduction (QR)
as a consequence of the distance to the radar is then

OR = Orm - ORe- (A8)

The total quality index Qr is the product of all quality reduc-
tion factors described above:

Or=0c-0r-0A-0Qv-Qu-0H" Or. (A9)

Appendix B: Computation and application of the
spatial adjustment factor field

This appendix follows the procedure as described in
Overeem et al. (2023a), but with some modifications regard-
ing the settings. The spatial adjustment factor field Fyq; is cal-
culated as follows for each radar pixel i with position (x;, y;):

gw’r if Syr>TV Syg>T,
w,g
T .
— Sy, <TVSyo>T,
Fagj(xi, yi) = { Swe w e (B1)

St f Swp > TV Sy <T,

1 if Syr <TVSyg=<T,

with T a threshold value of 0.25 mm. The distance-weighted
sum of 60 min precipitation accumulations at gauge locations
is denoted by Sy, x, with X an indicator being g (gauge) or r
(radar):

NP
Swx =) waRxn. (B2)

n=1
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which is calculated over Np radar—gauge pairs, with the
60 min precipitation accumulation for the gauge at location
n denoted by R, and the corresponding accumulation for
the unadjusted radar data denoted by R, ;.

In the case of low precipitation accumulations, the values
for Sw x may be very sensitive to errors in both radar and
gauge estimates, leading to very uncertain adjustment fac-
tors. Especially in cases where radar accumulations are sig-
nificant at other locations than at the gauges, the absolute ef-
fect on the resulting precipitation field may be large. For ex-
ample, in the case of underestimation by the radar, this may
lead to unrealistic extreme accumulations in the final prod-
uct. To prevent this, the value of Sy, x is set equal to 7 when
it becomes smaller than T (see Eq. B1).

The weighting function w,, is a function of the distance of
a pixel to a gauge location n and of the quality of radar and
rain gauge data:

N Gw(n,rs)+v-Gy(n,n)
N I1+v

where Gy,(n, rq) is a Gaussian function:

Wn

OrnQgn; (B3)

2
exp (—46’%2") —exp(—4)
T . 2
T—exp(d) if 87, <rq, (B4)
0 if (Sl.z 2> s

GW(nv rd) =

in which 8; ,, = /(x; — x,)? + (yi — ya)? is the distance be-
tween the gauge and the radar pixel, and (x,, y,) is the po-
sition of gauge n. Note that the quality of both gauge data
(Qg,n) and radar data (Qy,,; see Appendix A) is taken into
account. In the current implementation, the quality of the
rain gauge data is set to a fixed value of 0.9 (assumed qual-
ity due to measurement and representativeness errors). If the
gauge quality differs across the network, this algorithm is
hence able to take that into account. The weighting consists
of a short-range and a long-range component, each having
its own Gaussian function in Eq. (B3). The Gaussian func-
tion decreases to 0 when a pixel is located at a range of at
least rg km from the selected gauge location n. The long-
range component contributes up to a range of 500km (r1)
and is meant for adjusting when the distance to the nearest
gauges is long, typically further away from the Netherlands.
The short-range component provides a much more local ad-
justment up to a range of rg, which is based on the range of a
seasonally-dependent isotropic spherical variogram model of
rainfall accumulations corresponding to a 1 h duration (Van
de Beek et al., 2012). The value of v controls the contribution
of the long-range component with respect to the short-range
component, and is set to v = 0.1 in the current implementa-
tion.

The real-time radar precipitation product of 5 min accu-
mulation (Ry,qj; mm) at a radar pixel i with position (x;, y;)
is obtained as follows:

Ri(x;i, yi)

10FadiCxi3)/10° (BS)

Rr,adj (xi,yi) =
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with R; the 5min unadjusted accumulation (mm), and Fq;
the spatial adjustment factor field (see Eq. B1).

A quality index field (Q) is also computed for each pixel.
Each rain gauge measurement that is added to the product
should increase the quality, and the resulting quality index
should be between 0 and 1. This leads to the following ex-
pression for the product quality:

NP
Qi=0ni [1-T]0=waQem) | (B6)

n=1

with Q;; the radar quality at pixel i (Eq. 2) and Qg , the
quality of the observation from rain gauge n.

Supplement. The supplemental video (Movie S1) shows an an-
imation of 5min precipitation accumulations from the renewed
product during summer storm Poly on 5 July 2023 from 03:55—
08:00 UTC over the Netherlands. The supplement related to this
article is available online at https://doi.org/10.5194/essd-17-4715-
2025-supplement.

Author contributions. Author contributions are captured follow-
ing the CRediT system. Conceptualization: AO and HL. Data cu-
ration: AO. Formal analysis: AO. Funding acquisition: HL. Investi-
gation: AO. Methodology: AO and HL. Project administration: AO
and HL. Software: AO, BA, HL, and MV. Supervision: AO and HL.
Validation: AO. Visualization: AO. Writing — original draft prepa-
ration: AO and HL. Writing — review and editing: AO, BA, HL, and
MV.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We thank Xueli Wang and Bastiaan Anker
(KNMI) for the operationalization of the real-time radar product
processing. We thank Tim Vlemmix (KNMI) for providing com-
ments on a draft of this paper. We are grateful for the E-OBS dataset
(Cornes et al., 2018) from the EU-FP6 project Uncertainties in En-
sembles of Regional ReAnalyses (https://www.uerra.eu, last access:
23 January 2025) and from the Copernicus Climate Change Service,
for the data providers in the ECA&D project (https://www.ecad.eu,
last access: 23 January 2025), and for the Flanders Environmental
Agency (VMM), Royal Meteorological Institute of Belgium (RMI),
and the German Weather Service (DWD) for providing the radar
data. Finally, we thank DWD for their publicly available rain gauge

https://doi.org/10.5194/essd-17-4715-2025


https://doi.org/10.5194/essd-17-4715-2025-supplement
https://doi.org/10.5194/essd-17-4715-2025-supplement
https://www.uerra.eu
https://www.ecad.eu

A. Overeem et al.: The Dutch real-time gauge-adjusted radar precipitation product

data. All figures containing maps were made with the Python pack-
age Cartopy (Met Office, 2022). Finally, we thank the two anony-
mous reviewers for their constructive comments.

Financial support. We gratefully acknowledge funding from the
“Slim Water Management” program administered by Rijkswater-
staat on behalf of the Dutch Ministry of Infrastructure and Wa-
ter Management, from the Foundation for Applied Water Research
STOWA, and from “het Waterschapshuis”, representing the 21
Dutch water boards, for the project “Onderzoek neerslagmetingen”.
This funded the research to develop and test the radar processing
algorithms.

Review statement. This paper was edited by Tobias Gerken and
reviewed by two anonymous referees.

References

Agile Alliance: What is Agile? | Agile 101 | Agile Alliance, https:
/Iwww.agilealliance.org/agile101/, last access: May 2025.

Al-Sakka, H., Boumahmoud, A.-A., Fradon, B., Frasier, S. J.,
and Tabary, P. A new fuzzy logic hydrometeor classifica-
tion scheme applied to the French X-, C-, and S-band po-
larimetric radars, J. Appl. Meteorol. Clim., 52, 2328-2344,
https://doi.org/10.1175/JAMC-D-12-0236.1, 2013.

Barnes, S. L.: A technique for maximizing details in numerical
weather map analysis, J. Appl. Meteorol., 3, 396409, 1964.

Barton, Y., Sideris, I., Germann, U., and Martius, O.: A
method for real-time temporal disaggregation of blended radar—
rain gauge precipitation fields, Meteorol. Appl., 27, e1843,
https://doi.org/10.1002/met.1843, 2019.

Bech, J., Codina, B., Lorente, J., and Bebbington, D.: The sensi-
tivity of single polarization weather radar beam blockage cor-
rection to variability in the vertical refractivity gradient, J. At-
mos. Ocean. Tech., 20, 845-855, https://doi.org/10.1175/1520-
0426(2003)020<0845:TSOSPW>2.0.CO;2, 2003.

Beekhuis, H. and Mathijssen, T.: From pulse to product, Highlights
of the upgrade project of the Dutch national weather radar net-
work, in: 10th European Conference on Radar in Meteorology
and Hydrology (ERAD 2018): 1-6 July 2018, Ede-Wageningen,
the Netherlands, edited by: de Vos, L., Leijnse, H., and Uijlen-
hoet, R., Wageningen University & Research, Wageningen, the
Netherlands, 960-965, https://doi.org/10.18174/454537, 2018.

Boodoo, S., Hudak, D., Donaldson, N., and Leduc, M.:
Application of dual-polarization radar melting-layer detec-
tion algorithm, J. Appl. Meteorol. Clim., 49, 1779-1793,
https://doi.org/10.1175/2010JAMC2421.1, 2010.

Brandsma, T.: Comparison of automatic and manual precipitation
networks in the Netherlands, Technical report TR-347, KNMI,
De Bilt, https://cdn.knmi.nl/knmi/pdf/bibliotheek/knmipubTR/
TR347.pdf (last access: 17 September 2025), 2014.

Bringi, V. N., Chandrasekar, V., Balakrishnan, N., and Zrni¢,
D. S.: An examination of propagation effects in rainfall
on radar measurements at microwave frequencies, J. At-
mos. Ocean. Tech., 7, 829-840, https://doi.org/10.1175/1520-
0426(1990)007<0829:AEOPEI>2.0.CO:;2, 1990.

https://doi.org/10.5194/essd-17-4715-2025

4733

Bukov¢ié, P, Ryzhkov, A., Zmié, D., and Zhang, G.: Polari-
metric radar relations for quantification of snow based on
disdrometer data, J. Appl. Meteorol. Clim., 57, 103-120,
https://doi.org/10.1175/JAMC-D-17-0090.1, 2018.

Copernicus Climate Change Service: E-OBS data access,
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.
php#datafiles, last access: December 2024.

Cornes, R. C., Van der Schrier, G., Van den Besselaar, E. J. M.,
and Jones, P. D.: An ensemble version of the E-OBS temperature
and precipitation data sets, J. Geophys. Res.-Atmos., 123, 9391—
9409, https://doi.org/10.1029/2017JD028200, 2018.

Cremonini, R., Moisseev, D., and Chandrasekar, V.: Airborne laser
scan data: a valuable tool with which to infer weather radar par-
tial beam blockage in urban environments, Atmos. Meas. Tech.,
9, 5063-5075, https://doi.org/10.5194/amt-9-5063-2016, 2016.

Crisologo, 1., Vulpiani, G., Abon, C. C., David, C. P. C,
Bronstert, A., and Heistermann, M.: Polarimetric rainfall re-
trieval from a C-band weather radar in a tropical environ-
ment (the Philippines), Asia-Pac. J. Atmos. Sci., 50(S), 43-55,
https://doi.org/10.1007/s13143-014-0049-y, 2014.

de Baar, J. H. S., Garcia-Marti, ., and van der Schrier, G.: Spatial
regression of multi-fidelity meteorological observations using a
proxy-based measurement error model, Adv. Sci. Res., 20, 49—
53, https://doi.org/10.5194/asr-20-49-2023, 2023.

Doviak, R. J. and Zrni¢, D. S.: Doppler Radar and Weather Obser-
vations, 2nd edn., Dover Publications, Inc., Mineola, New York,
ISBN 0-486-45060-0, 1993.

DWD: Index of /climate_environment/CDC/observations_germany/
climate/daily/more_precip/,  https://opendata.dwd.de/climate_
environment/CDC/observations_germany/climate/daily/more_
precip/ (last access: 17 September 2025), 2024.

DWD: Historische stiindliche RADOLAN-Raster der Nieder-
schlagshohe (bindr), version V001, https://opendata.dwd.de/
climate_environment/CDC/grids_germany/hourly/radolan/
historical/bin/ (last access: 17 September 2025), 2025.

Fabry, F: Radar Meteorology: Principles and Prac-
tice, Cambridge University Press, Cambridge, U. K.,
https://doi.org/10.1017/CB0O9781107707405, 2015.

Farnebick, G.: Two-frame motion estimation based on polynomial
expansion, in: Image Analysis, edited by: Bigun, J. and Gus-
tavsson, T., Springer Berlin Heidelberg, Berlin, Heidelberg, 363—
370, https://doi.org/10.1007/3-540-45103-X_50, 2003.

Figueras i Ventura, J. and Tabary, P.. The new French opera-
tional polarimetric radar rainfall rate product, J. Appl. Meteo-
rol. Clim., 52, 1817-1835, https://doi.org/10.1175/JAMC-D-12-
0179.1, 2013.

Frech, M., Hagen, M., and Mammen, T.: Monitoring the ab-
solute calibration of a polarimetric weather radar, J. Atmos.
Ocean. Tech., 34, 599-615, https://doi.org/10.1175/JTECH-D-
16-0076.1, 2017.

Gabella, M. and Notarpietro, R.: Ground clutter characterization
and elimination in mountainous terrain, in: Proceedings of the
2nd European conference on radar meteorology ERAD and
the COST 717 mid-term seminar, Katlenburg-Lindau, Coperni-
cus, 305-311, https://www.copernicus.org/erad/online/erad-305.
pdf (last access: 17 September 2025), 2002.

Germann, U.: Radome attenuation — a serious limiting factor
for quantitative radar measurements?, Meteorol. Z., 8, 85-90,
https://doi.org/10.1127/metz/8/1999/85, 1999.

Earth Syst. Sci. Data, 17, 4715-4736, 2025


https://www.agilealliance.org/agile101/
https://www.agilealliance.org/agile101/
https://doi.org/10.1175/JAMC-D-12-0236.1
https://doi.org/10.1002/met.1843
https://doi.org/10.1175/1520-0426(2003)020<0845:TSOSPW>2.0.CO;2
https://doi.org/10.1175/1520-0426(2003)020<0845:TSOSPW>2.0.CO;2
https://doi.org/10.18174/454537
https://doi.org/10.1175/2010JAMC2421.1
https://cdn.knmi.nl/knmi/pdf/bibliotheek/knmipubTR/TR347.pdf
https://cdn.knmi.nl/knmi/pdf/bibliotheek/knmipubTR/TR347.pdf
https://doi.org/10.1175/1520-0426(1990)007<0829:AEOPEI>2.0.CO;2
https://doi.org/10.1175/1520-0426(1990)007<0829:AEOPEI>2.0.CO;2
https://doi.org/10.1175/JAMC-D-17-0090.1
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php#datafiles
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php#datafiles
https://doi.org/10.1029/2017JD028200
https://doi.org/10.5194/amt-9-5063-2016
https://doi.org/10.1007/s13143-014-0049-y
https://doi.org/10.5194/asr-20-49-2023
https://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/daily/more_precip/
https://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/daily/more_precip/
https://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/daily/more_precip/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/hourly/radolan/historical/bin/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/hourly/radolan/historical/bin/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/hourly/radolan/historical/bin/
https://doi.org/10.1017/CBO9781107707405
https://doi.org/10.1007/3-540-45103-X_50
https://doi.org/10.1175/JAMC-D-12-0179.1
https://doi.org/10.1175/JAMC-D-12-0179.1
https://doi.org/10.1175/JTECH-D-16-0076.1
https://doi.org/10.1175/JTECH-D-16-0076.1
https://www.copernicus.org/erad/online/erad-305.pdf
https://www.copernicus.org/erad/online/erad-305.pdf
https://doi.org/10.1127/metz/8/1999/85

4734

Germann, U., Galli, G., Boscacci, M., and Bolliger, M.: Radar pre-
cipitation measurement in a mountainous region, Q. J. Roy. Me-
teor. Soc., 132, 1669-1692, https://doi.org/10.1256/qj.05.190,
2006.

Goudenhoofdt, E. and Delobbe, L.: Evaluation of radar-gauge
merging methods for quantitative precipitation estimates, Hy-
drol. Earth Syst. Sci., 13, 195-203, https://doi.org/10.5194/hess-
13-195-2009, 2009.

Goudenhoofdt, E. and Delobbe, L.: Generation and verifica-
tion of rainfall estimates from 10-yr volumetric weather
radar measurements, J. Hydrometeorol., 17, 1223-1242,
https://doi.org/10.1175/JHM-D-15-0166.1, 2016.

Gourley, J. J., Tabary, P., and Parent du Chatelet, J.: A fuzzy logic al-
gorithm for the separation of precipitating from nonprecipitating
echoes using polarimetric radar observations, J. Atmos. Ocean.
Tech., 24, 1439-1451, https://doi.org/10.1175/JTECH2035.1,
2007.

Hazenberg, P., Torfs, P. J. J. E, Leijnse, H., Delrieu, G.,
and Uijlenhoet, R.: Identification and uncertainty estima-
tion of vertical reflectivity profiles using a Lagrangian ap-
proach to support quantitative precipitation measurements by
weather radar, J. Geophys. Res.-Atmos., 118, 10243-10261,
https://doi.org/10.1002/jgrd.50726, 2013.

Hazenberg, P., Leijnse, H., and Uijlenhoet, R.: The impact of re-
flectivity correction and accounting for raindrop size distribution
variability to improve precipitation estimation by weather radar
for an extreme low-land mesoscale convective system, J. Hydrol.,
519, 3410-3425, https://doi.org/10.1016/j.jhydrol.2014.09.057,
2014.

Heistermann, M., Jacobi, S., and Pfaff, T.: Technical Note: An open
source library for processing weather radar data (wradlib), Hy-
drol. Earth Syst. Sci., 17, 863—-871, https://doi.org/10.5194/hess-
17-863-2013, 2013.

Hitschfeld, W. and Bordan, J.: Errors inherent in the radar
measurement of rainfall at attenuating wavelengths,
J. Meteorol., 11, 58-67, https://doi.org/10.1175/1520-
0469(1954)011<0058:EIITRM>2.0.CO;2, 1954.

Holleman, I.: Bias adjustment and long-term verification of radar-
based precipitation estimates, Meteorol. Appl., 14, 195-203,
https://doi.org/10.1002/met.22, 2007.

Hubbert, J. C., Dixon, M., Ellis, S. M., and Meymaris, G.:
Weather radar ground clutter. Part I: Identification, model-
ing, and simulation, J. Atmos. Ocean. Tech., 26, 1165-1180,
https://doi.org/10.1175/2009JTECHA1159.1, 2009a.

Hubbert, J. C., Dixon, M., and Ellis, S. M.: Weather
radar ground clutter. Part II: Real-time identification
and filtering, J. Atmos. Ocean. Tech., 26, 1181-1197,
https://doi.org/10.1175/2009JTECHA1160.1, 2009b.

Huuskonen, A., Kurri, M., and Holleman, I.: Improved analysis
of solar signals for differential reflectivity monitoring, Atmos.
Meas. Tech., 9, 3183-3192, https://doi.org/10.5194/amt-9-3183-
2016, 2016.

Imbhoff, R., Brauer, C., van Heeringen, K.-J., Leijnse, H., Overeem,
A., Weerts, A., and Uijlenhoet, R.: A climatological benchmark
for operational radar rainfall bias reduction, Hydrol. Earth Syst.
Sci., 25, 4061-4080, https://doi.org/10.5194/hess-25-4061-2021,
2021.

Jacobi, S. and Heistermann, M.:
ation correction procedures for

Benchmarking attenu-
six years of single-

Earth Syst. Sci. Data, 17, 4715-4736, 2025

A. Overeem et al.: The Dutch real-time gauge-adjusted radar precipitation product

polarized C-band weather radar observations in South-
West Germany, Geomat. Nat. Haz. Risk, 7, 1785-1799,
https://doi.org/10.1080/19475705.2016.1155080, 2016.

Kitchen, M. and Blackall, R. M.: Representativeness errors in com-
parisons between radar and gauge measurements of rainfall, J.
Hydrol., 134, 13-33, 1992.

Klein Tank, A. M. G., Wijngaard, J. B., Konnen, G. P., Bohm, R.,
Demarée, G., Gocheva, A., Mileta, M., Pashiardis, S., Hejkr-
lik, L., Kern-Hansen, C., Heino, R., Bessemoulin, P., Miiller-
Westermeier, G., Tzanakou, M., Szalai S., Pélsdéttir, T., Fitzger-
ald, D., Rubin, S., Capaldo, M., Maugeri, M., Leitass, A., Bukan-
tis, A., Aberfeld, R., van Engelen, A. F. V., Forland, E., Mietus,
M., Coelho, F., Mares, C., Razuvaev, V., Nieplova, E., Cegnar,
T., Antonio Lépez, J., Dahlstrom, B., Moberg, A., Kirchhofer,
W., Ceylan, A., Pachaliuk, O., Alexander, L. V., and Petrovic, P.:
Daily dataset of 20th-century surface air temperature and precip-
itation series for the European Climate Assessment, Int. J. Cli-
matol., 22, 1441-1453, https://doi.org/10.1002/joc.773, 2002.

Kling, H., Fuchs, M., and Paulin, M.: Runoff conditions in the upper
Danube basin under an ensemble of climate change scenarios, J.
Hydrol., 424-425, 264-277, 2012.

Klok, E. and Klein Tank, A.: Updated and extended European
dataset of daily climate observation, Int. J. Climatol., 29, 1182-
1191, https://doi.org/doi:10.1002/joc.1779, 2008.

KNMI: Handbook for the Meteorological Observation, KNMI,
https://www.knmiprojects.nl/documents/publications/2006/01/
01/handbook-for-the-meteorological-observation (last access:
17 September 2025), 2000.

KNMI Radar Team: Precipitation — radar/gauge 5 minute real-time
accumulations over the Netherlands, KNMI Data Platform [data
set], https://doi.org/10.21944/5¢23-p429, 2018a.

KNMI Radar Team: Precipitation — radar/gauge 5 minute real-time
accumulations over the Netherlands — archive, KNMI Data Plat-
form [data set], https://doi.org/10.21944/e7zx-8al7, 2018b.

KNMI Radar Team: Precipitation — 5 minute nowcast over The
Netherlands up to 2 hours ahead, KNMI Data Platform [data
set], https://dataplatform.knmi.nl/dataset/radar-forecast-2-0 (last
access: 17 September 2025), 2024.

Krajewski, W., Ntelekos, A., and Goska, R.: A GIS-based
methodology for the assessment of weather radar beam
blockage in mountainous regions: Two examples from the
US NEXRAD network, Comput. Geosci., 32, 283-302,
https://doi.org/10.1016/j.cageo.2005.06.024, 2006.

Kurri, M. and Huuskonen, A.: Measurements of the
transmission loss of a radome at different rain in-
tensities, J. Atmos. Ocean. Tech., 25, 1590-1599,
https://doi.org/10.1175/2008J TECHA1056.1, 2008.

Lang, T., Nesbitt, S., and Carey, L.. On the cor-
rection of partial beam blockage in  polarimetric
radar data, J. Atmos. Ocean. Tech., 26, 943-957,

https://doi.org/10.1175/2008JTECHA1133.1, 2009.

Lengfeld, K., Winterrath, T., Junghinel, T., Hafer, M., and Becker,
A.: Characteristic spatial extent of hourly and daily precipitation
events in Germany derived from 16 years of radar data, Meteorol.
Z., 28, 363-378, https://doi.org/10.1127/metz/2019/0964, 2019.

Li, W.,, Chen, H., and Han, L.: Improving explainability of deep
learning for polarimetric radar rainfall estimation, Geophys. Res.
Lett., 51, https://doi.org/10.1029/2023GL107898, 2024.

https://doi.org/10.5194/essd-17-4715-2025


https://doi.org/10.1256/qj.05.190
https://doi.org/10.5194/hess-13-195-2009
https://doi.org/10.5194/hess-13-195-2009
https://doi.org/10.1175/JHM-D-15-0166.1
https://doi.org/10.1175/JTECH2035.1
https://doi.org/10.1002/jgrd.50726
https://doi.org/10.1016/j.jhydrol.2014.09.057
https://doi.org/10.5194/hess-17-863-2013
https://doi.org/10.5194/hess-17-863-2013
https://doi.org/10.1175/1520-0469(1954)011<0058:EIITRM>2.0.CO;2
https://doi.org/10.1175/1520-0469(1954)011<0058:EIITRM>2.0.CO;2
https://doi.org/10.1002/met.22
https://doi.org/10.1175/2009JTECHA1159.1
https://doi.org/10.1175/2009JTECHA1160.1
https://doi.org/10.5194/amt-9-3183-2016
https://doi.org/10.5194/amt-9-3183-2016
https://doi.org/10.5194/hess-25-4061-2021
https://doi.org/10.1080/19475705.2016.1155080
https://doi.org/10.1002/joc.773
https://doi.org/doi:10.1002/joc.1779
https://www.knmiprojects.nl/documents/publications/2006/01/01/handbook-for-the-meteorological-observation
https://www.knmiprojects.nl/documents/publications/2006/01/01/handbook-for-the-meteorological-observation
https://doi.org/10.21944/5c23-p429
https://doi.org/10.21944/e7zx-8a17
https://dataplatform.knmi.nl/dataset/radar-forecast-2-0
https://doi.org/10.1016/j.cageo.2005.06.024
https://doi.org/10.1175/2008JTECHA1056.1
https://doi.org/10.1175/2008JTECHA1133.1
https://doi.org/10.1127/metz/2019/0964
https://doi.org/10.1029/2023GL107898

A. Overeem et al.: The Dutch real-time gauge-adjusted radar precipitation product

Marshall, J. S., Hitschfeld, W., and Gunn, K. L. S.: Advances
in radar weather, in: Advances in Geophysics, vol. 2, Aca-
demic Press, New York, 1-56, https://doi.org/10.1016/S0065-
2687(08)60310-6, 1955.

Mathijssen, T., Beekhuis, H., Holleman, I, and
Roozekrans, H.: Update of KNMI HDF5 Data For-

mat Specification, v3.8, Internal  report, KNMI,
De Bilt, https://www.knmi.nl/research/publications/
update-of-knmi-hdf5-data-format-specification-v3-8 (last

access: 17 September 2025), 2019.

McKee, J. and Binns, A.: A review of gauge-radar merg-
ing methods for quantitative precipitation estimation
in hydrology, Can. Water Resour. J., 41, 186-203,
https://doi.org/10.1080/07011784.2015.1064786, 2015.

Met Office: Cartopy: a cartographic python library with a Mat-
plotlib interface, https://scitools.org.uk/cartopy/docs/latest/ (last
access: 17 September 2025), 2022.

Miihlbauer, K., Heistermann, M., and Goudenhoofdt, E.:
wradlib/wradlib: wradlib release v1.9.0 (1.9.0), Zenodo,
https://doi.org/10.5281/zenodo.4290240, 2020.

Nelson, B. R., Prat, O. P., Seo, D.-J., and Habib, E.: Assessment
and implications of NCEP Stage IV quantitative precipitation
estimates for product intercomparisons, Weather Forecast., 31,
371-394, https://doi.org/10.1175/WAF-D-14-00112.1, 2016.

Nielsen, J., van de Beek, C., Thorndahl, S., Olsson, J., An-
dersen, C., Andersson, J., Rasmussen, M., and Nielsen, J.:
Merging weather radar data and opportunistic rainfall sensor
data to enhance rainfall estimates, Atmos. Res., 300, 107228,
https://doi.org/10.1016/j.atmosres.2024.107228, 2024.

Overeem, A., Uijlenhoet, R., and Leijnse, H.: Full-year evaluation
of non-meteorological echo removal with dual-polarization fuzzy
logic for two C-band radars in a temperate climate, J. Atmos.
Ocean. Tech., 37, 1643-1660, https://doi.org/10.1175/JTECH-
D-19-0149.1, 2020.

Overeem, A., de Vries, H., Al Sakka, H., Uijlenhoet, R.,
and Leijnse, H.: Rainfall-induced attenuation correction
for two operational dual-polarization C-band radars in
the Netherlands, J. Atmos. Ocean. Tech., 38, 1125-1142,
https://doi.org/10.1175/JTECH-D-20-0113.1, 2021.

Overeem, A., van den Besselaar, E., van der Schrier, G., Meirink,
J. F, van der Plas, E., and Leijnse, H.: EURADCLIM: the
European climatological high-resolution gauge-adjusted radar
precipitation dataset, Earth Syst. Sci. Data, 15, 1441-1464,
https://doi.org/10.5194/essd-15-1441-2023, 2023a.

Overeem, A., Vlemmix, T., van Wijngaarden, F., Mathi-
jssen, T., Veldhuizen, M., Lankamp, B., de Jong, M., and
Leijnse, H.: D.T1.1.3 Improvement in Radar Precipita-
tion, Interreg report EMFloodResilience project, KNMI,
De  Bilt, https://emfloodresilience.eu/publish/pages/7424/
interregradar20231031_d-t1-1-3_v2.pdf  (last access: 17
September 2025), 2023b.

Overeem, A., Leijnse, H., van der Schrier, G., van den Besse-
laar, E., Garcia-Marti, 1., and de Vos, L. W.: Merging with
crowdsourced rain gauge data improves pan-European radar
precipitation estimates, Hydrol. Earth Syst. Sci., 28, 649-668,
https://doi.org/10.5194/hess-28-649-2024, 2024a.

Overeem, A., Uijlenhoet, R., and Leijnse, H.: Quantitative precip-
itation estimation from weather radars, personal weather sta-
tions and commercial microwave links, in: Advances in Weather

https://doi.org/10.5194/essd-17-4715-2025

4735

Radar. Volume 3: Emerging applications, edited by: Bringi, V. N.
and Kumar Vijay Mishra, M. T., Institution of Engineering and
Technology, 27-68, https://doi.org/10.1049/SBRA557H_ch2,
2024b.

Park, S., Berenguer, M., and Sempere-Torres, D.: Long-
term analysis of gauge-adjusted radar rainfall accumu-
lations at European scale, J. Hydrol., 573, 768-777,
https://doi.org/10.1016/j.jhydrol.2019.03.093, 2019.

Prat, O. P. and Nelson, B. R.: Evaluation of precipitation estimates
over CONUS derived from satellite, radar, and rain gauge data
sets at daily to annual scales (2002-2012), Hydrol. Earth Syst.
Sci., 19, 2037-2056, https://doi.org/10.5194/hess-19-2037-2015,
2015.

Project team ECA&D, Royal Netherlands Meteorological In-
stitute  KNMI: European Climate Assessment & Dataset
(ECA&D), Algorithm Theoretical Basis Document (ATBD),
Version 11, https://knmi-ecad-assets-prd.s3.amazonaws.com/
documents/atbd.pdf, last access: 17 September 2025.

Rauber, R. M. and Nesbitt, S. L.: Radar Meteorology: A
First Course, John Wiley & Sons, Hoboken, NJ, USA,
https://doi.org/10.1002/9781118432662, 2018.

Ryzhkov, A., Diederich, M., Zhang, P., and Simmer, C.: Potential
utilization of specific attenuation for rainfall estimation, mitiga-
tion of partial beam blockage, and radar networking, J. Atmos.
Ocean. Tech., 31, 599-619, https://doi.org/10.1175/JTECH-D-
13-00038.1, 2014.

Ryzhkov, A., Matrosov, S. Y., Melnikov, V., Zrnic, D., Zhang, P.,
Cao, Q., Knight, M., Simmer, C., and Troemel, S.: Estimation
of depolarization ratio using weather radars with simultaneous
transmission/reception, J. Appl. Meteorol. Clim., 56, 1797-1816,
https://doi.org/10.1175/JAMC-D-16-0098.1, 2017.

Ryzhkov, A. V. and Zrnic, D. S.: Radar Polarimetry for Weather Ob-
servations, Springer Nature Switzerland AG, Cham, Switzerland,
https://doi.org/10.1007/978-3-030-05093-1, 2019.

Saltikoff, E., Cho, J. Y. N., Tristant, P., Huuskonen, A., Allmon, L.,
Cook, R., Becker, E., and Joe, P.: The threat to weather radars
by wireless technology, B. Am. Meteorol. Soc., 97, 1159-1167,
https://doi.org/10.1175/BAMS-D-15-00048.1, 2016.

Saltikoff, E., Haase, G., Delobbe, L., Gaussiat, N., Martet,
M., Idziorek, D., Leijnse, H., Novdk, P, Lukach, M., and
Stephan, K.: OPERA the radar project, Atmosphere, 10, 310,
https://doi.org/10.3390/atmos 10060320, 2019.

Siegmund, P.: Precipitation — gridded daily precipitation sum in the
Netherlands, https://dataplatform.knmi.nl/dataset/rd1-5 (last ac-
cess: 17 September 2025), 2014.

Smith, P.: Equivalent radar reflectivity factors for
snow and ice particles, J. Appl. Meteorol. Clim.,
23, 1258-1260, https://doi.org/10.1175/1520-

0450(1984)023<1258:ERRFFS>2.0.CO;2, 1984.

Soenario, 1., Plieger, M., and Sluiter, R.: Optimization of rainfall
interpolation, Internal report 2010-01, KNMI, De Bilt, https:
//cdn.knmi.nl/knmi/pdf/bibliotheek/knmipubIR/IR2010-01.pdf
(last access: 17 September 2025), 2010.

Svatos, J.: Value of using personal weather stations in radar precipi-
tation merging, MSc thesis, Wageningen University & Research,
Wageningen, the Netherlands, https:/library.wur.nl/WebQuery/
theses/2347899 (last access: 17 September 2025), 2025.

Tabary, P., Vulpiani, G., Gourley, J. J., Illingworth, A. J., Thompson,
R. J., and Bousquet, O.: Unusually high differential attenuation

Earth Syst. Sci. Data, 17, 4715-4736, 2025


https://doi.org/10.1016/S0065-2687(08)60310-6
https://doi.org/10.1016/S0065-2687(08)60310-6
https://www.knmi.nl/research/publications/update-of-knmi-hdf5-data-format-specification-v3-8
https://www.knmi.nl/research/publications/update-of-knmi-hdf5-data-format-specification-v3-8
https://doi.org/10.1080/07011784.2015.1064786
https://scitools.org.uk/cartopy/docs/latest/
https://doi.org/10.5281/zenodo.4290240
https://doi.org/10.1175/WAF-D-14-00112.1
https://doi.org/10.1016/j.atmosres.2024.107228
https://doi.org/10.1175/JTECH-D-19-0149.1
https://doi.org/10.1175/JTECH-D-19-0149.1
https://doi.org/10.1175/JTECH-D-20-0113.1
https://doi.org/10.5194/essd-15-1441-2023
https://emfloodresilience.eu/publish/pages/7424/interregradar20231031_d-t1-1-3_v2.pdf
https://emfloodresilience.eu/publish/pages/7424/interregradar20231031_d-t1-1-3_v2.pdf
https://doi.org/10.5194/hess-28-649-2024
https://doi.org/10.1049/SBRA557H_ch2
https://doi.org/10.1016/j.jhydrol.2019.03.093
https://doi.org/10.5194/hess-19-2037-2015
https://knmi-ecad-assets-prd.s3.amazonaws.com/documents/atbd.pdf
https://knmi-ecad-assets-prd.s3.amazonaws.com/documents/atbd.pdf
https://doi.org/10.1002/9781118432662
https://doi.org/10.1175/JTECH-D-13-00038.1
https://doi.org/10.1175/JTECH-D-13-00038.1
https://doi.org/10.1175/JAMC-D-16-0098.1
https://doi.org/10.1007/978-3-030-05093-1
https://doi.org/10.1175/BAMS-D-15-00048.1
https://doi.org/10.3390/atmos10060320
https://dataplatform.knmi.nl/dataset/rd1-5
https://doi.org/10.1175/1520-0450(1984)023<1258:ERRFFS>2.0.CO;2
https://doi.org/10.1175/1520-0450(1984)023<1258:ERRFFS>2.0.CO;2
https://cdn.knmi.nl/knmi/pdf/bibliotheek/knmipubIR/IR2010-01.pdf
https://cdn.knmi.nl/knmi/pdf/bibliotheek/knmipubIR/IR2010-01.pdf
https://library.wur.nl/WebQuery/theses/2347899
https://library.wur.nl/WebQuery/theses/2347899

4736

at C Band: results from a two-year analysis of the French Trappes
polarimetric radar data, J. Appl. Meteorol. Clim., 48, 2037-2053,
https://doi.org/10.1175/2009JAMC2039.1, 2009.

Tang, L., Zhang, J., Simpson, M., Arthur, A., Grams, H., Wang, Y.,
and Langston, C.: Updates on the radar data quality control in the
MRMS quantitative precipitation estimation system, J. Atmos.
Ocean. Tech., 37, 1521-1537, https://doi.org/10.1175/JTECH-
D-19-0165.1, 2020.

Testud, J., Le Bouar, E., Obligis, E., and Ali-Mehenni, M.: The rain
profiling algorithm applied to polarimetric weather radar, J. At-
mos. Ocean. Tech., 17, 332-356, https://doi.org/10.1175/1520-
0426(2000)017<0332:TRPAAT>2.0.CO;2, 2000.

Uijlenhoet, R.: Raindrop size distributions and radar reflectivity—
rain rate relationships for radar hydrology, Hydrol. Earth Syst.
Sci., 5, 615-628, https://doi.org/10.5194/hess-5-615-2001, 2001.

Uijlenhoet, R.: Precipitation physics and rainfall observation, in:
Climate and the Hydrological Cycle, edited by: Bierkens, M.
F. P, Dolman, A. J., and Troch, P. A., IAHS Special Publica-
tion 8, International Association of Hydrological Sciences Press,
Wallingford, 59-97, ISBN 9781901502541, 2008.

Van Andel, N.: Quality control development for near real-time rain
gauge networks for operational rainfall monitoring, MSc thesis,
Utrecht University, Utrecht, https://studenttheses.uu.nl/handle/
20.500.12932/40939 (last access: 17 September 2025), 2021.

Van de Beek, C. Z., Leijnse, H., Torfs, P. J. J. F., and Ui-
jlenhoet, R.: Seasonal semi-variance of Dutch rainfall at
hourly to daily scales, Adv. Water Resour., 45, 76-85,
https://doi.org/10.1016/j.advwatres.2012.03.023, 2012.

Vulpiani, G., Montopoli, M., Passeri, L. D., Gioia, A. G., Giordano,
P., and Marzano, F. S.: On the use of dual-polarized C-band radar
for operational rainfall retrieval in mountainous areas, J. Appl.
Meteorol. Clim., 51, 405425, https://doi.org/10.1175/JAMC-D-
10-05024.1, 2012.

Werner, M.: A new radar data post-processing quality control work-
flow for the DWD weather radar network, in: Proc. 8th Eu-
ropean Conference on Radar in Meteorology and Hydrology
(ERAD 2014), 1-5 September 2014, Garmisch-Partenkirchen,
Germany, DWD, http://www.pa.op.dlr.de/erad2014/programme/
ExtendedAbstracts/079_Werner.pdf (last access: 17 September
2025), 2014.

Earth Syst. Sci. Data, 17, 4715-4736, 2025

A. Overeem et al.: The Dutch real-time gauge-adjusted radar precipitation product

Winterrath, T., Rosenow, W., and Weigl, E.: On the DWD quanti-
tative precipitation analysis and nowcasting system for real-time
application in German flood risk management, in: Weather Radar
and Hydrology, Proceedings of a symposium held in Exeter, UK,
April 2011, edited by: Moore, R. J., Cole, S. J., and Illingworth,
A. J., IAHS Publ. 351, IAHS Press, Wallingford, Oxfordshire,
UK, 323-329, ISBN 9781907161261, 2012.

WMO: Guide to Instruments and Methods of Observation. Vol-
ume [ — Measurement of Meteorological Variables, WMO-No.
8, Chap. 6, Vol. 1, ISBN 978-92-63-10008-5, 2023.

Wolfensberger, D., Gabella, M., Boscacci, M., Germann, U.,
and Berne, A.: RainForest: a random forest algorithm for
quantitative precipitation estimation over Switzerland, Atmos.
Meas. Tech., 14, 3169-3193, https://doi.org/10.5194/amt-14-
3169-2021, 2021.

Wradlib: wradlib.atten.correct_attenuation_constrained — wradlib,
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/
wradlib.atten.correct_attenuation_constrained.html#wradlib.
atten.correct_attenuation_constrained (last access: February
2025), 2020a.

Wradlib:  wradlib.atten.pia_from_kdp -  wradlib,  https:
/ldocs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.
atten.pia_from_kdp.html (last access: February 2025), 2020b.

Wradlib:  wradlib.clutter.filter_gabella ~—  wradlib,  https:
/ldocs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.
clutter.filter_gabella.html (last access: February 2025), 2020c.

Zhang, J., Howard, K., Langston, C., Kaney, B., Qi, Y., Tang,
L., Grams, H., Wang, Y., Cocks, S., Martinaitis, S., Arthur,
A., Cooper, K., Brogden, J., and Kitzmiller, D.: Multi-Radar
Multi-Sensor (MRMS) quantitative precipitation estimation: Ini-
tial operating capabilities, B. Am. Meteorol. Soc., 97, 621-638,
https://doi.org/10.1175/BAMS-D-14-00174.1, 2016.

Zhang, P., Zrmi¢, D., and Ryzhkov, A.: Partial beam blockage
correction using polarimetric radar measurements, J. Atmos.
Ocean. Tech., 30, 861-872, https://doi.org/10.1175/JTECH-D-
12-00075.1, 2013.

https://doi.org/10.5194/essd-17-4715-2025


https://doi.org/10.1175/2009JAMC2039.1
https://doi.org/10.1175/JTECH-D-19-0165.1
https://doi.org/10.1175/JTECH-D-19-0165.1
https://doi.org/10.1175/1520-0426(2000)017<0332:TRPAAT>2.0.CO;2
https://doi.org/10.1175/1520-0426(2000)017<0332:TRPAAT>2.0.CO;2
https://doi.org/10.5194/hess-5-615-2001
https://studenttheses.uu.nl/handle/20.500.12932/40939
https://studenttheses.uu.nl/handle/20.500.12932/40939
https://doi.org/10.1016/j.advwatres.2012.03.023
https://doi.org/10.1175/JAMC-D-10-05024.1
https://doi.org/10.1175/JAMC-D-10-05024.1
http://www.pa.op.dlr.de/erad2014/programme/ExtendedAbstracts/079_Werner.pdf
http://www.pa.op.dlr.de/erad2014/programme/ExtendedAbstracts/079_Werner.pdf
https://doi.org/10.5194/amt-14-3169-2021
https://doi.org/10.5194/amt-14-3169-2021
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.atten.correct_attenuation_constrained.html#wradlib.atten.correct_attenuation_constrained
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.atten.correct_attenuation_constrained.html#wradlib.atten.correct_attenuation_constrained
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.atten.correct_attenuation_constrained.html#wradlib.atten.correct_attenuation_constrained
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.atten.pia_from_kdp.html
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.atten.pia_from_kdp.html
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.atten.pia_from_kdp.html
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.clutter.filter_gabella.html
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.clutter.filter_gabella.html
https://docs.wradlib.org/projects/old-docs/en/1.9.0/generated/wradlib.clutter.filter_gabella.html
https://doi.org/10.1175/BAMS-D-14-00174.1
https://doi.org/10.1175/JTECH-D-12-00075.1
https://doi.org/10.1175/JTECH-D-12-00075.1

	Abstract
	Introduction
	Data
	Radar data
	Rain gauge data
	KNMI 10min and hourly automatic rain gauge data
	KNMI daily manual rain gauge data
	DWD daily rain gauge data
	ECA&D daily rain gauge data from Belgium, France, Luxembourg, and the United Kingdom and the E-OBS dataset


	QPE production
	Processing the old radar product
	Fuzzy logic clutter removal
	Attenuation correction
	Vertical profile of reflectivity correction
	Quality-based merging of radar scans
	Gabella clutter filter
	Compositing of reflectivity images
	Conversion to rainfall intensities and advection correction
	Gauge adjustment of radar accumulations

	Evaluation results
	Qualitative analyses
	Annual precipitation maps
	Scatter density plots
	Summer storm Poly
	Spatial evaluation
	Extremes
	Seasonal dependence

	Discussion
	Data availability
	Conclusions and outlook
	Conclusions
	Product outlook

	Appendix A: Computation of the quality index
	Appendix B: Computation and application of the spatial adjustment factor field
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

