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Abstract: This study focused on investigating the impact of gauge adjustment on the rainfall
estimate from a Moroccan C-band weather radar located in Khouribga City. The radar reflectivity
underwent a quality check before deployment to retrieve the rainfall amount. The process consisted
of clutter identification and the correction of signal attenuation. Thereafter, the radar reflectivity
was converted into rainfall depth over a period of 24 h. An assessment of the accuracy of the radar
rainfall estimate over the study area showed an overall underestimation when compared to the rain
gauges (bias = —6.4 mm and root mean square error [RMSE] = 8.9 mm). The adjustment model
was applied, and a validation of the adjusted rainfall versus the rain gauges showed a positive
impact (bias = —0.96 mm and RMSE = 6.7 mm). The case study conducted on December 16, 2016
revealed substantial improvements in the precipitation structure and intensity with reference to
African Rainfall Climatology version 2 (ARC2) precipitations.

Keywords: Moroccan weather radar; rainfall estimate; gauge adjustment; quality control; clutter;
signal attenuation; ARC2

1. Introduction

Weather hazards, such as heavy rainfall, have a direct impact on human activity, the economy,
and safety. In fact, floods are the most widespread and harmful weather-related natural disasters.
Therefore, high-resolution precipitation estimates and forecasts are of significant interest for use in
hydrological applications, especially in relation to hilly terrain [1-4]. In numerical weather predictions
(NWP), scientists are deploying several efforts to improve the ability of their models to forecast heavy
rain events [5-7]. As shown by Lopez [8,9] and others [10,11], the assimilation of rainfall measurements
in the preparation of accurate initial atmospheric conditions in NWP models has a positive impact.

The standard method of collection for quantifying rainfall on the ground is a rain gauge. However,
a gauge is often insufficient because of the high spatial and temporal variability of rainfall, especially in
low-density gauge networks. Thus, radar data is widely used to produce a quantitative precipitation
estimation (QPE). Owing to their large coverage, high spatial resolution and temporal frequency,
weather radars produce observations that adequately represent precipitation structure and evolution.
Nevertheless, these radar measurements have limitations [12] that negatively affect the quality of the
radar QPE [13,14], such as:

e Beam blockage by obstacles, such as buildings, trees, or mountains, which constitute a mask
preventing rain detection.

e  Opvershooting and partial beam filling, due to the increase of the sounded volume and beam
altitude at key distances from the radar. This might lead to underestimation of rain intensity.
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e  Clutter, such as echoes from non-meteorological targets like airplanes, birds, insects, and dust
particles, which could result in unrealistic precipitation estimations.

e  Attenuation of the radar signal, which is the gradual loss of power that occurs during heavy rain.
This effect is more important for radars with short wavelengths (e.g., C-band and X-band radars).

Therefore, if a QPE with high precision is required from radar data, it is necessary to develop
robust algorithms that deal with these influencing factors, especially clutter and signal attenuation
effects [15].

There have been several attempts to combine rain gauges and radar data to enhance the quality
of radar rainfall estimates [16-18]. Goudenhoofdt and Delobbe [19] provide a global overview and
evaluation of these merging methods. Several national weather services around the world [20-22]
produce QPEs based on radar and other data sources like gauges, satellites, and NWP models.

In Morocco, the Moroccan national meteorological service in Khouribga City implemented the
first weather radar in 1985. Since 2013, the meteorological service has modernized its weather radar
network and it now runs six single-polarization C-band Doppler radars and one dual-polarization
C-band Doppler radar [23]. All the radars operate at a range of 250 km, where the radar network
enables nowcasting of weather phenomena related to precipitation. Moreover, for QPE, the service has
deployed Moroccan weather radars. However, there is an underestimation of the radar QPE when
compared to the rain gauge network. Additionally, other weather radar networks worldwide [16] have
observed this radar measurement deficiency.

Consequently, one should recognize that a comparison between rain gauges and radar QPEs is not
a trivial topic. First, rain gauges provide amounts relative to point accumulations (around 200 cm?);
whilst the radar QPE corresponds to a volume-averaged rainfall rate. Second, differences between
gauge amounts and radar QPEs not only depend on the quality of radar measurements, but also on the
quality of the rain gauge data and the density of the network. Therefore, to improve the quality of
radar rainfall estimates using a rain gauge depends on good quality gauge data and well-validated
merging methods.

In the current work, we present an approach for radar rainfall estimation using the Moroccan
C-band radar. First, the radar reflectivity was quality controlled to filter clutter and to correct signal
attenuations. Following that, we applied a mixed adjustment model combining radar rainfall and
gauge measurements. We also applied the method to 10 rainfall events from November-December
2016, and in January 2017. In our study area, this period corresponded to the winter season—being the
rainy season—characterized by an arid to semi-arid climate, with the average annual precipitation
amount ranging from 200 mm to 500 mm.

An overview of the radar and the gauge network used is in Section 2. Section 2 also provides an
exhaustive description of the data processing and mixed adjustment models. Section 3 presents and
discusses the results, while Section 4 provides the conclusion, along with future areas for development.

2. Materials and Methods
2.1. Data Description

2.1.1. C-Band Radar of Khouribga City

The radar data used in the current study were from an operational single-polarization C-band
Doppler radar located in Khouribga City (Figure 1). See Table 1 for further details.

The radar data are used for nowcasting and posterior analysis of extreme weather events over the
plains in both the north and west areas of the radar. The southeast area of the radar is covered by the
Atlas Mountains, which causes a severe beam blockage. Since the estimation can be very inaccurate at
large distances from the radar, a maximum range of 150 km was used [24].
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Figure 1. Study area, including orography. The blue circle represents Khouribga City’s radar coverage

at 150 km, the red diamond refers to the radar’s location, whilst the black dots indicate the rain
gauges location.

Table 1. Technical specifications of the Khouribga City radar.

Parameter Value
Latitude 32.85° N
Longitude 6.95° W
Height 774 m
Frequency 5.67 GHz
Pulse repetition frequency 200 Hz
Beam width 1°
Maximum range 250 km
Wave length 0.053 m
Elevations 0;0.5;1;1.5;2;3;4;9;15;20°
Scanning interval 10 min

2.1.2. Rain Gauge Network

The study area comprised a gauge network containing 11 stations, as shown in Figure 1. A24 h
rainfall amount, cumulated from 06:00 UTC day D to 06:00 UTC day D+1, was provided by six synoptic
stations and five automatic weather stations (Figure 1). As for the synoptic stations, the rain amounts
were measured by an automatic rainfall sensor (AKIM or CIMEL), then validated by the collocated
tipping bucket mechanical rain gauge (Precis Mécanique). The data from the automatic weather
stations (Metservice) underwent a quality check that consisted of applying climatological thresholds
according to the meteorological situation and consistency analysis with the data from surrounding
stations. The reception area varied between 200 cm? and 400 cm?, while the resolution varied between
0.1 mm and 0.2 mm.
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2.1.3. The Relationship between Rainfall Rate and Radar Reflectivity

Weather radars indirectly measure the precipitation amount on the ground. In fact, they measure
the power of the electromagnetic signal backscattered by raindrops to the radar antenna. This power is

expressed as in Equation (1):

Pr= rgzz 1)

where Pr [W] is the received power, r [m] is the range from the radar, C [Wm®mm™] is the radar
constant and Z [mm®m2] is the reflectivity.

Both the radar reflectivity and rainfall rate, R [mm h~!], are functions of the raindrop size
distribution (Equations (2) and (3)):

Dmax
Z= fo Noe *PD®dD )
Dmax
R = fo N(D)(%W)U(D)dD 3)

where N is raindrop distribution N(D) = Noe P, Ny = 8000 m>mm~!, A =4.1R %2 mm1, Dis drop
diameter in mm and v is drop terminal velocity.
Therefore, the relationship between Z and R is assumed to follow a power law [25], as expressed
by Equation (4):
Z=axR (4)

The coefficients a and b depend on the raindrop size distribution. Different sets of these coefficients
were empirically calculated by former studies [26,27] according to the meteorological situation and the
hydrometeor type (e.g., rain, snow or hail).

2.2. Radar—Gauge Merging Method

2.2.1. Quality Control of Radar Reflectivity

The tool wradlib (https://wradlib.org) was used to process data. This tool contains a number of
programs that treat radar data for hydrological and meteorological applications. The quality control
process consisted of the following steps:

e  (lutter detection and filtering: Gabella and Notarpietro [28] proposed an easy-to-implement
method based on a two-step algorithm. The first step consists of verifying the spatial consistency
for each pixel according to its neighborhood, due to the fact that noisy echoes usually have larger
spatial variability compared to the precipitation field. The second step is a test of compactness
based on the difference between clutter and rain area/perimeter characteristics. This method
produces satisfactory results for C-band radars no matter what the weather conditions are.

e  Correction of signal attenuation: The main cause for systematic underestimation of radar rainfall
is the attenuation of the radar signal by raindrops, especially in cases of heavy rain. The current
study used Kraemer and Verworn’s [29] gate-by-gate approach for attenuation correction. This
method required no additional inputs (e.g., microwave links or mountain returns) other than the
radar reflectivity. The attenuation for the first gate was calculated using the K-Z relationship
(Equation (5)):

Ko =axZP (5)

The attenuation Ky was then used to increase the reflectivity of the gates beyond. For a given
gate, i, Kj is calculated using the reflectivity Z; and the sum of the attenuation from previous gates
(Equation (6)):
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i1\
Z; + K]] * 2Ar 6)
i=0

Ki=ax

where Ar = 1 km is the gate length, and coefficients & and {3 are calculated in real time.

First, the “initial guess” values of 1.67 x 10~ and 0.7 were given to o and B, respectively, which
generally produced an overestimation of the attenuation [29]. Then, an iterative algorithm was
applied to calculate the optimum o and 3. This method was efficient and did not require any further
independent reference for « and 3 calculation.

e Z-R conversion: Due to a lack of information about the hydrometeor’s type and the raindrop size
distribution of Khouribga City’s radar, multiple combinations of a and b were tested, especially
those used for the U.S. Weather Surveillance Radar 1988 Doppler (WSR-88D) [30]. The comparison
with rain gauges showed that the values a = 75 and b = 2 were the most reliable coefficients for
the studied rainfall events.

2.2.2. Gauge Adjustment Model

The gauge adjustment performed in the current study used a mixed error model [31]. This model
assumes that the error (Rgauge — Ryadar) has mainly multiplicative (6) contributions for large errors. The
additive term ¢ is used in case of a small difference between the radar and the gauge (Equation (7)):

Rgauge = Rygdar = 0 Ryggar + € ()

The technical implementation is based on a least squares estimation of 4 and ¢ for each rain gauge
location by minimizing the sum (&% + ¢2). Therefore, the formulation of § and ¢ [32] is as follows
(Equations (8) and (9)):

. Rgauge = Ryadar

E= ————— 8)
2
Rradar +1
R —&
gauge
=B ©)
Rmdar

Using an inverse distance weighting, the coefficients ¢ and 6 are then interpolated to the other
pixels (Equations (10) and (11)):

N 15
=139
=N 1 {10)
i=1di
N 1
. =.E;
o i=1di?
&= SN 1 (1)
i=14di

where d; is the distance between the radar pixel p and the ith rain gauge, while N is the number of
rain gauges.
Finally, at the pth pixel, the adjusted radar QPE is given by Equation (12):

Ragj = (14 6p) * Ryadar + € (12)

3. Results and Discussion

In order to assess the impact of the proposed radar—gauge merging method, a study of 10 winter
stratiform precipitation events over November and December 2016 and January 2017 was performed.
The meteorological situation was usually characterized by north-to-northwest perturbations, generating
light-to-moderate stratiform precipitations over the Moroccan Atlantic coast and plains, in the west of
the Atlas Mountains. The maximum observed precipitation amounts for the studied events varied
between 10 mm and 35 mm.
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3.1. Assessment of Quality Control

The Khouribga City radar gives reflectivity at 10 elevation angles every 10 min. A quality
control was applied to the reflectivity from each elevation angle and at each time step. As explained
in the methodology section, it consisted of clutter elimination and signal attenuation correction.
The reflectivity was then converted to a rainfall rate using the Z-R relationship. The 10-min
deduced rainfall depths were integrated to produce a cumulated rainfall over 24 h. The resulting
three-dimensional (3D) field employed polar coordinates. Therefore, geo-referencing was needed to
project this 3D field onto the UTM (Universal Transverse Mercator) system. Then, the inverse distance
weighting method was applied in order to interpolate the data on a regular grid with 2.5 km horizontal
resolution and 250 m vertical resolution. Over the study area, the surface altitude varied considerably
between the northwest coastal zone, characterized by its lower altitude, and the mountainous region at
the southeast. The use of a lower Constant Altitude Plan Position Indicator (CAPPI) would increase the
masked area, while the use of a higher CAPPI might worsen the overshooting problem. Consequently,
instead of using radar CAPPI at a fixed level, a MAXI-CAPPI was produced. This could be achieved by
projecting the vertical maximum of the 3D cumulated rainfall field in a horizontal plane (considered as
radar-only QPE).

The radar reflectivity at elevation angle 0° for December 16, 2016 at 08:30 UTC is presented in
Figure 2a. It indicates contamination with clutter, which took the form of a spoke in the north of the
radar area. This problem is typically due to WIFI interference, as is the case for long-distance radio
telecommunications, wherein WIFI instruments emit waves at a similar frequency to the C-band radar.
This interference is very harmful for radar rainfall estimation [33]. The Gabella filter was used to
identify and remove WIFI clutter, as shown in Figure 2b,c.

a) Raw Reflectivity (dBZ) b) Clutter c) Filtred Reflectivity (dBZ)

-10-5 0 5 10 15 20 25 30 35 -10-5 0 5 10 15 20 25 30 35

d) Raw Reflectivity (dBZ) e) PIA (dB) f) Corrected Reflectivity (dBZ)

-10-5 0 5 10 15 20 25 30 35 -10-5 0 5 10 15 20 25 30 35

Figure 2. (a) Raw, (b) cluttered and (c) filtered reflectivity pertaining to December 16, 2016 at 08:30 UTC;
(d) raw, (e) path-integrated attenuation (PIA) and (f) corrected reflectivity pertaining to December 17,
2016 at 02:20 UTC.

The effectiveness of Kraemer’s attenuation correction methodology may be observed in the
visualisation of the radar’s reflectivity plan position indicator (PPI) at an elevation angle of 0° and the
corresponding path-integrated attenuation (PIA) of December 17, 2016 at 02:20 UTC. Figure 2d depicts
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a cell core of reflectivity with values up to 35 dBZ located near the radar. A correction of up to 5 dB was
performed in the west sector of the radar (Figure 2e) and the corrected reflectivity is shown in Figure 2f.

Based on raw reflectivity with no clutter elimination or attenuation correction, Figure 3a shows
the 24 h cumulated precipitations from December 16, 2016 at 06:00 UTC to December 17, 2016 at 06:00
UTC. The clutter caused by WIFI interference creates two spokes of unrealistic (maximum of 120 mm)
precipitation structures in the north of the radar area. After applying the Gabella filter, this clutter was
eliminated, as illustrated in Figure 3b.

a) Raw QPE (mm) b) Corrected QPE (mm)

Figure 3. (a) Raw and (b) corrected radar quantitative precipitation estimation (QPE) from December
16, 2016 at 06:00 UTC to December 17, 2016 at 06:00 UTC.

Although the attenuation correction strengthened the precipitation cells locally (near the radar), as
shown in Figure 3, there was no substantial correction for the areas in the northeast sector, where rain
gauges reached an amount of 35 mm at Rabat City (130 km distant from the radar). This was probably
due to the small amount of precipitation near the radar. Considering the stratiform precipitations
studied were mainly generated at low altitude, underestimation of precipitation by the radar QPE
could be due to overshooting or partial filling of the radar beam [34]. In addition, the beam width is
about 2 km at 130 km, which can reduce the reflectivity detected in the scan volume and consequently
cause underestimation.

3.2. Validation of the Adjusted Radar Rainfall Estimate

3.2.1. General Performances

Radar-only QPEs (24 h) were firstly retrieved from the quality checked reflectivity results for the
studied events and then used in the adjustment model. For adjusting purposes, the radar rainfall
estimate should be calculated at the gauge point. As such, the nearest nine grid points to the gauge
location were selected for the radar-only QPEs. The median from this sample was considered as the
radar estimated rainfall.

The radar QPE, before and after adjustment, was compared to the rain gauge for 10 rainfall cases.
This comparison raised difficult issues; in addition to the quality of both the radar and the gauge’s
data, numerous factors had an important contribution. The gauge gave measurements of the surface
precipitation over an area of about 200 cm?, while the radar estimated the mean precipitation amount
of the upper levels of the atmosphere over a 6.25 km? pixel. Other factors could also be taken into
account, such as the precipitation structures, the terrain specifications and the wind-drift effect.

The study area was covered by 24 h cumulated precipitations provided by 11 rain gauges. The
gauge network was used for adjustment with no available additional gauge data for independent
validation. Assessment of the quality of the adjusted QPE was performed using a cross-validation. For
each event, a “leave-one-out” approach was applied, which meant that one rain gauge was considered
as the test case and removed while the adjustment was performed using the remaining gauges. The
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adjusted QPE was then evaluated on the removed gauge. This procedure was repeated for each of the
available gauges.

To quantify the estimation error, the root mean square error (RMSE, Equation (13)) and the bias
(Equation (14)) were calculated as follows,

2
Yy (Rradar = R
RMSE = ‘/ il ’”I\”T’ o) (13)
N
Bias — Zi:l (Rmdlu\ii - Rgauge) (14)

Figure 4 shows the scatter plots of the dispersion of 24 h radar-only QPE (Figure 4a) and the
cross-validation of the adjusted QPE (Figure 4b) versus the rain gauges for all studied events. The
radar-only QPE usually underestimates the gauges with a bias of —6.4 mm (37% within a distance of
50 km) and a RMSE of 8.9 mm. The use of the radar-gauge merging method brought a substantial
improvement. In fact, the cross-validation of the adjusted QPE showed a reduction of the bias to —0.96
mm and the RMSE to 6.7 mm.

a) Radar vs. Gauges b) Adjusted vs. Gauges
RMSE(mm): 8.9 RMSE(mm): 6.7
35} |Bias(mm): -6.4 35} [Bias(mm): -0.96
30} 30}
b
__ 25} __ 25}
£ £
E 20+ é 20+ ]
a & o ® °
O 151 O15{ o o °
] L N
es ¢ e ® o
10 | / LR 0 ¢ °% . .
’ °, 0 e ® o
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Si d :.0 ..'..:. * 5!,‘..' o® o
‘0% o 0\ . . ° ® o‘ 8°
0 Lﬂ.ﬁ*‘- ndil . ) 0 . ) ) . ) ) )
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Gauge (mm) Gauge (mm)
15 <)
¥—¥ Radar_bias
¥ ¥ Adjusted_bias
®—e Radar RMSE
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Figure 4. (a) Scatter plots of 24 h radar-only QPE distribution and (b) the cross-validation of 24 h
adjusted QPE versus the gauge observations for all the studied rainfall events. (c) Statistics in term of
bias (triangle) and root mean square error (RMSE) (dot) of the radar-only QPE versus gauges (solid)
and cross-validation of the adjusted QPE (dashed) for the 10 studies cases.
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Case-by-case error statistics (bias and RMSE) for cross-validation of the radar-only QPE and the
adjusted QPE are presented in Figure 4c. Accordingly, the bias was considerably reduced for all the
studied cases. There was also a RMSE improvement for almost all the cases. The enhancement was
clear for cases with large errors, such as in 4, 6, 8 and 9. In fact, these events were characterized by an
important precipitation amount, especially for gauges more than 100 km from the radar.

3.2.2. Case Study

To assess the effective impact of the adjustment method, the 8th case (held on December 16, 2016)
was deeply investigated. This event was characterized by a strong RMSE (14.4 mm) and a bias of —8.3
mm. The 24 h rainfall amounts measured by the rain gauges (Rqayg.), as well as the radar-only QPE
(Ryzdar), are shown in Table 2.

Table 2. Rain gauge measurements, 24 h radar-only QPE and adjusted QPE cross-validation at different
gauge locations for December 16, 2016.

Gauge Location Distance from Gauge (mm) Radar-only Adjusted QPE
(Cities) Radar (km) QPE (mm) Cross-Validation (mm)
Khouribga 2.5 18 10.7 5.2
Casablanca 104 18 5 17.5
Mohammedia 105 20 4.5 18.2
Nouasseur 82 23 6.1 19.1
Rabat 134 35 3.2 11.7
Settat 63 19 9.6 12.6
Ouad Zem 68 16 8 7.9
Benhmed 36 0 14 28.2
Elbrouj 44 0 3.9 4.2
Ksiba 104 19 6.6 6.2
Fquih Ben Salah 44 0 4.4 6.1

The radar-only QPE generally underestimated the rainfall detected by the rain gauges. The
distance from the radar increased the underestimation—most notably in the case of Rabat City, located
134 km from the radar. The cross-validation of the adjusted QPE is also reported in Table 2. The 24 h
adjusted QPE (Figure 4d) fits the gauge data more than the 24 h radar-only QPE data (Figure 4c).
Indeed, this improvement was specifically remarked upon for the northwest sector of the radar, which
was covered by homogeneous precipitations. However, for some gauges, the cross-validation of the
adjusted QPE did not reveal a positive impact; for example, in Khouribga and Benhmed cities. This
finding was essentially due to the discontinuous aspect of the precipitation field and the impact of the
surrounding gauges.

An independent validation was required to evaluate the relative performance of the proposed
radar-gauge merging method. This validation was performed, taking as reference the African Rainfall
Climatology version 2 (ARC2) 24 h cumulated precipitations produced by the Climate Prediction
Centre (CPC) of the U.S. National Oceanic and Atmospheric Administration (NOAA).

As described by Novella and Thiaw [35], ARC2 daily precipitation analysis is based on several
input sources, specifically rain gauges and geostationary satellite data. Daily binary and graphical
output files are produced with a resolution of 0.1°, covering Africa from 40° south to 40° north and
from 20° west to 55° east. Validation with independent gauge data shows that the ARC2 precipitations
have an efficient quality and can be used to characterize rainfall events over Africa.

For the studied event, unlike the automatic weather stations, the rain data from synoptic stations
were included in the ARC2 precipitations.

Figure 5 presents the validation of the precipitation field regarding the ARC2 data, and shows
that the field produced by a linear interpolation of the gauge data (Figure 5a) gave local information,
but was unable to reproduce the precipitation structure over a larger area. The radar-only QPE
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(Figure 5c) strongly underestimated the rainfall amounts. As for the adjusted rainfall field (Figure 5d),
it generally matched the ARC2 data (Figure 5b). In fact, spatial structures and precipitation amounts
were improved after adjustment. The adjustment helped to reproduce precipitation cells of more than
20 mm that were present in the ARC2 product (red ellipses in Figure 5b,d). The adjustment was also
useful in strengthening the precipitation amounts, especially in the north of the radar area. Thanks to
its high resolution (2.5 km against 10 km for ARC2), the adjusted QPE showed small-scale structures
that could not be identified in the ARC2 rain field. However, an overestimation was observed due
to the 35 mm rain gauge (Rabat City) and the lack of other surrounding rain gauges. At first glance,
the 0 mm observed in Benhmed appeared to be unrealistic. However, the 0 value is coherent with the
ARC?2 field (Figure 5b) that did not include this rain gauge in its analysis. The overestimation by the
radar QPE was probably due to the use of MAXI-CAPPL

a Gauge rain (mm) b ARC2 rain (mm)

[ re— n 1 — ] 1 1 — ]
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32

Figure 5. 24 h cumulated precipitations (mm) from December 16, 2016 at 06:00 UTC to December 17,
2016 at 06:00 UTC. (a) Interpolation of the rain gauges, and (b) African Rainfall Climatology version 2
(ARC2) daily precipitation. The black circles are synoptic stations while the red ones are automatic
weather stations. (c¢) Radar-only QPE, and (d) adjusted QPE. The squares represent the rain gauges
location colored according to the observed precipitation amount.

The southeast sector of the radar was masked by the Atlas Mountains, which created a beam
blockage and prevented a satisfactory detection of the precipitation over this area. The merging
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method was unable to deal with such phenomena, especially with the dearth of gauge observations
over the mountains.

4. Discussion and Conclusions

The current study aimed to improve the rainfall estimation based on Moroccan weather radars.
By applying the Gabella filter, the quality control methodology was able to eliminate WIFI and ground
clutter. However, the study of rainfall events over November-December 2016 and in January 2017
showed an underestimation of the radar-only QPE according to the rain gauges. The attenuation
correction alone was unable to sufficiently strengthen the precipitation cells far from the radar
(>100 km) since, in all studied cases, there were only light to moderate precipitations near the radar.
The underestimation was probably due to an overshooting problem of winter stratiform precipitations,
mainly generated at low altitude.

The adjustment based on a mixed model produced improved radar QPE, as shown by the
cross-validation of the adjusted QPE versus gauges. The detailed study of the events of December 16,
2016 showed the positive impact of the gauge adjustment and also the sensitivity of the results to the
density of the gauge network.

A comparison with ARC2 precipitation analysis revealed that the adjustment method had a
positive impact on the precipitation structure and intensity. Indeed, the precipitation cells generally
fitted the ARC2 field, especially in the northwest sector, despite an overestimation found near Rabat
City due to the lack of surrounding gauges. These findings agree with former studies in similar
conditions [4], which also showed a better quality and a relevance of the hydrological applications of
adjusted rainfall radars when compared to rain gauges, raw radars or satellites precipitation estimations.

These promising results may certainly be enhanced by the use of a high density gauge network,
especially for spatially-discontinuous rainfall events. More case studies should be performed to
thoroughly investigate the impact of different hydrometeor types, such as snow or hail, associated with
snowfall or orographic precipitations over the Atlas Mountains. In addition, the use of further data
sources like satellites and NWP analysis will doubtlessly bring more accuracy to the adjusted QPE. When
it comes to a rough terrain like the study area, merging methods [4] or using orographic precipitation
climatology [36] should be tested in order to improve the radar rainfall products, particularly when
the constraints are specifically related to the orography.
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