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Abstract: The recent development of satellite products for observing precipitation based on different
technologies (microwaves, infrared, etc.) allows for near-real-time meteorological studies. The
purpose of this article is to evaluate 11 satellite products (GHE, PDIR, IMERG-Early v6, IMERG-Late
v6, CMORPH v0.x, CMORPH-RT v0.x, GSMaP-NRT v7, GSMaP-NRT-GC v7, GSMaP-NOW v7,
GSMaP-NOW-GC v7, and DATABOURG) currently available and compare them to 2 ground-based
radar networks (PANTHERE and OPERA) and the French rain-gauge network RADOME. Two
case studies of intense precipitation over France (22 to 25 April 2022 and 24 to 29 June 2022) were
selected. The radar estimations are closer to the RADOME observations than the satellite-based
estimations, which tend to globally underestimate the precipitation amounts over the areas of interest
while OPERA tends to strongly overestimate precipitation amounts during the June case study. The
PANTHERE radar product and the carrier-to-noise product DATABOURG shows promising results.
Near-real-time satellite products tend to have closer precipitation amounts to the reference dataset
than satellite products with a shorter latency. The use of these datasets for nowcasting developments
is plausible but further analyses must be conducted beforehand.

Keywords: precipitation; remote sensing; radars; satellite

1. Introduction

Precipitation is an important part of the water cycle, and it drives the supply of water
resources for the agriculture, industry, and even society as a whole [1]. Intense rainfall can
trigger floods causing life-threatening situations [2,3], and a lack of precipitation induces
droughts [4], impacting the agricultural sector. The successive reports published by the
Intergovernmental Panel on Climate Change [5] show that a warmer global climate will
increase the number and intensity of extreme episodes, such as droughts and intense
precipitations. Ren et al. [6] have already observed a slight increase in precipitation over
land at a global scale since the beginning of the 20th century and of extreme precipitation
events at the local scale. Over Europe, the number of extreme flood events has increased by
0.3% per year over the period from 1870 to 2016 [7]. Moreover, the observed precipitation
fields at high spatial and temporal resolution can be used as inputs for meteorological,
climatic, and hydrological numerical studies [8]. The monitoring of precipitation can be
used to assess landslide and slope failure risks over mountainous areas [9,10].

Precipitation estimates at near-real-time can be provided by three categories of instru-
ments: rain-gauge networks, ground-based weather radars, and remote sensing facilities
onboard satellites. Rain gauges permit the quantification of surface-rain amounts lo-
cally [11] and, structured in networks, they can provide sparse information on the spatial
and temporal distributions of precipitation [1]. However, rain gauges cannot be installed
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over seas and oceans. The data coverage can be spaced out in sparsely populated areas,
which is a limitation for global- or large-scale studies [12]. Weather radar provides useful
information about the rain rate at a high spatial and temporal resolution. Nevertheless, as
for the rain gauges, they cannot be installed over marine surfaces. Projects based on radar
networks allow for the building of rain-products over larger areas, such as over France
(PANTHERE project; [13]) or Europe (OPERA project; [14]). Note that all the acronyms
used in this paper are defined in the Abbreviations.

Largely developed in recent years, remote sensing observations from satellites have
enabled improvements in precipitation estimates on a large spatial scale. Different sensors
are used to estimate precipitation amounts: infrared (IR) or visible (VIS), and passive or
active microwave (PMW or AMW) sensors. The IR and VIS observations are often used
aboard geostationary (GEO) satellites [1], while AMW and PMW sensors are deployed in a
constellation of Low Earth Orbiting (LEO) satellites which only cover a swath of the Earth’s
surface [15]. Commonly, the GEO-IR sensors measure the cloud-top brightness temperature
(Tb) and, thanks to empirical relationships, can estimate rain rates at the surface. LEO-PMW
radiometers measure the effect of large liquid and ice particles on the upwelling radiation
coming from the Earth’s surface to estimate rain rate [1], whereas spaceborne precipitation
radars, called LEO-AMW sensors, use the information retrieved by the backscatter signal
from rain-sized particles. Moreover, GEO-IR sensors permit the study of a unique part of
the world with a high spatiotemporal resolution and can estimate the rain rates derived
from cloud-top brightness temperature data by using empirical laws, while LEO-PMW and
-AMW sensors, which have better sensing through clouds, have a lower spatiotemporal
resolution [16].

In this framework, various IR and PMW/AMW sensor-based products have been
developed to estimate surface precipitation during the last decades. Additionally, products
such as the “Hydro Estimator” (HE; [17]) or the “Precipitation Estimation from Remotely
Sensed Information Using Artificial Neural Network” (PERSIANN; [18]), which are IR
sensor-based products, can be associated with PMW/AMW sensor-based retrievals [1],
such as the “Climate Prediction Center MORPHing” technique (CMORPH; [19]), the
“Global Satellite Mapping of Precipitation” (GSMaP; [20]), or products provided by NASA
under the Global Precipitation Measurement (GPM) programme, such as the “Integrated
Multi-SatellitE Retrievals for GPM” (IMERG; [21]). More recently, an innovative technique
has been developed to estimate precipitation using the quality and attenuation of signals’
broadband communication satellites [22,23]. According to the satellites, and the sensors and
assumptions used to develop the different rain products, performances in the precipitation
estimates at global and/or at finer scales can be impacted.

The objective of this study is to evaluate the rain estimations of nine satellite products
during two rainy events, with contrasted intensities, which occurred over France in 2022.
For both cases, a comparative approach with rain gauges and ground-based radar measure-
ments for cumulative rain amounts was used to evaluate each satellite product. This paper
is organised as follows: after a description of the data, the methodology as well as the case
studies are described in Sections 2 and 3 presents the results of the comparative analyses
for rain amounts. Section 4 provides a discussion of the strengths and weakness of the
products evaluated in this study, while Section 5 concludes and gives some perspectives.

2. Materials and Methods
2.1. Description of the Precipitation Products

The rainfall products used in this study are divided into 3 categories: from rain-gauge
network, from ground radar network, and from satellite measurements. Each product has
its own spatial, temporal, and accessibility features (Table 1).



Atmosphere 2023, 14, 1726 3 of 36

Table 1. Description of the precipitation data used in this study. All products were freely accessed
with the exception of RADOME, PANTHERE, and OPERA under license and DATABOURG being a
commercial product.

Dataset Type of
Data

Spatial
Coverage

Spatial
Resolution

Temporal
Resolution

Data
Latency Availability

RADOME Rain gauges
network France - 1 h Real-time

https://donneespubliques.
meteofrance.fr, accessed on 19

November 2023

PANTHERE Radar
network France 1 km2 15 min Real-time

https://donneespubliques.
meteofrance.fr, accessed on 19

November 2023

OPERA Radar
network Europe 4 km2 15 min Real-time

https://portail-api.meteofrance.
fr/web/fr/, accessed on 19

November 2023

IMERG-Early Satellite 60◦ N–60◦ S 0.1◦ × 0.1◦ 30 min 4 h

https://disc.gsfc.nasa.gov/
datasets/GPM_3IMERGHHE_
06/summary, accessed on 19

November 2023

IMERG-Late Satellite 60◦ N–60◦ S 0.1◦ × 0.1◦ 30 min 14 h

https://disc.gsfc.nasa.gov/
datasets/GPM_3IMERGHHL_
06/summary, accessed on 19

November 2023

CMORPH-RT Satellite 60◦ N–60◦ S 0.08◦ × 0.08◦ 30 min 3 h
https://ftp.cpc.ncep.noaa.gov/

precip/CMORPH_RT/,
accessed on 19 November 2023

CMORPH Satellite 60◦ N–60◦ S 0.08◦ × 0.08◦ 30 min 18 h
https://ftp.cpc.ncep.noaa.gov/

precip/CMORPH_V0.x/,
accessed on 19 November 2023

GSMaP-Now Satellite 60◦ N–60◦ S 0.1◦ × 0.1◦ 30 min Real-time
https://sharaku.eorc.jaxa.jp/

GSMaP_NOW/, accessed on 19
November 2023

GSMaP-Now-
GC Satellite 60◦ N–60◦ S 0.1◦ × 0.1◦ 30 min Real-time

https://sharaku.eorc.jaxa.jp/
GSMaP_NOW/, accessed on 19

November 2023

GSMaP-NRT Satellite 60◦ N–60◦ S 0.1◦ × 0.1◦ 1 h 4 h
https://sharaku.eorc.jaxa.jp/

GSMaP/, accessed on 19
November 2023

GSMAP-NRT-
GC Satellite 60◦ N–60◦ S 0.1◦ × 0.1◦ 1 h 4 h

https://sharaku.eorc.jaxa.jp/
GSMaP/, accessed on 19

November 2023

GHE Satellite 60◦ N–60◦ S 0.04◦ × 0.04◦ 15 min 2 h
https://www.noaa.gov/nodd/

datasets, accessed on 19
November 2023

PDIR Satellite 60◦ N–60◦ S 0.04◦ × 0.04◦ 1 h 2 h

https://persiann.eng.uci.edu/
CHRSdata/PDIRNow/netcdf_
1h/, accessed on 19 November

2023

DATABOURG Satellite France 1 km2 5 min Real-time https://databourg.com/,
accessed on 19 November 2023

2.1.1. RADOME Rain Gauges Network

The in situ dataset used in this study comes from the “Réseau d’Acquisition de
Données et d’Observation Météorologiques Etendues” (RADOME network; [24]) provided
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by Météo-France. This network covers mainland France and contains nearly 600 operational
stations providing data in real time [25]. It constitutes tipping-bucket rain gauges with
a precision of 0.1, 0.2, or 0.5 mm from one rain gauge to another, corresponding to the
bucket capacity. The mean distance between two stations of the RADOME network is
approximately 30 km. For our study, we use the RADOME dataset aggregated over 1 h
provided by the company Weather-Measures.

2.1.2. Radar Networks

In this study, data from two radar networks were used: the Météo-France PANTHERE
rain-rate composite product [26,27] and the OPERA pan-European composite product [28].
Both of these products are mainly based on observations from the national radar network
when focussing on rainy events over France but some differences exist in data treatments
or instruments, which can impact the rain estimates.

The ARAMIS French radar network [13] is composed of 31 Doppler radars that use
various frequencies (or bands): 5 are in the S-band, 20 are in the C-band, and 6 are in
the X-band [29] (see Figure 1). An additional C-band radar, operated by the company
NOVIMET, is located at the Mont Vial summit (43.89◦ N, 7.15◦ E) in south eastern France,
and two other radars, located at the Paris-Charles de Gaulle and Nice airports, contribute
to the French PANTHERE product [30]. Moreover, two partner radars which do not take
part in the ARAMIS network are used within the PANTHERE product (both are located on
the Jersey Island and at the station La Dôle/Geneva at the France–Switzerland border).
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Figure 1. Positions of the radars of the ARAMIS network (plus symbols) considered in the PAN-
THERE product. Radars of the OPERA product are identified with small blue circles. Additional
coloured circles are used to indicate the type of the radar and an extension of measurement: the
C-band (magenta, 100 km), S-band (yellow, 100 km), and X-band (green, 60 km) radars. The C-
and S-band radars are only considered in the OPERA product and those located close to the French
borders are indicated with dashed-dotted black circles.

The data processing took into account polarimetric and reflectivity parameters sam-
pled on a polar grid with a resolution of 240 m × 0.5◦ [29]. For the C- and S-band radars,
a radius of 100 km around the radar position was considered for the measurement of
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precipitation amounts, whereas a range of about 200 km around the radar position was
used for precipitation detection [31]. The X-band radars were used as gap-fillers [27]. The
sampling volumes were produced every 5 min and were built from three to five scans at a
low-elevation angle (ranging from 0◦ to 3◦) repeated every 5 min and from two to three
scans at high-elevation angles (from 3◦ to 15◦) [29]. These raw scans were received and
processed by the French national centre according to the different steps detailed in [26].
Figueras I Ventura and Tabary [27] provided a flow diagram that describes the differ-
ent steps used in the data processing of the operational radar observations to obtain the
rain-rate product:

• A ground-clutter identification by using pulse-to-pulse fluctuation of the radar reflec-
tivity with further analysis for pixels adjacent to an identified clutter pixel;

• Non-meteorological echoes and precipitation-attenuation corrections from polari-
metric modules;

• A partial beam-blockage correction by numerically simulating the interaction between
the radar wave propagation and the ground by using orographic maps and long-term
precipitation accumulation to identify trees and anthropogenic structures;

• A vertical profile of reflectivity correction deriving from ratios of hourly rainfall
accumulation at different elevation angles and using these ratios to determine an
optimal vertical profile reflectivity scheme from a predefined set;

• A gas-attenuation correction depending on the wavelength used and the altitude
above the sea level;

• The synchronization or correction for advection;
• A weighted linear combination of the corrected reflectivity measurement at differ-

ent elevation;
• The reflectivity (Z) conversion to rain rate (R) by using the Z-R relationship Z = 200 · R1.6,

the 5 min rainfall accumulation;
• The rain-gauge adjustment.

In our case, we used the aggregated 15 min PANTHERE dataset provided by the
company Weather-Measures.

The “European Operational Program for Exchange of weather RAdar information”
(OPERA) was established in 1999 and constituted of 30 member states operating over
200 radars in the C-, X- and S-band [28]. The goal of this program is to organise a European
cooperation of radar-products exchange with the help of the European national weather
services and to build radar composites for the European Meteorological Network EUMET-
NET [14]. Hence, it is worth noting that the French ARAMIS radar network serves as a
foundation of the radar coverage for OPERA over France, with the notable exceptions of
the X-band radars that are not included; the locations are given in Figure 1. The processing
and corrections made on the radar composites can be synthesised in 4 steps:

• An anomaly-removal module identifying non-weather-related pixels;
• A hit-accumulation clutter filter which detects pixels with an occurrence frequency

higher than a reference threshold of 0.6;
• A beam-blockage correction;
• A satellite-based filter of residual non-rain echoes from the probability of the Precipi-

tation Clouds product of the EUMETSAT Nowcasting Satellite Application Facilities.

The Z-R conversion is based on the same Marshall-Palmer relationship (Z = 200 · R1.6)
as in the PANTHERE product. Park et al. [32] mentioned several points of improvement,
such as follows:

• The differences between the radars in the network;
• The contamination by non-meteorological targets (partially corrected as explained

earlier and in [28] with the implementation of a hit-accumulation clutter);
• The absence of correction of the vertical profile of reflectivity of the raw scans;
• The use of the single Marshall-Palmer relationship to convert Z to R.
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Huuskonen et al. [14] indicated that 3 different OPERA products at 4 km2 spatial
resolution are available: the rain-rate composites with a 15 min timestep, the reflectivity
composite with a 15 min timestep, and the hourly rainfall-accumulation composite. For
this study, we use the rain-rate composite with a timestep of 15 min.

2.1.3. Satellite Precipitation Products

Low Earth Orbit (LEO) and geostationary (GEO) satellites can carry instruments
providing precipitation amounts at the surface. Sun et al. [12] listed the three categories
of sensors that measure the precipitation: the infrared or visible sensors aboard LEO and
GEO satellites, the passive and active microwave (PMW/AMW) sensors aboard LEO
sensors, and the blended products from the combination of both techniques. Another way
to estimate the precipitation accumulation is based on the attenuation of Ka-band signals
of broadband communication satellites [22,23].

IR Sensor-Based Satellite Products

To provide global rain-rate estimates, IR sensors are usually used onboard GEO
satellites [1], which allow for a high temporal resolution (every 30 min or even less) [12].
The estimations of rain rates (R) are given by empirical relationships between R and the
cloud-top brightness temperature Tb [15,33]. Being strongly related to the cloud heights,
this type of estimation presents some limitations, such as a strong association to convective
rain regimes, and conversely with non-convective rainfall, or the difficulty to distinguish
precipitation patterns over complex terrain [34].

The Global Hydro Estimator (GHE) is derived from the Hydro-Estimator algorithm
(HE; [17]), which is provided by the National Oceanic and Atmospheric Administration—
National Environmental Satellite, Data and Information Service. GHE instantaneous
rain-rate product has a spatial resolution of 4 × 4 km2 and a temporal resolution of 15 min
(see Table 1), and uses estimations of cloud-top brightness temperature from IR sensors.
GHE uses a fixed relationship between these cloud-top brightness temperatures and rain
rates, calibrated with radar data [35]. GHE includes the information given by the National
Centres for Environmental Prediction Global Forecast System (GFS) model to complete
its algorithm [36]. GHE inputs can use regional model outputs, such as those for South
America [37]. Georgakakos et al. [38] also considered the eventuality of associating GHE
skills and PMW sensors.

The Precipitation Estimation from Remotely Sensed Information Using Artificial Neu-
ral Network (PERSIANN) Dynamic Infrared Rain Rate (PDIR) was developed by the Centre
for Hydrometeorology and Remote Sensing (CHRS) at the University of California [39].
Initially, the PERSIANN algorithm [18] was based on the artificial neural network technique
to estimate rainfall accumulation. Then, the PERSIANN—Cloud Classification System
(PCCS) resumed the same PERSIANN features; however, the PCCS classifies cloud-patch
features based on the texture, geometry, dynamic evolution, and cloud-top height of clouds
from IR sensor-based satellite estimates [40] and does not use PMW data unlike PER-
SIANN [33]. This cloud classification is performed by using a variable threshold cloud
segmentation algorithm and varies the Tb-R relationships. The PDIR algorithm is a near-
real-time (NRT) precipitation product like the PCCS, with several modifications developed
by Nguyen et al. [33]:

• A better identification of warmer stratiform clouds from higher temperature thresholds;
• An improvement in the watershed method used for the image segmentation;
• An improvement in the rainfall regime identification by adding monthly sets of cloud

types to the existing cloud classification system;
• The use of PMW satellite data to adjust Tb–R curves;
• The integration of climatology data from WorldClim version 2 [41] over land and

PERSIANN Climate Data Record (PCDR; [42]) over the ocean to create a dynamical
Tb–R curve model.
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In this study, PDIR is an NRT precipitation product and provides 4 × 4 km2 gridded
rain-rate estimations with an hourly temporal resolution.

Microwave Sensor-Based and Blended Products

Two types of microwave-based sensing techniques were used in this study:

• PMW sensors measure the upwelling radiation from the Earth’s surface which is
affected by precipitation-sized particles [1]. This upwelling radiation is affected
differently depending on the iced or liquid nature of the particles [43];

• AMW sensors are the most direct way to estimate precipitation amounts because they
are based on the analysis of backscatter signals from rain-sized target particles [1,44],
such as ground-based weather radars [45].

However, PMW and AMW sensors are carried by LEO sensors only [12]. Estimations
with PMW and AMW sensors provide a “snap-shot” detection of precipitation fields below
the satellite [46], leading to a coarser temporal sampling compared to GEO satellite IR
imagery [12]. To counter this, these sensors need to be carried onboard a constellation
of LEO satellites [44]; however, for now, microwave sensors onboard LEO satellites give
global coverage every 3 h [12].

CMORPH (CPC MORPHing) is a multi-satellite-based and PMW-derived precipita-
tion product developed by the Climate Prediction Centre (CPC) of the NOAA [19]. The
CMORPH products used in this study have a 30 min temporal and 8 × 8 km2 spatial resolu-
tions. The CMORPH algorithm uses the estimates derived by PMW sensors, propagates the
precipitation fields from the motion vectors determined from IR sensors observations, and
uses a morphing technique which smooths the fusion of precipitation-pattern propagations
backward and forward in time. Two products, derived from this algorithm, were used in
this study:

• The CMORPH-RT [47], which propagates PMW sensor-based estimates only forward
in time making them available in real time;

• CMORPH v0.x based on the morphing method [19].

The Global Satellite Mapping of Precipitation (GSMaP) is a project supported by the
Japan Aerospace Agency (JAXA) (Tokyo, Japan) and the Japan Science and Technology
Agency (Saitama, Japan) [20]. GSMaP rain-rate estimates were derived from PMW sensor
measurements and the motion vectors were determined from successive IR images to
propagate rain fields. Moreover, a refining step for the effects linked to the propagation
was implemented by the use of a Kalman filter model [48]. Among all of the products
presented in [49], four of them were retained with their associated gauge-calibrated versions:
the near-real-time version 7 of GSMaP (GSMaP-NRT) based on the original GSMaP v7
algorithm and an instantaneous (GSMaP-Now) version of GSMaP with a half-hourly
extrapolation, only forward in time, by using motion vectors determined by geostationary
satellites [50]. Furthermore, as Ramadhan et al. [51] detailed, both GSMaP-NRT and
GSMaP-Now products have gauge-adjusted versions (GSMaP-NRT-GC and GSMaP-Now-
GC, respectively), which we used in this work, with the same latency and gauge-adjusting
process. This process is detailed as follows [50]: the gauge measurement was not available
in real-time, the gauge-adjusted versions were produced by adopting the error parameters
derived from the gauge-corrected satellite precipitation product (GSMaP-Gauge) of the
post-real-time product (GSMaP-MVK). Both GSMaP-Gauge and GSMaP-MVK were not
used in this work because of their post-real-time latency of 3 days. The four products were
given at a spatial resolution of 0.1◦ × 0.1◦ (11 × 11 km2). GSMaP-Now and GSMaP-Now-
GC have a 30 min temporal resolution while the NRT version has an hourly timestep.

The space mission Global Precipitation Measurement (GPM) was launched in 2014
as part of a joint project between NASA and JAXA. In that framework, level 3 satellite
precipitation products Integrated Multi-satellitE Retrievals for GPM (IMERG) were devel-
oped [21]. IMERG provides precipitation fields every 30 min, with a horizontal resolution
of 0.1◦ × 0.1◦ in latitude and longitude. These products emerge from a combination of
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data collected by IR and PMW sensors from the GPM constellation satellites. In this study,
we used two different products from IMERG: IMERG-Early and IMERG-Late, which were
both considered as NRT versions but with various post-processing procedures [52]:

• IMERG-Early (later called EARLY) is the earliest version of the IMERG product avail-
able after nominal observation; with approximately 4 h of data latency, the propagation
of precipitation fields determined by the observation of IR sensors is applied only
forward in time;

• IMERG-Late version (later called LATE) is available after a latency of 14 h and has its
precipitation fields propagated forward and backward in time.

Version 6 of the IMERG products was used for this study. All the details about the
different MW products used in this study are given in Table 1.

Carrier-to-Noise-Based Precipitation Product

DATABOURG is a commercial product provided by the Databourg Systems Company
based in Luxembourg. This product is based on broadband satellite Ka-band signals [22,23].
Broadband satellite systems provide bidirectional communications between gateway stations
and terminal users, allowing for internet provisioning [22]. The forward and return signals are
monitored by the gateway, and a carrier-to-Noise (C/N) parameter is computed by measuring
the quality of the communication link and received signal [22]. The C/N measurement was
used in an artificial neural network technique to obtain a rain-regime classification required
to determine a reference condition and the signal attenuation [53]. Finally, the rain rate was
empirically deduced from the attenuation, with Ka-band signals being heavily attenuated in
strong-intensity rain and less in light-rain conditions [53,54]. In this study, we used the 5 min
temporal resolution final product interpolated on a 1 km2 grid.

2.2. Point-to-Pixel Comparative Method

Several different methods can be used to compare precipitation products on different
spatial grids. Generally, point data such as that supplied by rain-gauge networks are
interpolated on a defined grid according to different methods which can be divided into
two categories [55]:

• Deterministic methods (e.g., the inverse distance weighting or the Thiessen poly-
gons; [56,57]);

• Geostatistical methods (e.g., the different Kriging methods; [58]).

The choice of the selected interpolation mainly depends on factors such as the com-
plexity of the topography or the density of the rain-gauge network [59].

In this study, we consider the original spatial resolution of the RADOME network as
a reference. Hence, we compare the observed punctual rain-gauge values to their respec-
tive nearest estimated pixel by using the widely used point-to-pixel approach [8,59–62].
Moreover, the comparisons between the rain-gauge data and the diverse rain products
were performed on the accumulated rain values obtained at the end of both case studies
presented in Section 2.3. For each point–pixel considered (i), an absolute bias was calculated
according to: BIASi = Ei − Oi where O was the rain-gauge observations from the RADOME
network while E was the estimations given by each precipitation product (i.e., radar or
satellites) used in this study. Thus, a positive or negative bias corresponds, respectively, to
an overestimation or an underestimation of the used precipitation product compared to
rain-gauge observations.

2.3. Synoptic Description of the Two Case Studies

The two case studies observed over France in 2022 present different precipitation
features. The April case (22–25 April 2022) which lasted 72 h produced precipitation over a
large part of the south of France, whereas the June case (24–28 June 2022) lasted 96 h over
the centre of France (Figure 2).



Atmosphere 2023, 14, 1726 9 of 36Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 37 
 

 

 
Figure 2. Rain accumulation measured by the RADOME rain-gauge network at the end of the April 
(a) and June cases (b). Panel (c) indicates localisations of the several areas of interest mentioned in 
the text. The red areas correspond to the April event, the blue areas correspond to the June event, 
and black markers are the localization of the radars mentioned in this study. 

Figure 2a shows that the precipitations of the April case were mainly important over 
the mountainous areas, such as over the west of the Massif Central (WMC), South Alps 
(SAL), Durance valley (DUR), Cévennes (CEV), and Jura (JUR) (see Figure 2c for localisa-
tion) where the highest accumulations, respectively, observed were 75.9 mm at Montre-
don-Labessonnié (43.72° N, 2.33° E), 59.5 mm at Comps-sur-Artuby (43.66° N, 6.47° E), 
62.4 mm at Apt (43.88° N, 5.40° E), 85.1 mm at Barnas (44.67° N, 4.17° E), and 31.8 mm at 
Ballon de Servance (47.83° N, 6.79° E). The median accumulated precipitations recorded 
over the mentioned regions were 26.6 mm, 31.4 mm, 23.5 mm, 22.3 mm, and 25.4 mm over 
WMC, SAL, DUR, CEV, and JUR, respectively.  

For the June case, the precipitation amounts reached higher values around the north-
ern Massif Central (NMC), such as at Chastreix (45.51° N, 2.74° E) and Clermont-Ferrand 
(45.79° N, 3.15° E) stations where 136.7 mm and 106.7 mm of rain were observed, respec-
tively (Figure 2b). Nevertheless, the median accumulated precipitation recorded over this 
area was 35.7 mm. 

The contrasted precipitation distributions observed for these two cases present dif-
ferent synoptic conditions displayed by the ECMWF ERA5 meteorological fields (Figure 
3, [63]). 

Figure 2. Rain accumulation measured by the RADOME rain-gauge network at the end of the April
(a) and June cases (b). Panel (c) indicates localisations of the several areas of interest mentioned in
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black markers are the localization of the radars mentioned in this study.

Figure 2a shows that the precipitations of the April case were mainly important
over the mountainous areas, such as over the west of the Massif Central (WMC), South
Alps (SAL), Durance valley (DUR), Cévennes (CEV), and Jura (JUR) (see Figure 2c for
localisation) where the highest accumulations, respectively, observed were 75.9 mm at
Montredon-Labessonnié (43.72◦ N, 2.33◦ E), 59.5 mm at Comps-sur-Artuby (43.66◦ N,
6.47◦ E), 62.4 mm at Apt (43.88◦ N, 5.40◦ E), 85.1 mm at Barnas (44.67◦ N, 4.17◦ E), and
31.8 mm at Ballon de Servance (47.83◦ N, 6.79◦ E). The median accumulated precipitations
recorded over the mentioned regions were 26.6 mm, 31.4 mm, 23.5 mm, 22.3 mm, and
25.4 mm over WMC, SAL, DUR, CEV, and JUR, respectively.

For the June case, the precipitation amounts reached higher values around the north-
ern Massif Central (NMC), such as at Chastreix (45.51◦ N, 2.74◦ E) and Clermont-Ferrand
(45.79◦ N, 3.15◦ E) stations where 136.7 mm and 106.7 mm of rain were observed, respec-
tively (Figure 2b). Nevertheless, the median accumulated precipitation recorded over this
area was 35.7 mm.
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The contrasted precipitation distributions observed for these two cases present differ-
ent synoptic conditions displayed by the ECMWF ERA5 meteorological fields (Figure 3, [63]).
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For the April case, a marked depression located over northwestern Spain on 22 April
slowly moved northeasterly with decreasing intensity. On 23 April 12:00 UTC, this depres-
sion was centred over southwestern of France (Figure 3a). Then, it disappeared, inducing a
weak west–east stationary front in the middle of France.

For the June case, the temperature over France was warmer than for the April case.
An intense depression was present over the British Isles and a weak anticyclone was
over Italy (Figure 3b). These pressure systems were, respectively, associated with cold
and warm temperatures inducing the formation of an intense cold front through France
(Figure 3b). During the June case, the depression moved southeasterly, brought colder and
more humid air mass over France. Thus, the more marked depression encountered during
the June case brought intense precipitation along the cold front, whereas the less marked
situation observed during the April case brought less-intense precipitation over a larger
area (Figure 2).

3. Comparative Analyses Results
3.1. Rain-Gauge vs. Radar Observations

In this section, we compare the rain-gauge observations obtained from the RADOME
network to the precipitation amounts estimated via radar observations obtained from
either the PANTHERE network or the OPERA network (see Sections 2.1.1 and 2.1.2 for the
description of the RADOME, PANTHERE, and OPERA networks) for both the April and
the June cases.

3.1.1. PANTHERE vs. RADOME

For the April case (Figure 4a), precipitations were mainly located over the south
of France, especially over the mountainous areas, as observed by RADOME (Figure 2a).
Table 2 presents the rain maximum recorded by the radar and all other rain products used
in this study, for each area of interest defined in Figure 2c, as well as the distance between
each of these maxima and their RADOME counterpart.

Table 2 indicates that PANTHERE recorded a rain maximum of 98.1 mm, 89.0 mm,
69.5 mm, 72.1 mm, and 44.1 mm over the WMC, SAL, DUR, CEVs and JUR areas, respec-
tively. Except over CEV, PANTHERE recorded higher maxima precipitation accumulations
than RADOME. The distance between RADOME and PANTHERE maximums was 32.29 km
in SAL, 10.41 km over CEV, and 14.18 km over JUR. However, the distance increased to
225.54 km over WMC and to 107.99 km over DUR. Regarding the median precipitation accu-
mulations estimated by PANTHERE (given by Table 3) over the same areas, they were equal
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to 24.8 mm over WMC, 30.5 mm over SAL, 28.0 mm over DUR, 30.1 mm over CEV, and
25.4 mm over JUR. These values were close to the values observed by RADOME: 26.6 mm
for WMC, 31.4 mm for SAL, 23.5 mm for DUR, 22.3 mm for CEV, and 22.6 mm for JUR.
Nevertheless, we can notice a trend of overestimating the accumulation in the CEV and SAL
regions. Near the Mediterranean coasts, RADOME measured an amount less than 20 mm
of precipitation where PANTHERE estimated up to 30 mm of precipitation accumulation.
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Figure 4. Precipitation accumulation estimated by PANTHERE from the observations of the ARAMIS
radars network at the end of (a) the April case and (b) the June case. Absolute biases with the
RADOME precipitation gauges network using the point-to-pixel approach are also represented for
both (c) the April case and (d) June case.

Figure 4c presents the absolute bias calculated comparing PANTHERE and RADOME
at each RADOME station (using the method described in Section 2.2) for the April event.
This comparison shows that PANTHERE underestimated the rain amounts in the south
of the CEV area while it overestimated them in the WMC. We can observe that the main
differences between PANTHERE and RADOME were localized over the mountainous areas,
especially over the Massif Central, the Cévennes, and the Southern Alps. Table 3 gives
the mean absolute bias calculated for each area of interest. PANTHERE had quite similar
values compared to the rain gauges because the mean difference was lower than 2.14 mm.
There was only one exception for the CEV region, where the mean absolute bias reached
+6.89 mm.
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Table 2. Maximum values (in mm) and the distance separating these maxima to their RADOME
counterparts (in km) for the April and June cases. These values were determined considering the
different stations inside the delimitated areas shown in Figure 2c: WMC for the western Massif
Central, SAL for the south of the Alps, DUR for Durance, CEV for Cévennes, JUR for Jura, and NMC
for the northern Massif Central.

Dataset

April June

WMC SAL DUR CEV JUR NMC

Max Dist. Max Dist. Max Dist. Max Dist. Max Dist. Max Dist.

RADOME 75.90 - 59.50 - 62.50 - 85.10 - 31.80 - 136.70 -

PANTHERE 98.10 225.54 89.00 32.29 69.50 107.99 72.10 10.41 44.10 14.18 204.60 74.64

OPERA 131.85 182.19 82.56 26.32 76.07 53.48 199.62 26.46 63.41 22.42 293.23 71.81

PDIR 62.42 239.07 39.24 73.20 41.12 111.73 28.17 32.47 31.33 15.07 76.60 9.64

GHE 70.45 119.27 168.26 75.51 208.32 18.94 72.12 30.39 54.72 41.78 83.68 9.44

EARLY 96.69 11.88 34.24 37.23 101.47 147.30 63.53 129.90 124.63 53.64 223.86 69.93

LATE 91.03 17.79 40.17 37.23 110.97 147.30 54.42 93.59 116.43 53.64 211.99 69.93

GSMaP-Now 72.24 161.98 43.98 83.90 50.79 167.46 38.41 80.11 45.57 153.07 82.83 126.89

GSMaP-Now-GC 56.57 161.98 30.99 83.90 38.09 167.46 29.44 80.11 39.87 153.07 82.43 126.89

GSMaP-NRT 50.64 132.31 85.73 70.57 85.73 57.61 37.40 107.70 44.60 103.73 83.97 77.85

GSMAP-NRT-GC 62.71 132.31 84.53 70.57 84.53 57.61 43.17 107.70 59.99 103.73 51.15 77.85

CMORPH-RT 62.13 181.98 36.36 48.17 52.10 138.10 26.42 90.76 66.97 43.55 61.77 46.20

CMORPH 49.60 23.72 31.00 33.18 29.70 28.22 27.00 90.76 37.70 51.76 129.20 83.22

DATABOURG 43.62 6.68 39.49 34.89 30.46 16.07 51.70 15.18 27.17 108.96 133.23 157.18

Table 3. Median accumulated precipitation and the mean absolute biases (mm) for the April and June
cases. The values were calculated using the point for the points inside the areas shown in Figure 2c:
WMC for the western Massif Central, S. AL for the south of the Alps, DUR for Durance, CEV for
Cévennes, JUR for Jura, and NMC for the northern Massif Central.

Dataset

April June

WMC SAL DUR CEV JUR NMC

Median Mean
Bias Median Mean

Bias Median Mean
Bias Median Mean

Bias Median Mean
Bias Median Mean

Bias

RADOME 26.60 - 31.40 - 23.50 - 22.30 - 25.40 - 35.70 -

PANTHERE 24.80 −2.14 30.50 +1.95 28.00 +0.05 30.10 +6.89 22.60 −0.57 35.00 −0.73

OPERA 29.14 +1.09 22.26 −3.70 16.11 −9.13 29.11 +5.15 27.63 +6.51 50.03 +14.13

PDIR 10.35 −16.17 9.63 −22.26 16.06 −9.70 7.22 −17.77 15.21 −8.73 24.79 −18.02

GHE 30.10 +1.25 50.46 +12.22 41.88 +17.07 32.53 +5.42 36.10 +11.29 33.44 −12.86

EARLY 29.97 +0.47 13.01 −15.51 15.58 −7.87 17.71 −4.33 40.85 +20.87 28.42 −4.55

LATE 30.41 +0.89 13.39 −14.99 15.65 −7.82 19.96 −3.63 41.69 +24.69 32.25 −0.58

GSMaP-
Now 23.00 −3.69 9.19 −21.05 14.61 −10.68 12.04 −11.99 18.65 −4.78 19.77 −19.63

GSMaP-
Now-GC 17.96 −8.95 5.98 −24.44 10.53 −15.05 8.91 −15.42 18.05 −5.54 19.43 −20.57

GSMaP-NRT 16.68 −12.22 21.12 −14.06 16.61 −10.64 16.74 −8.67 19.27 −3.72 26.02 −15.73

GSMAP-
NRT-GC 20.42 −8.47 19.57 −15.46 17.49 −10.39 18.69 −6.51 26.09 +3.84 15.85 −26.17

CMORPH-
RT 19.19 −8.34 12.53 −14.99 16.23 −7.53 14.61 −10.83 27.17 +12.84 20.78 −19.26

CMORPH 20.90 −8.20 11.50 −16.78 12.90 −14.53 14.80 −11.43 23.50 −0.91 37.90 +1.25

DATABOURG 21.68 −6.83 27.05 −4.35 22.25 −6.59 20.14 −3.11 18.47 −5.54 49.86 +8.94
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For the June event, PANTHERE detected a localized high-intensity precipitation
pattern over the north of the Massif Central (NMC area) extended on a southwest–northeast
axis (Figure 4b), as RADOME. The maximum of precipitation accumulation estimated by
PANTHERE over NMC was 204.60 mm and was located 74.64 km away from the rain
maximum captured by RADOME (Table 2). However, the median of the rain accumulation
for the NMC area (35.0 mm) was close to the RADOME one (35.7 mm) for this event. We can
see that the main differences in the rain distribution between RADOME and PANTHERE
were, as for the April case, located over the reliefs of the Massif Central area (Figure 4d).
The mean bias computed for the NMC area was equal to −0.73 mm (Table 3) and an
underestimation of −29 mm was recorded at the Chastreix RADOME station.

3.1.2. OPERA vs. RADOME

Figure 5 shows the precipitation accumulation estimated by the OPERA product for
the April and June cases, and absolute biases in precipitation accumulations between
OPERA and RADOME at each rain-gauge station.
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For the April case (Figure 5a), as in the RADOME observations, the precipitations
obtained with OPERA were mainly situated over the mountainous areas of the south of
France but the extension of the intense precipitation was more important than in RADOME
(Figure 2a), especially in the WMC area (Figure 2c). Table 2 shows that the maxima of
rain obtained for the different areas of interest with OPERA were higher than RADOME
(131.85 mm for WMC, 82.56 mm over SAL, 76.07 mm over the DUR, 199.62 mm over
CEV, and 63.41 mm over JUR). The positions of these maxima were less than 53.48 km
from the maximum values measured with the RADOME rain gauges for all the areas of
interest, except for the WMC area where the OPERA maximum was at 182.19 km (Table 2).
Regarding the median values obtained with OPERA for the precipitation accumulation, they
were higher than the RADOME ones for WMC, CEV, and JUR, whereas they were lower for
SAL and DUR. These trends are also shown in Figure 5c, since an intense underestimation



Atmosphere 2023, 14, 1726 14 of 36

and overestimation are visible, respectively, over the DUR and the JUR areas, especially
near the France–Germany border for the latter. Table 3 shows that the mean absolute biases
reach −9.13 mm for DUR, −3.70 mm for SAL, +6.51 mm for JUR, and +5.15 mm for CEV.
However, the mean absolute bias is only +1.09 mm for WMC.

For the June case, the precipitation event was localised on the same southwest–
northeast axis (Figure 5b) as in the RADOME observations (Figure 2b). However, the
area wetted by intense rain amounts (greater than 100 mm) is more extended than in the
RADOME observations. The maximum rain amount estimated by OPERA was equal to
293.23 mm over the NMC area (Table 2), which is two times higher than that observed
using rain gauges. Moreover, this maximum value was located at a distance of 71.81 km
from the RADOME one (Table 2). Figure 5d shows that the rain amounts were generally
overestimated by OPERA. Only a few stations randomly sparse over France presented
weak underestimations of rain amount in OPERA, as near the France–Spain border or over
the northern Alps. The bias at the Chastreix station was +14.7 mm and the average bias of
+14.13 mm recorded over the NMC area (Table 3) confirms the global overestimation trend.

3.1.3. PANTHERE and OPERA vs. RADOME

Over France, the rain amounts provided by both PANTHERE and OPERA radar
products were based on a quasi-identical radar network. These differences between the two
radar products could reside in the processing applied by Météo-France, for PANTHERE,
and by EUMETNET, for OPERA. The rain accumulated patterns were quite similar in
PANTHERE (Figure 4a,b) and OPERA (Figure 5a,b) for both cases, but there were few
differences locally.

In order to better quantify the differences in the rain estimates from both radar products
compared to the rain-gauge observations, Figure 6 presents the absolute biases obtained
using OPERA compared to those obtained using PANTHERE as a function of the RADOME
values for both cases (without distinguishing the areas defined in Figure 2c).
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Figure 6. Comparison of the biases obtained between both radar products (OPERA and PANTHERE)
and the RADOME rain-gauge network. Colours correspond to the accumulated precipitation values
observed by the RADOME rain gauges for both (a) the April and (b) the June cases. The grey dashed
line represents the 1:1 curve. The red dashed line corresponds to a specific situation defined in
the text.

Figure 6 shows that OPERA provided generally higher rain amounts than PANTHERE
for both cases. For the April case, both radar products tended to agree with the RADOME
observations when rain gauges captured rain amounts up to 20 mm but the main differ-
ences appeared when rain gauges captured rain amounts higher than 40 mm. In that case,
both radar products greatly underestimated (by more than −20 mm) the rain amounts. We
can also note that the observations of a few rain-gauge stations seem greatly underesti-
mated by OPERA, while PANTHERE provided rain values less underestimated or slightly
overestimated (dashed red line in Figure 6a). For the June case, Figure 6b shows that the
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absolute biases were between −20 mm and +20 mm with PANTHERE, whereas they were
between −20 mm and +40 mm with OPERA (compared with RADOME observations).

Moreover, Figures 4a,b and 5a,b, show that even though both radar products well-
detected the presence of precipitation over the reliefs of the south of France or over the north
of the Massif Central for the April or the June case, respectively (as in RADOME, Figure 2a),
a few major differences could be observed. Indeed, for the April case, the zone where
the rain accumulation was greater than 55 mm was more extended in OPERA (Figure 5a)
than in PANTHERE (Figure 4a), and OPERA recorded light precipitation accumulations
(<3 mm) in the north of France, whereas a larger no-precipitation zone was observed by
PANTHERE. For the June case, Figure 5b shows that the zone where the rain amounts were
greater than 100 mm was more extended in OPERA than in PANTHERE, explaining that
the important difference in the mean absolute bias calculated over the NMC was with the
two radar products (Table 3). Note that the field of the high accumulated rain amounts
at the surface seemed more discontinued in OPERA than in PANTHERE (e.g., over the
northeast of France in Figure 5b compared to Figure 4b), which was due to the different
spatial resolutions of the two radar products (see Table 1).

Focussing on the specific areas defined in Figure 2c for the April case, OPERA maxi-
mum estimates were higher than the PANTHERE ones for the WMC, DUR, CEV, and JUR
(Table 2). We can also note that even if the mean absolute biases were quite comparable for
WMC, SAL, and CEV in the PANTHERE and OPERA products, the trends were opposite
for two of them (Table 3). Moreover, the differences in the rain amounts estimated by both
radar products became more striking for DUR and JUR (see Table 3). Indeed, for these
specific areas, the median of the accumulated rain amounts was equal to 28.0 mm in PAN-
THERE and 16.11 mm in OPERA for DUR, while it was equal to 22.6 mm in PANTHERE
and 27.63 mm in OPERA for JUR. Figures 4a and 5a also show that the rain distributions
were quite different over these two specific areas for the April case.

In order to explain the main differences obtained in PANTHERE and OPERA over
the DUR and JUR areas for the April case, we compared the spatiotemporal evolution
of the precipitation fields, focussing on the zones watered by more than 2 mm of rain
over a 3 h period. Figures 7 and 8 present the results for the DUR (and SAL) and the JUR
areas, respectively.

Figure 7a–d shows that PANTHERE estimated important rain amounts over the
Alps (DUR area) during all of the 23 April 2022 in accordance with the RADOME rain
gauges, whereas the rain estimated with the OPERA radar product were insignificant.
This difference between the two radar products explains most of the diverging values
between OPERA and PANTHERE presented in Figure 6a (see the red dashed line). Figure 7
also presents the range of the different radars which were used either in the PANTHERE
product or in the OPERA product (also presented in Figure 1). Thus, over this specific
area, PANTHERE was constructed using the observations performed by several X-band
radars located in the Alps, whereas OPERA was not [28], leading to a loss of radar spatial
coverage and, therefore, a loss of the precipitation visibility over this region.

Over the JUR area, PANTHERE and OPERA presented different rain features for a
period of approximately 6 h on 24 April 2022 (Figure 8), causing an important overestima-
tion of the OPERA rain amounts (Table 3). As previously discussed for the DUR area, this
difference could also be due to the number and position of the radars used in the different
products. Indeed, in that case, two additional radars located close to the French–German–
Swiss border were considered in the OPERA product (Figure 1): the Feldberg radar in
southwestern Germany (47.87◦ N, 8.00◦ E) and the La Dôle radar in Switzerland (46.43◦ N,
6.10◦ E), which could influence the amounts of rain retrieved by the radar product over
this area.
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Figure 7. Temporal evolution of precipitation over DUR and SAL areas having more than 2 mm over
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Figure 8. Temporal evolution of precipitation over JUR area having more than 2 mm over a 3 h
period according to PANTHERE (blue) and OPERA (red) on 24 April 2022 from 9 to 12 UTC (a),
and 12 to 15 UTC (b). The circles present the range of the radars which were used in OPERA (black
dotted circles). The small filled black circle symbols represent the position of the rain gauges of the
RADOME network that also recorded more than 2 mm of rain over the same 3 h period.
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3.2. Rain-Gauge vs. Satellite Precipitation Products

In this section, we use the same methodology to compare the properties of rain
amounts given by the satellite products and RADOME rain-gauge observations. The
satellite precipitation products were divided into three categories: IR sensor-based products,
MW sensor-based products, and C/R-based products.

3.2.1. IR Sensor-Based Product

Two IR sensor-based satellite precipitation products were used in this study: PDIR and
GHE (see Section IR Sensor-Based Satellite Products). Figures 9 and 10 present the spatial
distribution of the accumulated rain amounts for both cases, estimated using PDIR and
GHE, respectively, as well as the results from the comparative analyses with the rain-gauge
observations (using the point–pixel method described in Section 2.2).
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For the April case, Figure 9a shows that the PDIR product had difficulties locating
the most intense rain amounts for the WMC area (i.e., more north than in the RADOME
observations) and estimating the rain amounts over the south of France, especially for
the CEV and SAL areas. For the June event (Figure 9b), the location of the watered area
was better represented. However, the rain amounts retrieved by the PDIR product were
seriously underestimated in that case. This was confirmed by the rain amounts given in
Table 2: the maxima of the accumulated rain amounts were lower than observed by the rain
gauges (by approx. 30% for the specific area defined over the south of France (Figure 2c)
for the April case and by approx. 44% for the June case). Moreover, Table 2 reveals the
important spatial error in the PDIR product because, for almost all the specific area, the rain
maxima were located far from (up to 239.07 km for WMC) their RADOME counterparts.
Figure 9c,d and Table 3 confirm the general underestimation of the rain amounts by the
PDIR product, since the absolute biases for both cases were negative locally and on average.
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Nevertheless, for the June event we can note that the PDIR rain amounts were slightly
overestimated over the northeast part of France (Figure 9d), which could reveal a too-
northerly trajectory of the precipitating system in PDIR. A strong underestimation was
observed by comparing the PDIR estimations to RADOME observations (Table 3).

Figure 10a shows the representation of the precipitation amounts estimated by GHE
during the April case. GHE tends to over-represent moderate to strong precipitation
patterns and these strong intensity watered areas were more extended to the north than
what RADOME observed. The highest precipitation amounts were observed over the
southeast of the country and especially over the southern parts of the Alps. Table 2 reveals
that all the estimated GHE maximums were larger than their RADOME counterparts over
the eastern parts of the country. For the south and southwest areas, the GHE maximums
tended to slightly underestimate the RADOME maximums (70.45 mm and 72.12 mm for
GHE vs. 75.9 mm and 85.1 mm for RADOME over the WMC and CEV areas, respectively).
However, the distance between the observed and estimated maximums was close to
100 km for the SAL, DUR, CEV, and JU areas, revealing that the GHE maximums tended
to be slightly shifted from the RADOME maximums. For every area of interest, the
GHE median values were greater than the RADOME ones (Table 3). This indicates that
the moderate-intensity precipitation patterns were more frequent with GHE than with
RADOME. The spatial bias distribution (Figure 10c) shows that GHE tended to overestimate
the precipitation amounts observed over the Mediterranean littoral and to the north of the
southern areas of interest (DUR, CEV, and WMC). Small areas of underestimation were
observed in the east and southern parts of the WMC area, where the RADOME maximum
was observed, but the trend shows a clear overestimation over every area of interest as seen
in Table 3.
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As for the June event (in Figure 10b), GHE estimated moderate-intensity precipitation
amounts from the NMC area to the French–Belgium border. The GHE moderate-intensity
estimations were more extended to the north than the RADOME observations, as seen
with the April case. However, we did not see high precipitation estimations with GHE
over NMC, unlike RADOME; for example, in Table 2 where GHE maximum was 83.68 mm
against 136.7 mm for RADOME. These two maximums were located at a distance of 9.44 km,
revealing that GHE tends to better localise the maximum during the June case than the
April case. The bias distribution reveals that the overestimation signal was present more to
the north of the observed location of the June case, while the position where the event took
place was underestimated by the RADOME estimations. This point is confirmed when we
look at the median of GHE estimations, which was 7 mm smaller than the median observed
over the NMC area and the mean bias of −12.86 mm over the area.

We can see that PDIR had difficulty in to correctly identifying the precipitation patterns
during the April case and for GHE to quantify the precipitation patterns over the east
parts of the country. In general, the satellite-based precipitation estimations differed from
the reference data (as in [64]) in low-intensity rainfall events (such as for our April case).
Note that the majority of the studies which have used PDIR have been conducted over
mountainous areas in lower latitudes, such as in California [64], Taïwan [65], Morocco [66],
or Turkey [67], compared to the higher latitudes of France. One hypothesis that partially
explains the north shift of both case studies’ estimations is the parallax effect. This effect
is caused by satellites with a high distance from the nadir, thus leading them to affect the
clouds located in higher latitudes from the nadir more, such as the case in observed over
Poland by using the Meteosat dataset [68]. The Meteosat dataset is included in PDIR and
GHE algorithms as one of the GEO satellites inputs. For GHE, the algorithm might have
observed the cold clouds present over France during the April event, which could explain
the overestimation over the region.

3.2.2. MW Sensor-Based Product

In this section, an analysis similar to Section 3.2.1 is performed, focussing on accu-
mulated rain amounts estimated via the MW sensor-based products described in Section
Microwave Sensor-Based and Blended Products. To achieve this, we differentiated the used
MW sensor-based products into three categories: the IMERG products (EARLY and LATE),
the CMORPH products (default and -RT), and the GSMaP products (-Now and -NRT,
either calibrated or not by rain gauges). Note that the Supplementary Material provides
comparisons of the rain estimates of the different products for each category.

IMERG Products

Figures 11a,b and 12a,b provide the rain accumulations estimated for our both case
studies by EARLY and LATE products, respectively. The rain distribution over France
was quite similar using either the EARLY or the LATE product for each of the case studies
(Figures 11a and 12a for the April case, and Figures 11b and 12b for the June case). Locally,
few differences appeared, such as precipitation fields that were more intense in EARLY than
in LATE over the northern Alps and the Cévennes for the April case, and the precipitating
band that seems more extended over the northeastern part of France in EARLY than in
LATE for the June case.
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For the April case (Figures 11a,c and 12a,c), the most intense rainfall was localised over
the same specific areas defined in Figure 2c. However, they seemed to be shifted compared
to the rain-gauge observations (Figure 2a). For example, the most precipitating cells were
located further south within the WMC area, whereas they were located further north within
the DUR and SAL areas. Moreover, important rain amounts (higher than 50 mm) were
also estimated over the northwestern part of France using both IMERG products, while the
rain gauges did not measure such quantities over this region. Tables 2 and 3 show that the
EARLY and LATE rain amounts were close to the RADOME observations for the WMC
but that they were slightly shifted spatially, since the rain maximum estimated for EARLY
and LATE was located at approx. 15 km to the observed one. Additionally, Figures 11c and
12c show that an underestimation by the IMERG products was present over the southern
part of WMC, whereas an overestimation was present over the northern part (this spatial
shift induces the quite low mean absolute biases obtained for this specific area; Table 3).
Nonetheless, the IMERG products can highly overestimate the rain amounts as for the
JUR area (where the mean absolute biases are +20.87 mm for EARLY and +24.69 mm for
LATE; see Table 3). In the opposite, EARLY and LATE can also produce important underes-
timations, such as for the SAL area (where the mean absolute biases reach −15.51 mm and
−14.99 mm, respectively). For this case, the IMERG products had difficulties in estimating
the rain amounts over the reliefs of the south of France, especially over the Alps (DUR and
SAL) and the Jura (JUR), but also along the Mediterranean coast.

For the June case (Figures 11b,d and 12b,d), the more important rain amounts are
mainly located over the NMC area as in RADOME observations but the maxima of rain
obtained by either EARLY or LATE are approx. 2 times higher than measured by the rain
gauges (the rain maximum was 136.7 mm in RADOME while it is equal to 223.86 mm and
211.99 mm for EARLY and LATE, respectively; see Table 2). These maxima are located at
approx. 70 km further east than the Chastreix station (where the RADOME maximum is
observed). Figures 11b and 12b also reveal moderate rain amounts over the northeastern
part of France (in the vicinity of the Belgium and Luxembourg borders) in both IMERG
products, which were not visible in the RADOME observations (Figure 2b), inducing
positive biases over this region (Figures 11d and 12d). As the most intense precipitation
amounts were estimated further east than observed, this entails an underestimation over
the western part of the NMC in both IMERG products (negative biases), whereas this was
the opposite in the eastern part (positive biases). Thus, the mean absolute biases (Table 3)
obtained for EARLY and LATE products were quite small for this specific area: −4.55 mm
and −0.58 mm, respectively.

The two IMERG products provide similar precipitation estimations for both case
studies. However, we can notice that LATE showed greater values of precipitation accu-
mulations than EARLY for both cases (see Table 3). Initially, in the study of O et al. [52]
over southeastern part of Austria, using the WegenerNet rain-gauge gridded dataset as a
reference, the authors found that the backward morphing scheme of IMERG-Late (V03)
had only little effects compared to the simple forward scheme of IMERG-Early (V03).
Furthermore, in their study they marked that EARLY and LATE tended to overestimate
low rain rates, such as is observed with the case study over the JUR area and, inversely,
that high-intensity precipitation amounts were underestimated by the IMERG family, as is
observed over the NMC area during the June case.

CMORPH Products

The precipitation accumulations estimated for both case studies by CMORPH-RT and
CMORPH are shown in Figures 13a,b and 14a,b (Table 1 resumes the products features).
The identification of the high-density precipitation patterns was similar for both products
for both case studies. The differences appear when we compare the “pixelated” aspect of
CMORPH-RT precipitation patterns (such as over the JUR area) to the smoother aspect
of CMORPH during the April case (Figures 13a and 14a, respectively). CMORPH-RT
identified more intense precipitation patterns over JUR, the north of the Alps and the
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southwestern parts of France than CMORPH for the April case. However, CMORPH-
RT estimated a less intense precipitation band for the June event than CMORPH (see
Figures 13b and 14b).
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precipitation amounts over the SAL and DUR areas were identified by both products,
revealing a northern spatial shift over the Alps. Table 2 confirms the shifted location of
the precipitation accumulation maximum of CMORPH-RT compared to the RADOME
counterparts. However, we can note that the CMORPH maximums were closer to RADOME
ones than CMORPH-RT, with the only exception being the JUR area. By looking at the
spatial bias distribution (Figures 13c and 14c), we can see a large underestimation trend
across the Southern parts of the country for both products, especially over the SAL, DUR,
and WMC. This trend is confirmed when we see the negative biases computed over these
areas (Table 3). However, over the JUR area, we can note that CMORPH-RT estimations
overestimated RADOME by +12.84 mm on average, while for CMORPH the average
difference was close to 0 mm.
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The June case (Figures 13b,d and 14b,d) was extended from the NMC area to the
northeast of the country for both products. The main difference was in the quantification
of the event, as CMORPH-RT estimated a small area of moderate precipitation intensity
(less than 60 mm), while CMORPH estimated higher precipitation amounts closer to the
RADOME observations. As seen in Table 2, the maximum estimated by CMORPH-RT
was around 2 times lower than the RADOME maximum over NMC, whereas CMORPH
had a similar maximum compared to the RADOME counterpart. However, this CMORPH
maximum was located 83.22 km to the east of the Chastreix station against the 46.20 km
separating Chastreix to the CMORPH-RT maximum. In Figure 13d and Table 3, we can see
the strong underestimation trend observed with CMORPH-RT over the NMC and France.
In contrast, CMORPH (Figure 14d) overestimated at locations around the centre of the
NMC area, leading to a slight positive bias on average (+1.25 mm).

The rainfall patterns estimated by the two CMORPH versions present some differences
at the local scale. CMORPH-RT estimations were highly heterogeneous in some areas such
as JUR during the April event. CMORPH-RT is a real-time product and has to wait for
the next PMW estimation from the satellite flyby to update its estimations [47]. Moreover,
CMORPH-RT applied only a forward propagation at the time of the precipitation fields
once estimated by PMW satellites without modifying the intensity or the shape [47]. The
strong underestimation experienced by CMORPH-RT can be attributed to the CMORPH-RT
simple-shot. The June case was convective and thus contained a rainfall regime with a
rapidly changing structure, which may have been missed by CMORPH-RT, as it had to
‘wait’ for the next PMW sensor estimation. Despite finding negative biases over the areas
of interest with both products, the spatial representation of both cases by CMORPH were
closer to the RADOME observation than CMORPH-RT. CMORPH represented both case
studies with a smoother appearance due to its morphing algorithm (see Section 2.1.3).
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GSMaP Products

The rain accumulations estimated for both April and June case studies are presented in
Figure 15a,b for GSMaP-Now, Figure 16a,b for GSMaP-Now-GC, Figure 17a,b for GSMaP-
NRT, and Figure 18a,b for GSMaP-NRT-GC (the details of GSMaP family products are
presented in Table 1 and Section Microwave Sensor-Based and Blended Products). The
differences between GSMaP-Now and GSMaP-Now-GC (Figures 15a and 16a for April and
Figures 15b and 16b for June) were mainly limited to the intensity of the events regionally.
A similar statement can be made about the differences noted between GSMaP-NRT and
GSMaP-NRT-GC for both case studies (Figures 17a and 18a for April and Figures 17b and
18b for June). The distribution of the absolute bias of GSMaP-Now products and GSMaP-
NRT products is represented in Figures 15c,d and 16c,d; and 17c,d and 18c,d, respectively.
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For GSMaP-Now products during the April case (Figures 15a,c and 16a,c), the most
intense precipitation pattern was located over the west border of the WMC area. An-
other area of high-intensity precipitation pattern was located in the north of the Alps,
whereas moderate-intensity precipitation amounts (between 15 to 30 mm) were observed
by RADOME. Both these high-intensity precipitation patterns have a westerly shift (for the
WMC area) and a northerly shift (for the Alps) compared to the RADOME observations
(Figure 2a). For every area, the distance from both GSMaP-Now products’ maximums
to RADOME maximums were identical, regardless of the effect of the gauge adjustment
(Table 2). Furthermore, it is important to note that the minimal distance separating both
maximums was approx. 80 km, marking the difficulty of both GSMaP-Now products to
correctly identify the location of each maximum. By looking at the distribution of absolute
biases (Figures 15c and 16c), we can see that a large area of underestimation extended from
the south of the Alps westward to the eastern part of the WMC area.
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We can see the first overestimation pattern was identified in the north of the Alps con-
firming a northern shift in the high-intensity precipitation amounts observed by RADOME
over the South Alps areas. A second overestimation signal was present in the west of the
WMC area, confirming a western shift of the high precipitation amounts observed over the
WMC area. This leaves a general underestimation trend for both GSMaP-Now products
over the study areas (ranging from −3.69 mm over the WMC to −21.05 mm over SAL
on average for GSMaP-Now and from −5.54 mm over JUR to −24.44 mm over SAL on
average for GSMaP-Now-GC).

As for the June event (Figures 15b,d and 16b,d), GSMaP-Now and GSMaP-Now-GC
reproduces the high-intensity rainfall patterns close to the borders with Belgium and Ger-
many (Figures 15b and 16b). We can observe low-intensity precipitation amounts and
low maximums for both products over the NMC area (82.83 mm for GSMaP-Now and
82.43 mm for GSMaP-Now-GC against 136.7 mm for RADOME; Table 2). Both products’
maximums were separated to the same distance of 126.89 km from the Chastreix station.
These most-intense precipitation amounts estimated in northeast France showed a strong
overestimation mark, while within the NMC both GSMaP-Now showed strong underesti-
mation signals (Figures 15d and 16d). The quantification of these biases shows a negative
−19.63 mm for GSMaP-Now and −20.57 mm for GSMaP-Now-GC, on average, over the
NMC area (Table 3).

The distribution of GSMaP-NRT and GSMaP-NRT-GC estimations (Figures 17a and 18a)
showed moderate- to high-intensity precipitation amounts over every area of interest close to
the RADOME observations. At the local scale, the highest precipitation amount was located
over the Alps, especially over the DUR and SAL area with maximums reaching 85.73 mm for
GSMaP-NRT and 84.53 mm for GSMaP-NRT-GC (Table 2). Furthermore, we can see that the
distance separating both GSMaP-NRT versions’ maximums from the RADOME counterpart
is identical (Table 2). However, both products had difficulties in correctly localising the
RADOME maximum during the April case, as these distances were varied from 57.61 km
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within the DUR area to 132.31 km within the WMC area. The high precipitation amounts
over the WMC were shifted to the west. Despite a good representation of the rain patterns,
the medians of both GSMaP-NRT estimations over the areas of interest were mainly lower
than the RADOME median (Table 3). As seen in Figures 17c and 18c, the spatial distribution
of the absolute bias between the estimations of both versions of GSMaP-NRT and the
RADOME observations shows strong underestimation signals across the south of France.
These negative biases ranged from −3.72 mm over JUR to −14.06 mm over SAL for
GSMaP-NRT and from −6.51 mm over CEV to −16.78 mm over GSMaP-NRT-GC. Only
GSMaP-NRT-GC had a small area of overestimation located over the JUR area (+3.84 mm
in average).

For the June case (Figures 17b and 18b), the precipitation pattern estimated by both
GSMaP-NRT products extended from the NMC area to the border with Germany, agree-
ing with the RADOME observations. The intensity of the precipitation pattern over the
NMC area indicates that GSMaP-NRT products estimated moderate- and low-intensity
precipitation amounts (approx. 80 mm for GSMaP-NRT and approx. 50 mm for GSMaP-
NRT-GC). In fact, Table 2 reveals that the maximum within NMC area was evaluated to
be 83.97 mm with GSMaP-NRT and 51.15 mm with GSMaP-NRT-GC, much lower than
the RADOME maximum (136.70 mm). Both maximums were located at a distance of
77.85 km from the northeast of the Chastreix station where the RADOME maximum is
recorded. By looking at the spatial distribution of the absolute biases for both GSMaP-NRT
versions (Figures 17d and 18d), we can see a strong underestimation signal, which is more
defined with GSMaP-NRT-GC. This is confirmed as the precipitation estimation median
inside the NMC was lower than RADOME (26.02 mm for GSMaP-NRT and 15.85 mm for
GSMaP-NRT-GC against 35.7 mm for RADOME; Table 3) and quantified at −15.73 mm for
GSMaP-NRT and −26.17 mm for GSMaP-NRT-GC.

These results show that GSMaP-Now and its gauge-adjusted version did not correctly
identify the position of both the case studies, unlike GSMaP-NRT which identified the
precipitation fields observed by RADOME. GSMaP-Now showed underestimation signals
compared to the rain-gauge reference, which tended to be reduced with the gauge ad-
justment. In contrast, GSMaP-NRT identified the precipitation events, and the distance
between the GSMaP-NRT (and GSMaP-NRT-GC) and RADOME maximums were smaller
than the one found with the GSMaP-Now products. Both GSMaP-Now and GSMaP-NRT
products presented small differences compared to their respective gauge-adjusted versions
but these differences were not uniform and varied at the local scale (e.g., the decrease in
estimated values from GSMaP-NRT to GSMaP-NRT-GC during the April case; Table 3).
With the 8th version of GSMaP, Ramadhan et al. [51] concluded that the performance of
both GSMaP-Now products is poorer than the performance of GSMaP-NRT, and that this
can be associated with a more complete satellite coverage and merging method.

3.2.3. C/N-Based Product

Figure 19a,b presents the precipitation amounts estimated by DATABOURG during
both the April and June case studies. The DATABOURG product uses an innovative method
to estimate and process precipitation at high spatial and temporal resolutions as described
in Section 2.1.3. No similar observations–estimations comparison at this spatial scale has
been conducted by using DATABOURG estimations but it has been previously found that
the dataset is closer to rain-gauge observations than the estimations of the German DWD
radars of Neuheilenbach [22].
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For the April case (Figure 19a,c), DATABOURG estimated moderate- to high-intensity
precipitation amounts over the south of France, most notably over the WMC, SAL, and
CEV areas. The locations of the precipitation patterns agree well with the observations
made by RADOME (Figure 2a). Moreover, the distance between the maximum estimated
by DATABOURG and the maximum observed by RADOME was less than 20 km for the
WMC, DUR, and CEV areas (Table 2). However, the DATABOURG maximums were lower
than the RADOME maximums by more than 20 mm (Table 2). An exception concerns the
DATABOURG maximum over the JUR area being close to the observation but this was
located 108.96 km away from its RADOME counterpart. In Figure 19c, we can identify an
area of underestimation across the eastern part of the WMC area and the areas located in
the east of the country. Over the northeastern part of the CEV area, a local overestimation
area was detected, corresponding to the highest-intensity precipitation amounts estimated
by DATABOURG. The medians of the DATABOURG estimations inside each area of
interest (Table 3) were lower than the medians of the RADOME observations by less than
7 mm, confirming the underestimation observed previously. The mean absolute biases
(Table 3) confirm the presence of a slight underestimation over the study areas (ranging
from −3.11 mm over CEV to −6.83 mm over the WMC area).

The DATABOURG estimations for the June case (Figure 19b) reveal an area of high-
intensity precipitation amounts (more than 110 mm) extending from Central to northeast
NMC area. A larger moderate-intensity precipitation amount (more than 60 mm) sur-
rounded the latter in a southwest–northeast axis, matching the RADOME observation,
although these areas were more extensive than their RADOME counterparts. The dif-
ference appeared in the extent of the high-intensity precipitation pattern estimated by
DATABOURG, as the distance separating the DATABOURG maximum and the RADOME
maximum was 157.18 km (Table 2) further to the northeast, despite having a very close
maximum to the observation. In Figure 19d, we can see the large overestimation pattern
linked to the extent of high-intensity rainfall estimations from the DATABOURG compared
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to RADOME observations. Over the NMC, the median of the accumulated precipitation
estimated by DATABOURG was more than 14 mm over the one computed by RADOME
(Table 3). This overestimation pattern was +8.94 mm, on average, over the NMC.

4. Discussion

In this study, multiple radar and satellite precipitation products with different spatial
and temporal characteristics were compared to a rain-gauge network (RADOME) over
mainland France during two rainfall case studies over 3- and 4-day periods. Every area of
interest studied concerned mountainous regions of the south and the east of France, such as
the French Alps (the SAL and DUR areas), the Jura (the JUR area), and the Massif Central
(the CEV, WMC, and NMC areas) massifs. Hence, the study was conducted over complex
topography. The precipitation products were compared using the point-to-pixel method,
which provided absolute bias between the product’s estimations and observations from
the rain-gauge network RADOME. Figure 20 represents the distributions of the absolute
bias computed for each product against the rain-gauge observations for every specific area
of interest.
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Figure 20. Distribution of the absolute biases computed at the stations by using the point-to-pixel
method inside the specific areas presented in Figure 2c for the April (a–e) and June cases (f). The
corresponding areas are as follows: WMC (a), SAL (b), DUR (c), CEV (d), JUR (e), and NMC (f). The
boxes correspond to the interquartile range of the absolute bias distribution, with the lower and
upper end of the boxes being, respectively, the 1st and 3rd quartiles of the distribution. The orange
lines are the medians of the distributions. The whiskers go to the last value point within 1.5 times
the interquartile range. Outliers are identified with a small circle. The solid red line represents the
equation y = 0.

Concerning the ground-based radar estimations, the results show that both PAN-
THERE and OPERA provided a good spatial representation of the events and PANTHERE
had the lowest biases regardless of the case studies. Figure 20 shows that the median
of the absolute biases was very small (close to 0 mm) over the different areas of interest,
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confirming the performance of the product seen in Section 3.1.2. Figure 20 also shows
the tendency of OPERA to slightly overestimate the precipitation amounts compared to
RADOME, with notable exceptions over the areas within the Alps where a slight under-
estimation was recorded as seen in Section 3.1.3. This underestimation experienced by
OPERA over the Alps area can be attributed to the lack of radar coverage in this specific
area. Due to differences in sampling volume, it was possible to find biases between radar
and rain gauge in one direction or the other. For example, Schleiss et al. [69] found a
underestimation of radar data compared to rain gauge of 10% in a study over northern
Europe. Di Curzio et al. [70] also found a general underestimation in Abruzzo and Marsica
regions in Italy. In contrast, the overestimation signal estimated over the JUR area tended
to be linked with the contribution of the German radars. The strongest differences experi-
enced by both products were observed over the mountainous areas of the south of France,
revealing the difficulties for radar products to correctly estimate precipitation over area
with complex topography. The OPERA overestimation trend was also observed during the
June case.

As for the satellite-based products, we can see in Figure 20 that they generally tend
to underestimate precipitations amounts. This type of event was not well represented
by PDIR, which can be explained because IR-based products tend to fail to correctly
estimate low-intensity rainfall and orographic events [12]. GHE tends to overestimate the
precipitation over multiple areas, which could be explained because of the fixed algorithm,
based on brightness temperature, to retrieve rain amounts (Section 2.1.3). Both IMERG
products showed similar results and, thus, showed the small effects of the forward and
backward morphing of LATE (see Section 3.2.2). Figure 20 shows that the bias distributions
of LATE were larger than EARLY in most of the areas of interest. This could indicate that
the dispersion of the absolute bias values was greater with LATE than EARLY. Hence,
in our case, EARLY showed better results despite being the IMERG product with the
shortest latency. For the CMORPH family, the results were similar in the identification
of both events; however, the quantification of the precipitation amounts revealed some
differences locally (CMORPH-RT close to the JUR area during the April case; Section 3.2.2).
Figure 20 shows that CMORPH tends to have more absolute biases close to 0 mm than
CMORPH-RT, meaning that CMORPH estimations are closer to RADOME observations
than CMORPH-RT. Figure 20 also shows that GSMaP-NRT products tend to have smaller
absolute bias distributions and are more centred around 0 mm, supporting the results
seen in Section 3.2.2. The GSMaP family products tend to underestimate the precipitation
amounts compared to the RADOME observations, as well as for the rest of the MW-based
precipitation products. Finally, the DATABOURG product shows relatively small bias
distributions near 0 mm but a notable underestimation of the April case, while the June
case was marked by an overestimation signal.

In our case, both radars products showed good performances over France. For the
satellite-based products, DATABOURG shows promising results while CMORPH and both
IMERG products correctly identified both events. However, GSMaP-Now products and
PDIR estimations tend to show poorer results. With the difficulty for PDIR to correctly
identify and quantify the precipitation amounts on both events, this study confirms that
products with finer spatial resolution do not always produce better representations of
precipitation events, as found in the work of Llauca et al. [62]. This study also shows that
all precipitation products tend to have difficulty in correctly estimating stratiform and light
precipitation events over areas with high topography (e.g., [71]), such as in the case of the
April case study. Topography has an important role in the contribution of precipitation on
high mountainous areas, which are of particular interest for global climate projections [72].

5. Conclusions and Perspectives

In this article we presented a detailed analysis of the different precipitation products
currently available (satellite and radar), through two case studies in which we quantified
and analysed the differences in rainfall observations. The products have different spatiotem-
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poral characteristics and processing methods for assessing the retrieval of ground-radar
reflectivity or brightness temperature to obtain rain-rate estimations

First, we present comparisons between radar products against the rain-gauge network
over France. Both PANTHERE and OPERA show very satisfying performances over France,
with PANTHERE having the lowest biases on average over France for both case studies.
The main differences are observed over the complex topography of the south of France,
where the highest precipitation amounts are observed. OPERA does not include the X-band
radar over the Alps, leading to an underestimation over the area. The presence of the
Swiss and German radars near the border influences the estimation of the precipitation
around the Jura area by OPERA. Finally, OPERA estimated higher precipitation amounts
than the observed values for both case studies. Nevertheless, the high spatiotemporal and
very-short-latency characteristics of both products remain very interesting for nowcasting
applications over France, for example.

Then, we compare the behaviour of 11 satellite precipitation products against the
observations made by RADOME over France during the two case studies. With the sole
exception of DATABOURG, we should remind you that the satellite-based products have
the benefits of covering a wide portion of the Earth’s surface. In our case, these satellite
products have the benefits of a near-real-time latency and showing good representation
of high-intensity precipitation events, such as the June case. The main conclusions are
as follows:

• PDIR and GHE found difficulty in identifying the position of the April event but
correctly detected the June event. The IR-based technique might be well adapted for
these more convective conditions with high spatial (4 × 4 km2) and temporal (15 min
to 1 h) resolutions with relatively short latency (minutes to hours);

• Short-latency (real-time) MW-based products tend to produce worse representations of
the precipitation cases such as CMORPH-RT and GSMaP-Now products. GSMaP-Now
products had difficulty in representing the event but the quantification was coherent
with the RADOME observations;

• In comparison, GSMaP-NRT performed better than GSMaP-Now in the detection of
the event, especially in the identification of the June event;

• A similar statement can be made about the reprocessed CMORPH version compared
to the heterogeneity in precipitation amounts’ quantification by CMORPH-RT. The
morphing method allowed for a better representation and quantification of both
case studies;

• The gauge-adjustment effectuated for the GSMaP-Now-GC and GSMaP-NRT-GC did
not show a significant improvement in the quantification of both events;

• IMERG-Early and IMERG-Late showed a trend to slightly overestimate the presence
of rain, as shown by the overestimation recorded at low-rain-amount areas. They
also tend to underestimate high rain-rate values but they well represented both case
studies over the south regions of France;

• The reprocessing applied to IMERG-Late does not improve the estimations compared
to IMERG-Early;

• CMORPH-RT showed traces of raw LEO satellite observation swaths over parts of the
country. This was traduced by strong differences at the very-local scale, over the JUR
area for example. CMORPH-RT showed low bias medians but CMORPH was better
at the spatial representation of both events;

• Despite slightly overestimating during the June event, DATABOURG showed promis-
ing results with low biases for both cases with the highest spatiotemporal resolution
(1 km2 and 5 min).

PANTHERE gives closer results to rain gauges than OPERA for radar precipitation
product, DATABOURG shows the most promising results with low biases over parts of
France, and this dataset can be used for nowcasting applications. Additionally, CMORPH,
both IMERG products and both GSMaP-NRT products, showed really good representation
of both events. The short-latency products (PDIR, GHE, CMORPH-RT, and GSMaP-Now
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products) showed poorer results but can be used to monitor fast-moving precipitation
events. Ideas to combine the high spatiotemporal resolution characteristics of IR-based
products and the higher precision of MW-based products can be explored further. It
is worth noting that the differences between the products of the same family (IMERG,
GSMaP-Now, GSMaP-NRT, and CMORPH) were not so marked. From the results shown,
we can conclude that it is not essential to wait for the product with the highest latency for a
nowcasting application. However, further studies over a longer period of time are advised.

Regarding perspectives for this study, other more-adapted spatialized metrics should
be exploited in order to better quantify the representation of rain events, such as the use of
the Probability of Detection, the False Alarm Ratio, or the Critical Success Index. This study
can also be performed by using other methods of comparison such as the pixel-to-pixel
method by interpolating the observed rain rates to a gridded dataset or by using Kriging
methods. But this work must be conducted after a careful reflection on the remapping or
interpolation method used to obtain the identical grid for all products. Further studies
are also encouraged to conduct over a longer study period, over more case studies, or
even over other study areas in order to test the robustness of the conclusion’s made on the
performance of satellite precipitation products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14121726/s1, Figures S1–S6 represents the local differences
in the rain amounts and distributions obtained with IMERG-Early and IMERG-Late (Figure S1),
CMORPH-RT and CMORPH (Figure S2), GSMaP-Now and GSMaP-Now-GC (Figure S3), GSMaP-
NRT and GSMaP-NRT-GC (Figure S4), GSMaP-Now and GSMaP-NRT (Figure S5) and GSMaP-Now-
GC and GSMaP-NRT-GC (Figure S6).
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GHE Global Hydro Estimator
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HE Hydro Estimator
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IPCC Intergovernmental Panel on Climate Change
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JUR Jura
LEO Low Earth Orbit
MW MicroWave
NASA National Aeronautics and Space Administration
NESDIS National Environmental Satellite, Data and Information Service
NMC Northern Massif Central
NOAA National Oceanic and Atmospheric Administration
NRT Near Real Time
OPERA Operational Program for Exchange of weather RAdar

PANTHERE
Projet ARAMIS Nouvelles Technologies en Hydrométéorologie Extension
et REnouvellement

PCCS PERSIANN Cloud Classification System
PCDR PERSIANN Climate Data Record
PDIR PERSIANN Dynamic Infrared Rain Rate

PERSIANN
Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Network

PMW Passive MicroWave
R Rain rate
RADOME Réseau d’Acquisition de Données et d’Observation Météorologiques Etendues
RT Real Time
SAL Southern Alps
VPR Vertical Profile of Reflectivity
WMC Western Massif Central
Z Reflectivity
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