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A 24-hour heavy rainfall event occurred in northeastern France from November 3 to 4, 2014. The accuracy of the quantitative
precipitation estimation (QPE) by PANTHERE and ANTILOPE radar-based gridded products during this particular event, is
examined at both mesoscale and local scale, in comparison with two reference rain-gauge networks. Mesoscale accuracy was
assessed for the total rainfall accumulated during the 24-hour event, using the Météo France operational rain-gauge network.
Local scale accuracy was assessed for both total event rainfall and hourly rainfall accumulations, using the recently developed
HydraVitis high-resolution rain gauge network Evaluation shows that (1) PANTHERE radar-based QPE underestimates rainfall
fields at mesoscale and local scale; (2) both PANTHERE and ANTILOPE successfully reproduced the spatial variability of rainfall
at local scale; (3) PANTHERE underestimates can be significantly improved at local scale by merging these data with rain gauge
data interpolation (i.e., ANTILOPE). This study provides a preliminary evaluation of radar-based QPE at local scale, suggesting
that merged products are invaluable for applications at very high resolution. The results obtained underline the importance of
using high-density rain-gauge networks to obtain information at high spatial and temporal resolution, for better understanding of
local rainfall variation, to calibrate remotely sensed rainfall products.

1. Introduction

Accurate Quantitative Precipitation Estimation (QPE) is
necessary at various spatial and temporal scales [1, 2]. Heavy
rainfall events are expected to increase during the twenty-
first century [3]. Better monitoring and prediction of such
events and their consequences are of primary importance for
hydrology (the hydrological rainfall-runoft relationship dur-
ing flash floods [4-8]), particularly in mountainous regions
[9,10], for sustainable agriculture [11], and for urban planning
[12-16]. National meteorological networks are generally not
dense enough to fully document local scale rainfall estimates.

New-generation high-resolution weather radar systems
offer opportunities to detect heavy rainfall events with
applications for many domains, such as nowcasting, climatol-
ogy, hydrology, and agriculture [17]. During the last decade,
various countries have deployed a number of major techno-
logical evolutions (e.g., Doppler and dual-polarization), in
addition to the densification of their radar networks (e.g.,
ARAMIS in France or NEXRAD in the USA). All radar-
based rainfall estimates share the same basic physical prin-
ciples (see pioneering work by Marshall et al. in 1947 [18]),
thus requiring correction and calibration, which remains
a challenging issue [19, 20]. Rainfall rate (R) is estimated



using the conventional Z-R relationship. The coefficients of
the Z-R relationship [18, 21-24] are related to the drop-size
distribution (DSD).

Despite the use of the dual-polarization technique, signal
attenuation during heavy rainfall may induce underestima-
tion, especially for X- and C-band radar, the radars most fre-
quently used in France [25, 26]. To prevent excessive underes-
timation, it is necessary to integrate rain gauge measurements
for attenuation correction and empirical adjustment [17, 27—
30].

The potential value of new-generation high-resolution
weather radar systems for QPE has been evaluated and used
in recent studies [2, 31-34]. Despite encouraging results
for rainfall estimation and its application at mesoscale (10-
500 km [35]), the quality of radar rainfall estimates may vary
greatly, in relation to (1) the coefficient applied for atten-
uation correction, that is, calibration of the changing Z-R
relationship; (2) the location and size of heavy rainfall events;
(3) the density of the rain gauge network used to compute
the single-bias adjustment factor and to generate products
merging radar rainfall with interpolated rain gauge data.
With regard to attenuation correction, a new polarimetric
processing chain provides improved rainfall estimates (e.g.,
[32]).

Rainfall event characteristics and network density must
both be taken into account in rainfall estimates [36]. The
location and size of rainfall events at mesoscale, together with
bias adjustment factors and merged product construction, are
usually based on data from mesoscale national rain gauge
networks. Radar-based QPE has generally been evaluated
using networks of similar density (e.g., [34, 37]), but few
robust estimates exist at local scale (0.1 m-50 km [35]). Rain
gauges are generally not deployed in sufficient density on
hilly terrain or in remote locations. The HydraVitis rain
gauge network, recently installed in Burgundy, northeastern
France (45 rain gauges over 28 km? [38]), was designed to
capture the spatiotemporal variability of rainfall, particularly
the contrasted patterns that may arise at local scale over a
complex terrain during heavy rainfall episodes. The density
of the HydraVitis network thus provides the opportunity to
assess the capability of radar products to document a heavy
rainfall event at local scale [39]. In this study, HydraVitis is
therefore taken as reference for the capture of rainfall at local
scale.

The main aim is to assess the quality of QPE in PAN-
THERE and ANTILOPE radar-based products, during a
heavy rainfall event. First, total rainfall for the 24-hour event
was assessed at both mesoscale and local scale. The second
analysis focuses on hourly, local scale rainfall patterns.

In the following sections, the heavy rainfall event occur-
ring on November 3 to 4, 2014, is presented, and the two
reference rain gauge network datasets (Météo France and
HydraVitis) are described. The main characteristics of the
radar products are explained, as is the method for comparing
point and gridded products. Finally, the ability of radar
products to capture the spatiotemporal variability of the
rainfall event is evaluated.
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2. The Study Event and the Reference Rain
Gauge Networks Specifications

This case study is a 24-hour rainfall event, from 9.00 pm on
November 3 to 8.00 pm on November 4, 2014. An unstable
rainy disturbance was moving slowly southeastward across
France, generating strong rainfall accumulations along axis
oriented SSW/NNE [40]. Rainfall data for this event were
collected at both mesoscale (150 km radius) and local scale
(28 km?). The interest of this particular event is that the rainy
front presented both stratiform and convective particularities
[40]. This exceptional event generated the equivalent of a
month of rainfall in 24 hours, with accumulations ranging
from 70 to 110 mm [41]. Many floods resulted from this event
and a state of natural disaster was recognized for 40 towns
in the Sadne-et-Loire administrative area (“departement” in
French).

The event of November 3 to 4, 2014, is an interesting case
study for high-resolution radar product evaluation because
of (1) its nature (both stratiform and convective), making
adjustment of the Z-R relationship challenging; (2) its strong
accumulations, which may attenuate the beam; (3) its local
spatial variability, which cannot be captured by the low-
density national rain gauge network; and (4) its consequences
for hydrometeorological, urban, and agricultural questions.

To analyze this event, two rain gauge networks are used.
The first is a subset of the national Météo France network,
an operational network composed of SPIEA direct reading
and automatic tipping-bucket rain gauges. We extracted data
collected by 122 Météo France stations, located up to 150 km
away from the centroid of the HydraVitis network, to form
the subset used in this study, the Météo France rain gauge
network (MFRN; Figure 1(a)). The average distance from an
MEFRN gauge to its nearest neighbor is 14.4 km. One of these
rain gauges is located within the study area covered by the
high-resolution HydraVitis network.

The second network, HydraVitis, is composed of 45
tipping-bucket rain gauges (RAINEW 111, RainWise® Inc.),
covering an area of 28 km? (Figure 1(b)). Based on Humphrey
et al. [42], rain gauge average measurement error ranged
from 0.6% to 4.2%, from the lowest (2mm) to the highest
(200 mm) rainfall intensity [38].

The gauge implementation was based on Météo France
recommendations, deployed at a minimum distance of four
times the height of the nearest obstacle. Each gauge was
linked to a Hobo Pendant UA-002-64 event temperature
logger (Onset® Corp.). This device records rainfall data every
second, with a 0.258 mm resolution. In order to evaluate
measurement uncertainty, four gauges were deployed in pairs
less than three meters apart. Network implementation and
control are detailed in Pauthier et al. [38]. The average
distance to the nearest neighboring gauge is 512 m. Figure 2
indicates the main exposure and slope of the study area and
the distribution of rain gauge exposure and slope, showing
that the HydraVitis rain gauges cover the main terrain features
of the study area. Hourly rainfall amounts were calculated
for each rain gauge, as density of the HydraVitis network
corresponds to the density recommended in Villarini et al.
in 2008 [39].
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FIGURE 1: The mesoscale and local scale rain gauge network. (a) The star indicates the radar position. Small circles indicate the location of
MEFRN rain gauges located less than 150 km from the radar. The square indicates the position of the HydraVitis network. (b) White circles
indicate the location of the rain gauges providing the HydraVitis data used in this study. The bold gridlines show the boundaries of the 1km?
radar pixels in which a rain gauge was available for comparison.
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FIGURE 2: (a) Field slope exposure (grey surface) and rain gauge exposure (dark grey points). (b) Slope distribution over the study area. The
black zone represents the distribution of HydraVitis rain gauges in relation to topography. The grey zone represents slope distribution for
50m DTM.



3. Radar-Based Products:
PANTHERE and ANTILOPE

Two main products derived from weather radar systems are
available in France for the monitoring and estimation of
rainfall events. The PANTHERE product includes several
postprocessing steps aimed at correcting for ground clutter,
partial beam blocking, Vertical Profile of Reflectivity (VPR)
effects, and synchronisation of radar measurements (see [37]
for a full description of the radar processing procedure). In
this study, PANTHERE was applied to data collected by the
closest radar system, located 31km north of the HydraVitis
network (Figure 1(a), Blaisy-Haut, 47.355278°N 4.775833°E).
This radar is equipped with a dual-polarized C-band antenna.
Over the study area, the radar signal benefits from low
beam blocking at 0.5° (the maximum beam blockage is
systematically under 5%).

The PANTHERE product has a 1km? resolution and is
computed to provide 5-minute time step rainfall fields. In this
study, PANTHERE data were aggregated with an hourly time
step.

In order to overcome any difficulty in inferring realistic
rainfall amounts, particularly in convective situations, a com-
posite product merging radar-based and rain gauge rainfall
is also available. It adjusts PANTHERE estimates by means of
post hoc integration of kriged data from the Météo France rain
gauge network. This corrected product, recently developed by
Meétéo France, is called ANTILOPE [43, 44]. The ANTILOPE
data are available at the same time step and spatial resolution
as PANTHERE and were also aggregated at an hourly time
step in this study.

4. Method for Comparing Networks and
Gridded Products

The PANTHERE and ANTILOPE radar products (pixel
grids) were compared with the MFRN and HydraVitis
rain gauge networks (points) at two different scales. For
mesoscale comparison, the 122 MFRN 24-hour cumulated
rainfall measurement points were individually compared to
the relevant PANTHERE QPE grid-pixel (Figure 1(a)). As
ANTILOPE is partly composed of spatialized MFRN data,
this comparison was only conducted on the PANTHERE data
to avoid interdataset dependency.

Local scale comparison was based on HydraVitis data.
Only one rain gauge measurement point was used for a
given grid-pixel; the nearest rain gauge to the pixel center
was systematically selected. Data from 21 rain gauges were
therefore compared with 21 grid-pixels from each radar
product, at an hourly time step (Figure 1(b)).

5. Results

5.1. Whole Event Rainfall Analysis. Figure 3(a) shows the
radar-based 24-hour cumulated PANTHERE QPE (from
Nov. 3 at 21:00 to Nov. 4 at 20:00, covering the whole event).
The radar-based QPE exhibits a SSW/NNE elongated pattern
where precipitation reached up to 85.2mm in 24 hours,
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according to PANTHERE data. Rain gauges at mesoscale
are collected up to 129.6 mm, which is significantly higher
than the maximum value registered by PANTHERE product.
Radar-derived rainfall is underestimated (Figure 3(b)), espe-
cially in zones where cumulated rainfall was close to the max-
imum value (Figure 3(a)). Previous works [45] indicate that as
distance increases, radar-based QPE increasingly underesti-
mates high values. In this case, distance from the radar did not
strongly affect PANTHERE QPE (i.e., notable underestimates
are found at both 30 km and 150 km from the radar). These
underestimates may be attributed to greater attenuation of
the radar signal with more intense precipitation. Indeed,
Figure 3(a) shows that the strongest precipitation coincides
with the greatest underestimation. Red dots in Figure 3(b) are
the rain gauges located where the radar beam encountered the
greatest cumulated quantities of rainfall between radar and
rain gauge. For these rain gauges, QPE values are often largely
underestimated (up to 51.5mm). Such attenuation effects
have frequently been reported in the literature [17, 27, 46] and
have previously been noted as a limitation of the PANTHERE
algorithm.

Atlocal scale, PANTHERE systematically underestimates
rainfall (Figures 3(c) and 3(d)). Underestimations are homo-
geneous around the mean bias value (31.2 mm). The Nash cri-
terion (—20.7) confirms this mismatch. The spatial structure
of the rainfall is adequately captured by this radar product
(Figure 3(d)). The rain gauges receiving the highest amounts
of rainfall are located in the grid-pixels with maximum
PANTHERE QPE (Pearson correlation coefficient = 0.73).

ANTILOPE, a product merging spatial interpolation of
M¢étéo France rain gauge data with radar-based rainfall data,
shows better QPE. It only slightly underestimates rainfall
(mean bias = —-3.2), as captured by HydraVitis rain gauges
(Figures 3(e) and 3(f)). Furthermore, ANTILOPE depicts the
rainfall field rather successfully at local scale, as supported
by the Pearson correlation (0.72) and Nash criterion (0.49)
scores.

5.2. Hourly Time Step Local Analysis. Radar (PANTHERE)
and composite (ANTILOPE) products were compared to
values for those rain gauges located closest to each grid point
(from 101 to 647 m), within the area covered by the HydraVitis
network. Figure 4 describes the hourly evolution of the QPEs
(PANTHERE and ANTILOPE) against rain gauge in situ
measurements.

Over the 24-hour period, PANTHERE values are under-
estimated from 0:00 to 6 am, when rainfall intensities were
highest. The spatial variability is adequately reproduced for
only a few hours (1:00, 2:00, and 7:00 am).

The ability of the composite product, ANTILOPE, to
reduce the PANTHERE biases is confirmed at the hourly time
scale. The ANTILOPE QPE values are almost systematically
closer to rain gauge values than to PANTHERE estimates.
For hours when rain gauges show a spatial structure, the
ANTILOPE QPE retrieves this structure at least as well as
PANTHERE.

Figure 5(a) presents hourly rainfall records averages for
radar-derived products and rain gauges. Rainfall intensities
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FIGURE 3: Comparison of 24-hour cumulated rainfall values from radar (PANTHERE) and rain gauges, from Nov. 3 at 21:00 to Nov. 4 at 20:00.
(a) Radar rainfall map. The white star indicates the radar position and the white square indicates the HydraVitis network position. Triangle size
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FIGURE 4: Hourly comparison between grid-pixels for PANTHERE and ANTILOPE radar products and HydraVitis rain gauges.

(mm/h) increase sharply at 0:00 on Nov. 4 to 8.3 mm/h (rain
gauge average). From 0:00 to 2:00, rainfall spatial variability is
at its maximum (rain gauge standard deviation, vertical blue
bars in Figure 5(a), from 1.03 to 1.3 mm/h). From 3:00 to 5:00,
hourly rainfall remains high (5.9 to 77 mm/h) but is rather
homogeneous in space (standard deviations from 0.31 to
0.38 mm/h). At 6:00, rainfall intensity rises to 8.3 mm/h (rain
gauges average) with a strong spatial variability and decreases
from 4 to 2mm/h approximately, until 13:00 (i.e, 1 pm),
with little spatial variation at local scale (standard deviations
ranging from 0.18 to 0.51 mm/h during this period). Rainfall
finally falls to about 1.5mm/h after 15:00. Intensities are
homogenous in space throughout the study area (standard
deviation from 0.18 to 0.22 mm/h).

PANTHERE QPE is almost systematically underesti-
mated during the whole period (except rainfall from 19:00
and 20:00 on Nov. 4; Figure 5(b)). From midnight to 6:00
on November 4, PANTHERE underestimated hourly rainfall
rates (3-5mm), while rain gauge values were almost twice
as high (5-9 mm). This underestimation can be linked to

fluctuations in the Z-R relationship, calibration biases, or
signal attenuation due to stronger rainfall between the radar
site and the study zone [37].

The ANTILOPE QPE provided limited bias (Figure 5(b);
mean bias = —0.13mm/h). The largest underestimation is
at 2:00 on Nov. 4 (bias = —1.88 mm/h). Both radar-based
QPEs provide spatially consistent hourly precipitation fields
(though largely underestimated for PANTHERE) compared
to rain gauge data, in many cases. PANTHERE is significantly
correlated (Figure 5(c)) with rain gauge data during the whole
event but not from 3:00 to 5:00, at 11:00, and from 16:00
to 20:00 on November 4. The ANTILOPE hourly rainfall
correlations are also not significant during the first 3 hours of
the event. ANTILOPE provides very accurate hourly rainfall
fields at local scale, at 1:00, 7:00, 9:00, and 10:00 am on
November 4 (Nash criteria equal to 0.843, 0.706, 0.721, and
0.778, resp., Figure 5(d)).

Because PANTHERE underestimates precipitation, a
good match to rain gauges is never observed (Nash criterion
is always below 0, which is not considered as satisfactory,
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FIGURE 5: Hourly statistics for radar-derived products and HydraVitis rain gauges (N = 21 pixels/rain gauges). (a) Hourly rainfall averaged
for 21 pixels (rain gauges) at local scale. Vertical bars indicate the standard deviation (i.e., spatial variability). (b) The mean difference between
radar-derived products and rain gauges. (c) Pearson correlation coefficients. The solid grey horizontal lines indicate the value corresponding
to statistically significant » (Student dist., p value = 5%). (d) Nash criterion. Light green triangles and yellow circles, respectively, represent

ANTILOPE and PANTHERE products.

following [47]), despite good correlation with rain gauges
(e.g., at 7:00 Nov. 4; Figure 5).

6. Discussion and Conclusion

This study analyzed the performance of two operational
radar-derived products in Northern France, during a long,
heavy rainfall event that resulted in flooding and heavy
damage. The analysis of this event corroborates previous
evaluations of radar rainfall and provides novel results
regarding the capacity of radar products to capture the spatial
variability of rainfall at mesoscale and more particularly at
local scale. This analysis confirms the relevance of these prod-
ucts for hydrological modelling, real-time flood assessment,

and water management for agriculture at the farm level, for
example. Our main findings at hourly scale supported by 24
patterns are summed up and discussed hereafter.

(a) Despite considerable improvement in radar tech-
nology and algorithms, radar QPE fails to estimate
rainfall fields accurately at mesoscale for such events.
Although, in our study, the PANTHERE cumulated
QPE spatial pattern is similar to that of rain gauges,
the strong underestimation makes this product unre-
liable for meteorological, hydrological, or agricultural
applications. The long sought-after goal of using radar
rainfall data to replace costly rain gauge networks
for rainfall measurement has not yet been attained.
Even so, considerable improvements have been made



through the decades [48]; since its first applications
[18], the use of mesoscale rain gauge networks to
readjust radar rainfall is still required to provide sat-
isfactory QPE [2, 49]. Our results clearly corroborate
these previous observations.

(b) It is possible to reduce underestimation by merging
interpolated mesoscale rain gauge data with radar
QPE, as in the ANTILOPE product [43, 44]. Such
merging provides useful products to estimate hourly
QPE fields at local scale, even in situations where
considerable attenuation is expected. Hourly precip-
itation data from the HydraVitis network are well
correlated with both radar and merged products.
High-resolution rainfall fields are crucial for hydro-
logical applications, especially flood event prediction.
Composite products, such as ANTILOPE, provide
a viable alternative to high-density rain gauge net-
works, which are practically and financially difficult to
deploy and exploit. Careful consideration of the qual-
ity and representativeness of the rain gauge network
should be considered in conjunction with refinements
to mathematical techniques when developing rain
gauge radar merging products [36].

(c) Improving radar rainfall products requires high den-
sity and quality ground data for validation [48, 50].
The HydraVitis network (currently composed of 45
rain gauges from 2m to 6km apart) aims to pro-
vide reliable information about local spatiotempo-
ral variation in rainfall and thus help to improve
remotely sensed rainfall products. The two-year
dataset recorded by the HydraVitis network (2014-
2016) offers the opportunity to statistically assess and
quantify these preliminary results in the near future.
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