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Abstract: In arid and semi-arid areas, rainfall is often characterized by a strong spatial and temporal
variability. These environmental factors, combined with the sparsity of the measurement networks in
developing countries, constitute real constraints for water resources management. In recent years,
several spatial rainfall measurement sources have become available, such as TRMM data (Tropical
Rainfall Measurement Mission). In this study, the TRMM 3B42 Version 7 product was evaluated
using rain gauges measurements from 19 stations in the Oum-Er-Bia (OER) basin located in the center
of Morocco. The relevance of the TRMM product was tested by direct comparison with observations
at different time scales (daily, monthly, and annual) between 1998 and 2010. Results show that
the satellite product provides poor estimations of rainfall at the daily time scale giving an average
Pearson correlation coefficient (r) of 0.2 and average Root Mean Square Error (RMSE) of 10 mm.
However, the accuracy of TRMM rainfall is improved when temporally averaged to monthly time
scale (r of 0.8 and RMSE of 28 mm) or annual time scale (r of 0.71 and RMSE of 157 mm). Moreover,
improved correlation with observed data was obtained for data spatially averaged at the watershed
scale. Therefore, at the monthly and annual time scales, TRMM data can be a useful source of rainfall
data for water resources monitoring and management in ungauged basins in semi-arid regions.
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1. Introduction

The quantification of water supply is a major concern worldwide, and particularly in regions
characterized by a semi-arid to arid climate. These regions frequently face problems of water resources
management in an environment of scarcity and droughts [1,2]. Certainly, the availability of water in
these areas is one of the main factors influencing socio-economic development, especially when these
regions are based largely on revenues of the agriculture [3–5]. However, the constraints in such context
marked by precipitations with a high spatial heterogeneity and a strong irregularity in time [6,7] pose
great challenges for any attempt to accurately measure this resource [8–10].
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The rain gauges are the main instruments to provide basic measures of precipitation in a watershed.
Each individual rain gauge provides a continuous measurement of rainfall over time, but these
measures can only be representative of relatively small areas. The WMO (World Meteorological
Organization) in 1994 indicated that in mountainous regions a rain gauge is required every 250 km2

in order to have an optimal coverage [11]. Nevertheless, the sparsity of the networks in developing
countries, particularly in mountainous areas, may strongly limit the estimation of these intakes on
the watershed.

In recent years, remote sensing data have been widely used in the climate field, particularly for
estimating precipitations [12–15]. Several precipitation data sets derived from various remote sensing
data have been released. They provide estimation of rainfall and allow the spatiotemporal monitoring
of rainfall variability at a global scale [16]. On the one hand, there are models that provide rainfall
estimates using infrared satellite imagery, such as PERSIANN (Precipitation Estimation from Remote
Sensing Information using Artificial Neural Network, [17]), algorithms, and techniques like MIRAA
(Microwave/Infrared Rain Rate Algorithm, [18]) and CMORPH (CPC MORPHing technique, [19])
which estimates rainfall based on passive microwave and infrared satellite data. On the other hand,
there is TRMM (Tropical Rainfall Measurement Mission), a space mission that provides several
products of rain estimates from a combination of passive microwave, visible/infrared, and rainfall
radar data. Furthermore, these products can be an important source of rainfall data at the regional
and local scales due to their global availability and high measurement frequencies. Combining rainfall
data derived from these missions with punctual data measured by rain gauges can greatly improve
the accuracy of rainfall estimations at the catchment scale, overcoming the challenges related to data
availability [20,21].

Over the years, TRMM, which was primarily designed to monitor and study tropical rainfall,
has proved to be an important source of information in many application fields, such as monitoring
the global hydrological cycle [22–24], floods [25–27], and drought [28–30]. Indeed, the evaluation
of TRMM data against rain gauges has been conducted in various previous studies around the
world. Some studies have evaluated the rainfall estimates from TRMM in parallel with other satellite
products [31–34]. Al Mazroui [35] and Mantas et al. [36] have focused their work on the TRMM product
by evaluating its accuracy on different time steps and in different geographical and topographical
contexts. In addition to the direct comparison against rain gauges, Collischonn et al. [37] provided an
assessment based on hydrological modeling at a daily time step. Islam and Uyeda [38] compared daily
rainfall from TRMM 3B42 to rain-gauge measurements over Bangladesh. Huang et al. [39] evaluated
the TMPA V7 products with a relatively dense rain gauge network in Beijing and adjacent regions
for an extreme precipitation event. In Morocco, only a few studies have been undertaken with the
TRMM products. Milewski et al. [40] have evaluated four TMPA 3B42 products (V6, V7 temporary,
V7, reel time V7) against rain gauges data depending on climatic zones and topography. The study
covered a large part of the Moroccan territory, but the analysis was focused only for the average annual
precipitation. The work done by Tramblay [41] over the Oued El Makhazine basin in northern Morocco
shows the potential of these data in hydrological modeling.

The objective of this study is to evaluate the robustness and the accuracy of 3B42 V7 TRMM
(Tropical Rainfall Measuring Mission) product to estimate rainfall over the Oum Er-Rbia (OER) basin
in the center of Morocco. We evaluate the 3B42 V7 rainfall estimates at three different time scales
(daily, monthly, and annually). Furthermore, we compared the product and rain gauges data based on
a zonal scale, considering the average rainfall from rain gauges and TRMM pixels within the same
sub watershed.
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2. Materials and Methods

2.1. Study Area

The OER watershed (Figure 1), one of the biggest watersheds of the Kingdom of Morocco,
has an area of nearly 35,000 km2, covering 7% of the total area of Morocco. It lies between 31◦15′N
and 33◦22′N for latitudes and between 5◦00′W and 9◦20′W for longitudes. It is characterized by
a marked topography with elevations that vary between 0 m above sea level (a.s.l.) at its outflow
and 3890 m a.s.l. in the Atlas Mountains located in the eastern part of the watershed. The Atlas chain
ensures the main water supply to compensate the demand for potable water and economic activities,
particularly the agricultural sector in the plain. There are four main sub-watershed located in the
upstream part of Oum Er-Rbia which are Tassaout-Lakhdar, Oued El Abid, Central Oum Er-Rbia, and
the Upper Oum Er-Rbia.

In this study, we have focused on the upstream part of the OER watershed where most rain
gauges are available and where several dams and reservoirs are located, including the Bin El Ouidane
dam that is the main hydropower unit in Morocco, which produces about two thirds of the hydraulic
energy of the country.
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Figure 1. Geographical location of the study area and locations of used rain gauges.

The climate of the OER watershed ranges from semi-arid in the plain to sub-humid at the Atlas
chain [42], with a dominance of semi-arid. The study area is characterized by two distinct seasons:
a wet season that extends between October and April, and a dry season that begins in May and ends
in September. It experiences an oceanic influence manifested by the fact that the moisture wind comes
frequently from the west [43]. Based on the data (rainfall and temperature) obtained from the ABHOER
(Oum Er-Rbia hydraulic Basin Agency), the rainy season in the study area usually begins in October.
A peak is often marked during December, where the mean monthly rainfall could exceed 100 mm
in some regions. During July (the driest), the mean monthly rainfall rarely surpasses 10 mm over
the whole study area (Figure 2a). Likewise, the snowfall generally occurs between November and
May in the high mountains [44,45]. The influence of the continental climate is stronger when moving
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away from the coastal areas. It induces high temperatures in summer and very low temperature
during winter [6]. The lowest temperatures (under −3 ◦C in the mountains area and around 0 ◦C in
the foothill) are recorded during the period from December to March where January is the coldest
(Figure 2d,e). The highest temperature appears during the period from June to August with a peak
generally in July (around 41 ◦C in the mountains and 46 ◦C in the foothills) (Figure 2b,c).Climate 2016, 5, 1  4 of 16 
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a.s.l.), respectively (1998–2010); (d) and (e) Minimal monthly temperature at Tillouguite and Sidi Driss 
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Figure 2. (a) Overall inter-annual mean monthly rainfall of the study area (1998–2010); (b) and (c)
Maximal monthly temperature at Tillouguite (1100 m a.s.l.) and Sidi Driss dam’s rain gauge
(640 m a.s.l.), respectively (1998–2010); (d) and (e) Minimal monthly temperature at Tillouguite and
Sidi Driss dam’s rain gauge, respectively (1998–2010).

2.2. Data

In order to evaluate the TRMM product for estimating rainfall we have used a daily data set of
19 rain gauges located in the study area. The time series covers a period between September 1998
and August 2011 concomitant with the availability of TRMM products (13 hydrological seasons, from
1 September to 31 August). These data sets were delivered by the Oum Er-Rbia hydraulic Basin Agency
(ABHOER). All rain gauges managed by the ABHOER provide daily-accumulated rainfall data. They
are distributed in the plain and the mountainous areas, following the development of the hydrographic
network of Oum Er-Rbia River and its tributaries. The location of the rain gauges are presented in
Figure 1.
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The original ABHOER time series were explored to identify and fill the missing values. The data
for the month of February for the 2007–2008 season were completely missing in the time series of Sidi
Driss dam’s rain gauge. These gaps, which represent less than 2%, were filled by linear regression
using a neighbor rain gauge with a height correlation coefficient, in considering the recommendations
of WMO [11].

TRMM (Tropical Rainfall Measuring Mission) is the first space mission dedicated to the
quantitative measurement of rainfall. It was launched from NASDA (National Space Development
Agency of Japan) on 28 November 1997 [46]. The mission is a collaboration between NASA (National
Aeronautics and Space Administration) and JAXA (Japan Aerospace eXploration Agency). The satellite
launched as a part of the TRMM mission covers a band between 50◦N and 50◦S. It operates in an orbit
with 400 km of altitude, an inclination of 35◦ and a period of 92.5 min allowing it to rotate around
the Earth 16 times a day, although the satellite revisits the same scene of the earth’s surface twice
a day. It embeds five measuring instruments, the Precipitation Radar (PR), the TRMM Microwave
Imager (TMI), Visible and Infrared Scanner (VIRS) Clouds and the Earth’s Radiant Energy System
(CERES), and Lightning Imaging Sensor (LIS) [47,48]. Three of these instruments (PR, TMI, and VIRS)
are dedicated for the precipitation measurement system.

The TRMM program provides a variety of algorithms, including, the TMPA (TRMM Multi-satellite
Precipitation Analysis) 3B42 Version 7 [49,50] that provides rainfall estimation products through the
combination of a set of data from TRMM and various satellite sensors that provide similar data
as those on board of TRMM [51]. The seventh version of the 3B42 algorithm (3B42 V7), available
since 22 May 2012, incorporated several important changes compared to its predecessor (3B42 V6).
In addition to the data used in the previous version, 3B42 V7 algorithm uses new data sources in order
to enhance the rainfall estimations [52]. In this study, we have decided to use the 3B42 V7 product
based on results from previous studies ([40,53,54], which demonstrate the improvement of the 3B42
V7 product rainfall estimation.

The data were extracted as NetCDF images with spatial resolution of 0.2◦ and daily temporal
resolution. These data were acquired from NASA’s official website of Goddard Earth Sciences Data
and Information Services Center [55] for the period between 1 January 1998 and 30 August 2011.
The monthly and yearly time series were prepared by accumulating the daily data.

2.3. Methodology

Several studies, in various areas around the world, have evaluated the rainfall estimations
derived from the 3B42 V7 product. Moazami et al. [56] evaluated daily rain rates derived from three
high-resolution satellite precipitation products including TMPA 3B42 V7 over the entire country of
Iran. Cai et al. [57] assessed the accuracy of TMPA 3B42 V7 data over the mid-high latitudes region
of China. Nastos et al. [58] evaluated the space borne TMPA 3B43 V7 research products with the
respective interpolated monthly rain gauge data over Greece. In this study, the use of the interpolation
approach can be inefficient to produce a representative distribution of precipitations due to the low
spatial density of rain gauges in a rough topography context. Using a moderate density measurement
network can bring several mistakes, which will affect the evaluation process [59]. As a matter of fact,
the TRMM data were evaluated by direct comparison between punctual rainfall data obtained from
rain gauges and the amount of rainfall under the corresponding pixel for TRMM.

The rain gauges and the 3B42 V7 product time series were compared to analyze their variation and
relationship at different timescales using various indices and statistical parameters (daily, monthly, and
yearly). First of all, we used the verification indices: POD (Probability Of Detection), FAR (False Alarm
Ratio), and FBI (Frequency Bias Index) [60]. These indices, which are based on contingency tables,
emphasize the product’s ability to identify precipitation events above a given threshold [32]. Different
thresholds have been adopted in various studies throughout the world to differentiate between rainy
or dry days, including 0.1 mm to define a rainy day in Saudi Arabia [35], 0.5 mm in the Korean
peninsula [33], and 1 mm in the Peruvian Andes [36]. In this study, we have chosen to apply 0.5 mm
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as a precipitation threshold based on an analysis where different precipitation thresholds were tested,
which were 0.1, 0.3, 0.5, 0.7, and 1 mm.

The POD (the Probability Of Detection), which represents the fraction of observed events that
were correctly estimated, is also referred to as the success rate. It is defined as follows (Equation (1)):

POD =
a

a + c
, (1)

The FAR (the False Alarm Ratio) is the estimated proportion of events that tend to be falsely
detected. It is calculated by the following formula (Equation (2)):

FAR =
b

a + b
, (2)

The FBI (the Frequency Bias Index) is the ratio of the number of estimated and observed rainfall
events. It is calculated in Equation (3):

FBI =
a + b
a + c

, (3)

where, a, b and c represents the number of rain events that fulfilled the conditions in Table 1.

Table 1. Contingency table showing the meaning of parameters used in Equations (1)–(3)
(rain ≥ threshold→ rainy day; rain < threshold→ day without rain).

Rain Gauge

Rain ≥ Threshold Rain < Threshold

Satellite
Rain ≥ Threshold a b
Rain < Threshold c d

The comparison of the satellite product data against observed data from rain gauges was also
conducted through a statistical analysis based on standard parameters. These include the Pearson
correlation coefficient (Equation (4)) to evaluate the linear relationship between the two data sets.
There is also the RMSE (Root Mean Square Error) in mm (Equation (5)) and the bias (Equation (6)) that
are used to quantify the difference between the TRMM and the observed data.

r = ∑n
i=1(Ei − Ei)(Oi − Oi)√

∑n
i=1(Ei − Ei)(Oi − Oi)

2
, (4)

RMSE =

√
∑n

i=1(Ei − Oi)

n
, (5)

Bias = ∑ TRMM
∑ Station

, (6)

Ei and Oi are the 3B42 V7 product and rain gauge data, respectively, at a time i. Ei and Oi are
the average values of the product and rain gauge data, respectively. n is the total number of the
rain-gauge records.

3. Results

3.1. Evaluation at Daily Time Step

The 3B42 V7 product’s performance varies from one area to another. It has been found that at a
daily time step, there is a remarkable difference between 3B42 V7 and rain gauges. Over the entire
study area, the calculated statistics are generally low (Table 2). According to the POD, about 36%–60%
of the rain gauge records have been properly detected by TRMM. Nevertheless, at 75% of the rain
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gauges, the correctly detected events are usually below 50%. On one hand, the FAR shows that at half
of the studied rain gauges, TRMM gave false alarms for 38 to 55% of the measurements. On the other
hand, for the rain gauges the proportion of false alarms can reach degrees higher than 70%, particularly
at those located in mountainous areas receiving snowfall. Furthermore, the FBI varies between 0.59
and 2.63. At 50 % of the studied rain gauges, TRMM overestimates the number of rainy days with FBI
that are greater than one.

At a daily time scale, the two data sets exhibit a poor linear relationship across the study area.
This is well demonstrated by the Pearson correlation coefficient values that are lower than 0.38 at all
rain gauges (Table 2). This low efficiency of TRMM can be explained by the rapid cloud dynamics and
the stormy nature of precipitation events in the study region that influence the spatial and temporal
distribution of rainfall. Baik and Choi [33] have pointed out that rapid temporal evolution of convective
rainfall may not be captured by TRMM due to differences in overpass time. Moreover, there is a
mismatch of scale since the satellite product is extracted for a 25 km area, unlike the rain gauges that
provide punctual measurements.

Table 2. Obtained statistics (POD, FAR, FBI, and Pearson correlation coefficient) for daily time scale.
POD, Probability Of Detection; FAR, False Alarm Ratio; FBI, Frequency Bias Index.

Station POD FAR FBI Pearson

Addammaghene 0.60 0.77 2.59 0.08
Ait Ouchene 0.48 0.43 0.84 0.29
Ait Sigmine 0.50 0.81 2.63 0.10
Ait Tamlilt 0.54 0.77 2.31 0.14

Sidi Driss dam 0.47 0.51 0.97 0.22
Aval El Heri 0.49 0.51 1.00 0.31
Bissi Bissa 0.48 0.62 1.26 0.31

Mechra Eddahk 0.36 0.39 0.59 0.35
Moulay Bouzekri 0.44 0.38 0.71 0.38

Ouaouirhinnt 0.44 0.47 0.83 0.21
Ouaoumana 0.43 0.45 0.77 0.31

Sgatt 0.44 0.54 0.97 0.13
Tamchachate 0.42 0.72 1.51 0.15
Tamesmate 0.40 0.72 1.44 0.00
Tillouguite 0.52 0.62 1.37 0.18
Tizi N lsly 0.46 0.53 0.97 0.16

Zaouit Ahancal 0.60 0.68 1.88 0.16
Hassan 1st dam 0.45 0.53 0.95 0.14

Moulay Youssef dam 0.42 0.50 0.85 0.20

3.2. Evaluation at Monthly Time Step

At the monthly time scale, the linear relationship between the rain gauges and TRMM data
shows a considerable improvement, compared to the daily one (Figures 3 and 4). The two data sets
demonstrate a good relationship with correlation coefficients varying between 0.63 and 0.91 with an
overall average of 0.80. Furthermore, 17 rain gauges have correlation coefficients greater than 0.7, and
two gauges have correlation coefficients of 0.63 and 0.68. As for the RMSE, which shows sensitivity to
the accumulated rainfall amounts, we have found that it is less than 25 mm for over 50% of the studied
tiles. However, most of the rain gauges located at the mountainous area present the highest RMSE,
especially those with the highest monthly rainfall averages. This is maybe due to the topographic
effect that reduces the accuracy of the measurements or the presence of snow in high-elevation areas.
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Figure 3. Obtained statistics (Pearson correlation coefficient, RMSE, and Bias) for daily and monthly
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Figure 4. Scatterplot between the 3B42 V7 product and the rain gauges at a monthly time scale over
the period 1998–2010.

To explore further the relationship between the two data sets, an analysis was conducted which
considered the obtained statistical indices in relation to the following different factors: the measurement
time, the topographic dependence, and the recorded rainfall amounts. Actually, the relevance of the
statistical indices changes over the hydrological season. In a semi-arid climate, heavy rainfall events
typically occur during summer [9,61]. These events are generally characterized by low spatial extension
and short time scales, which make their detection a real challenge for both the rain gauges and satellite.
In the study area, these short-term events generally occur during July and August. The statistical
indices month by month showed that July and August exhibit the lowest correlation coefficients
(Figure 5).
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Figure 5. Average correlation coefficient of each month of the time series.

The second factor, topography, has a considerable impact on the relationship between rain
gauges and TRMM data. Unlike those found for the plain, most of the TRMM pixels located at the
mountainous area have lower agreement with the corresponding rain gauges (Figure 6). These pixels
have correlation coefficients that vary between 0.7 and 0.8, except those corresponding to Ait Tamlilt
and Zaouit Ahencal rain gauges, which present correlation coefficients less than 0.7. This is can be
explained by the fact that the two pixels are located in an area experiencing snowfall.
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Figure 6. Pearson correlation coefficient based on topography and RMSE based on mean
monthly rainfall.

Finally, an analysis of bias values sorted in ascending order according to the monthly average
rainfall (Figure 7) reveals that in the most arid zones, TRMM tends to overestimate rainfall amounts
as compared to rain gauges. Bissi Bissa's and Ouaouirinth's rain gauges present the lowest monthly
average rainfall all over the study area. The bias computed for the pixels corresponding to these
two rain gauges (which happen to be located at the most arid sites) shows that TRMM overestimates
the amount of rainfall in such areas. On the other hand, for rain gauges with high monthly averages,
TRMM underestimates rainfall. This is observed for most of the rain gauges, except for the ones that
may receive snowfall, such as Zaouit Ahencal and Ait Tamlilt. At these sites, TRMM tends to provide
overestimated rainfall amounts.
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Figure 7. Bias sorted according to the monthly average rainfall.

In addition, the annual cycle of rainfall derived from TRMM data is fairly close to that of
rain gauges, as is shown in Figure 8. The annual cycle of rainfall demonstrates a maximum
during the rainy season around December and a minimum in the dry season from June to August.
Nevertheless, the TRMM estimations are indeed influenced by a bias that is manifested very often by
under-estimations of the rainfall amounts. Partially, this bias was expected considering the fact that
the comparison is made between punctual measurements and spatial estimations.
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Figure 8. Annual cycle of rainfall obtained from Tropical Rainfall Measurement Mission (TRMM) data
and rain gauges for the period of 1998–2010.

3.3. Evaluation at Annual Time Step

At the annual scale, there is a reasonable overall linear relationship between the TRMM and
rain gauges data, according to the Figure 9. However, this relationship is irregular from one part to
another of the study area. The correlation coefficients range between 0.43 and 0.88, where nearly 75%
of the studied rain gauges have coefficients higher than 0.66. Compared to the monthly time scale, the
correlation coefficients are slightly reduced for most rain gauges but much lower for Mechra Eddahk.
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Both AitTamlilt and Zaouit Ahencal rain gauges still have one of the lowest correlation coefficients of
the study area. This highlights the problematic effect of snowfall on the 3B42 V7 estimations. Some low
coefficients are found for rain gauges situated in the plain, which maybe related to the impact fewer
records of the considered time series. This is a limiting factor in the correlation analysis in judging the
acceptability of the calculated coefficients.
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Figure 9. The overall scatterplot between TRMM and rain gauges at annual time scale.

The RMSE between observed and TRMM annual precipitation ranged from 70 to 261 mm with
50% of the pixels having values lower than 140 mm. For some other pixels the RMSE remains high
generally due to the large difference between the two data sets that often occurs during the wetter
seasons where TRMM tends to underestimate the rainfall amounts particularly in the seasons of
2003–2004, 2008–2009, and 2009–2010 (Figure 10).
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Figure 10. Annual rainfall obtained from representative TRMM pixels and rain gauges data for the
period 1998–2010.



Climate 2017, 5, 1 12 of 17

3.4. The Evaluation at The Catchment Scale

A comparison between TRMM and rain gauges data was conducted based on a zonal scale,
considering the average rainfall collected in rain gauges and pixels within the same sub-watershed.
Because of the very low statistics at the daily time scale, this comparison was carried out monthly
(Figure 11) and annually (Figure 12).

In the three sub-watersheds (High Oum Er-Rbia Oueld El Abid and Tassaout Lekhdar) included
in this analysis, the two datasets show a good agreement at both monthly and annual time scale. At the
monthly scale, the Pearson correlation coefficients vary between 0.82 and 0.87, the RMSE between
17 mm and 35 mm, and the bias between 0.67 and 0.91. Among the three sub-watersheds, Ouad El Abid
presents the best agreement with TRMM data followed by Tassaout-Lakhdar. However, at the annual
scale, the correlation coefficients are slightly decreased with values ranging between 0.7 and 0.84,
the RMSE values are more important between 82 mm and 278 mm, and the bias between 0.61 and 0.94.
The two watersheds of Oued El Abid and Tassaout show good correlation coefficients (greater than 0.83)
and acceptable RMSE (92 mm and 82 mm, respectively) with bias close to one. However, the upper
watershed of Oum Er-Rbia shows relatively high correlation coefficients and low bias, associated with
high RSME. This is again caused by the presence of snow during winter months, which is not detected
by TRMM data.
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Figure 11. Evaluation statistics for the three studied sub watershed at monthly time scale.
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Figure 12. Evaluation statistics for the three studied sub-watershed at annual time scale.

4. Discussion and Conclusions

In the last few decades, water resources availability in the Oum Er Rbia watershed, which contains
major river systems in Morocco, has faced alarming reductions of surface water and groundwater
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resources. According to future projections, the hydrological response in the upstream part of this
watershed will be characterized by a reduction of total flow due to the increasing temperature and
decreasing precipitation [62]. The rainfall, as a key parameter of the hydrological cycle, required a
deep analysis to monitor the variability at spatial and temporal scale in order to ensure an operational
water resources management. However, remote sensing data, such as TRMM, offers an opportunity
to compensate the lack of rainfall measurements over a large region. This valuable information is
not yet used in the Oum Er Rbia watershed, particularly as input data for hydrological modeling
purpose. In this regards, we assessed the performance of the 3B42 V7 rainfall product at different
time scales over the upstream part of the Oum Er Rbia watershed. Due to the varying topographic
systems in the studied area, we conducted this assessment by a direct comparison between the
rain gauges measurements and the corresponding pixels data obtained from TRMM. The working
methodology has allowed us to evaluate the satellite product in different climatic and topographical
contexts, thereby avoiding the uncertainties related to interpolation approaches based on a low-density
measurement network.

The results, at a daily time scale, showed a remarkable difference between 3B42 V7 rainfall product
and rain gauges, with correlation coefficients lower than 0.38 all over the study area. Mantas et al. [36]
suggested that some of the poor agreement at smaller time resolution is due to intra-tile variability. For
aggregated time scales (monthly and annual), the 3B42 V7 product and rain gauges show a stronger
agreement compared to the daily time scale. These improvements for large time scales are probably
because TRMM precipitation estimates are calibrated and rescaled using monthly rain gauge data [63].
Generally, TRMM and rain gauges data are well correlated for most of the study sites, with a mean
correlation coefficient of 0.8 and 0.71 for monthly and annual time scales, respectively. However,
the analysis showed that the TRMM product had difficulties in retrieving rainfall amounts over
mountainous regions. Similarly, Almazroui [35], Mantas et al. [36], and Milweski et al. [40] emphasized
the important impact of the accidental rugged topography on the accuracy of both satellite and rain
gauges measurements. They all demonstrated the low agreement between TRMM and rain gauges
over the highest elevations areas. Considering the fact that snowfall occurs usually in most of these
areas during the wet season. This remains problematic for rainfall estimations [40]. In our case study,
we have found that TRMM tends to overestimate rainfall amounts in areas receiving snowfall, contrary
to what was reported by Anders et al. [64] and Krakauer et al. [65]. This observation may be explained
by the unmeasured snow water equivalent by the rain gauges. Moreover, the study showed that
the 3B42 V7 product is able to adequately reproduce the annual cycle of rainfall at large scale with
bias compared to the rain gauges. Therefore, TRMM tends, in general, to overestimate rainfall in dry
regions and underestimate rainfall in humid regions, which usually located at the highest elevations.
During winter, TRMM mostly underestimates the rainfall amounts. Thus, the product faces a real
constraint in capturing convective and short time events that occur often during July and August.

The rainfall data from the 3B42 V7 product, at monthly and annual time scale, can be a valuable
source of information at a watershed scale, especially for hydrological modeling on one hand, and
on the other hand, can also be valuable information for managers and decision makers. The use of
these freely available data can represent an alternative in data-sparse regions and an important source
of data for ungauged watersheds. These data, with their global spatial coverage, can be considered
in further studies for hydrological and climatic research in the Oum Er Rbia watershed. Moreover,
the use of this date will constitute a valuable source of information to assess the vulnerability of the
various studied watersheds, and evaluate the sustainability of the anthropic activities under the actual
and future hydrological and climatic contexts.
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