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ABSTRACT: In West Africa, climatic data issues, especially availability and quality, remain a significant constraint to the
development and application of distributed hydrological modeling. As alternatives to ground-based observations, reanaly-
sis products have received increasing attention in recent years. This study aims to evaluate three reanalysis products,
namely, ERA5, Water and Global Change (WATCH) Forcing Data (WFD) ERA5 (WFDE5), and MERRA-2, from 1981
to 2019 to determine their ability to represent four hydrological climates variables over a range of space and time scales in
Benin. The variables from the reanalysis products are compared with point station databased metrics Kling–Gupta effi-
ciency (KGE), mean absolute error (MAE), correlation, and relative error in precipitation annual (REPA). The results
show that ERA5 presents a better correlation for annual mean temperature (between 0.74 and 0.90) than do WFDE5
(0.63–0.78) and MERRA-2 (0.25–0.65). Both ERA5 andWFDE5 are able to reproduce the observed upward trend of tem-
perature (0.28C decade21) in the region. We noted a systematic cold bias of;1.38C in all reanalyses except WFDE5 (;0.18C).
On the monthly time scale, the temperature of the region is better reproduced by ERA5 and WFDE5 (KGE $ 0.80) than by
MERRA-2 (KGE , 0.5). At all time scales, WFDE5 produces the best MAE scores for longwave (LW) and shortwave (SW)
radiation, followed by ERA5. WFDE5 also provides the best estimates for the annual precipitation (REPA 2 ]225, 25[ and
KGE $ 50% at most stations). ERA5 produces similar results, but MERRA-2 performs poorly in all the metrics. In addition,
ERA5 and WFDE5 reproduce the bimodal rainfall regime in southern Benin, unlike MERRA-2, but all products have too
many small rainfall events.
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1. Introduction

Hydrological studies remain essential to understanding the
effects of climate change on water resources. Hydrological
models (global, distributed, and semidistributed) are the stan-
dard tools for that purpose, and their performance is highly
dependent on the quality of the required meteorological and
vegetation forcing fields (Clark et al. 2009; Ocio et al. 2019).
In regions like West Africa, data gaps caused by low-density
station networks, discontinuous monitoring, limited personnel,
power shortages, and long sensor replacement periods have hin-
dered attempts to document the water cycle evolution. These
irregularities initially drove the development of spatialization
and interpolation techniques, each of which has its limitations
(Ly et al. 2013). The uncertainties in measuring instruments
have further amplified the problems (Awange et al. 2016). Add-
ing to these is the difficulty in accessing observational data, due
to high costs and poor information on their availability and
access conditions. These limitations justify the use of climate
reanalysis products to provide continuous and distributed
fields to force hydrological models. Climate reanalyses provide

consistency between different atmospheric variables derived
from the same numerical weather prediction (NWP) model
(Ledesma and Futter 2017). Therefore, reanalysis products
offer solutions for the above hydrological modeling challenges.
However, they require careful evaluation when used at space
scales that are not well represented by their underlying NWP
models and where small amounts of observed data have been as-
similated (Probst and Mauser 2022). This issue is especially
critical in West Africa, specifically in Benin, the focus region
for this study.

From the hydrological point of view, climatic reanalyses are
good data sources. However, they often require processing to
adapt them to suitable formats to suit each model’s require-
ment, which may differ from one model to the other. For ex-
ample, precipitation forcing can be event-based, hourly, daily,
or monthly values. However, as spatial and temporal resolutions
of physically based hydrological models have increased over the
years, climate time series need to be evaluated over the cycle con-
sidered by these models. Moreover, physically based hydrological
models like the parallel flow coupled hydrology–land surface
model (ParFlow-CLM;Kollet andMaxwell 2005; Bodjrènou et al.
2023a) or those including land surface models (LSM), require
many inputs, including precipitation, radiation, atmospheric tem-
perature, moisture, pressure, and wind velocity at subdaily time
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scales. From a numerical and physical point of view, these forc-
ings, or at least certain main variables required to simulate the
water balance with these models should be consistent with obser-
vations. Therefore, it is necessary to evaluate them, which is the
aim of this study.

This study will focus on temperature, precipitation, and
shortwave (SW) and longwave (LW) radiation. These are usu-
ally the variables used as inputs for LSMs. Rainfall is generally
the main input for the hydrological budget, which impacts the
variability of all other terms in the water balance (Bárdossy
and Pegram 2013; Thiemig et al. 2013). SW and LW radiation
are key variables in the surface energy balance and control
evapotranspiration, the main output term of the hydrological
budget in arid and semiarid regions (Peugeot et al. 2011).
Temperature impacts the hydrological budget in many ways,
especially by modifying atmospheric demand and vegetation
conductance (Fan and He 2015). For such hydrological model-
ing usage, these variables need to be evaluated at different
temporal scales (daily, seasonal, annual cycles, and decadal
trends) using several evaluation metrics when compared with
in situ observations for a broader understanding of the short-
comings of each reanalysis.

Several studies have evaluated reanalysis products over
West Africa. Satgé et al. (2020) evaluated 23 precipitation
products over three years at daily and monthly time scales.
Among various reanalyses, they found that only debiased
products [Water and Global Change (WATCH) Forcing
Data Twentieth Century (WFD) and WATCH Forcing
Data ECMWF interim reanalysis (ERA-Interim) (WFDEI);
JRA adjusted atmospheric dataset (JRA-Adj)] were reliable
at monthly time scales. Quagraine et al. (2020) evaluated
five reanalysis products (ERA-Interim, ERA5, MERRA-2,
JRA-55, and NCEP-R2) at seasonal and interannual scales.
They found at a regional scale that only ERA-Interim reliably
reproduced the observed wet trends but noted a high spatial vari-
ability in the values, with large differences among reanalyses. In
Benin, recent evaluations of climate reanalysis products are
mostly limited to a given subregion or a high temporal scale.
Grenier et al. (2020) compared ERA5-Land and Climate Fore-
cast System Reanalysis (CFSR), which has a temporal resolution
of 6 h. Further studies have been carried out in the northern part
of the region in the upper Oueme (Galle et al. 2018), a region of
dense and well-supervised meteorological stations through the
African Monsoon Multidisciplinary Analysis–Coupling of the
Tropical Atmosphere and Eco-Hydrological Cycle (AMMA-
CATCH) project. In their studies focusing on the upper Oueme
region, Danso et al. (2019) show that the ERA5 product reliably
reproduces the diurnal cycle of low-level clouds, which strongly
modulates the SW evolution in the region. Dembélé et al. (2020)
evaluated 102 combinations of rainfall and temperature datasets
from reanalysis and satellite products over the Upper Volta ba-
sin, a basin that covers Northern Benin. Their study identified
MERRA-2 as a good product for providing land water storage.
However, they indicated that MERRA-2 is not always better
than other products, including ERA5, at reproducing all hydro-
logical variables. Therefore, it is challenging to deduce from
these studies whether the products identified as potentially effi-
cient in describing the climate of this northern zone of Benin are

also efficient throughout the entire country. This point is espe-
cially critical because of the strong south-to-north climate gradi-
ent in the country (Fig. 1).

From the context above, this study aims to answer the
following questions: 1) Does the highest spatial resolution
hourly reanalysis (ERA5), capture well the temporal and spa-
tial evolution of Benin’s climate between 1981 and 2019?
2) Does it perform better than other hourly products such
as WFD ERA5 (WFDE5) and MERRA-2? The answers to
these questions will allow the scientific community and the
various development actors in the country to rely on these
reanalyses while being aware of their shortcomings. Further,
this study can help to design similar reanalysis evaluations
over other countries/regions in the world where data assimi-
lation is limited and where high-quality observation datasets
are insufficient.

2. Method

a. Study area

This study focuses on Benin in West Africa, which extends
from the subequatorial zone to the Sudanian zone (Fig. 1). It
has a warm climate with average minimum and maximum tem-
perature ranges from 21.98 6 3.68C to 24.98 6 1.88C and from
30.58 6 1.88C to 34.78 6 3.68C, respectively, according to the
southern Cotonou synoptic meteorological station and the north-
ern Kandi synoptic meteorological station. The rainfall regime of
the region is influenced by the West African monsoon (WAM),
leading to three main climatic zones (Le Barbé et al. 1993).
Southern Benin, located in the subequatorial zone (south of lati-
tude;78N) is the wettest area, largely influenced by the Atlantic
Ocean with two rainy seasons: the long rainy season from May
to July and the short rainy season from mid-September to
October (Amoussou et al. 2016; Bodjrènou et al. 2023a). The
long rainy season receives more than 40% of the average annual
rainfall (;1100 mm yr21 according to rainfall data presented in
this study). The Sudanian zone (north of latitude 98N) represents
the climatic regime of the north (Bodjrènou et al. 2023a). This
zone has a unimodal annual rainfall cycle characterized by a dry
season (November to April) with prevailing northeasterly trade
winds from the Sahara (harmattan) and a wet season (June–
September) with southwesterly winds from the Guinean Gulf
(monsoon flow) (Gleixner et al. 2020). The region between 78
and 98N can be considered a transition region (Sudano–Guinea
zone) between the subequatorial zone and the Sudanian zone
(Bodjrènou et al. 2023b). Benin has a special climate around the
Atacora Mountain range (Fig. 1), which has an average altitude
of 745 m average as compared with 270 m for the regional
average.

b. Data description and treatment

The reanalysis products evaluated in this study (ERA5,WFDE5,
and MERRA-2) have an hourly temporal resolution and cover
nearly the entire period of our study (1981–2019). ERA5 is the fifth
major global reanalysis produced by the European Centre for
Medium-RangeWeather Forecasts reanalysis (Hersbach et al. 2020).
It has a 0.18 3 0.18 resolution (Muñoz-Sabater 2019). WFDE5 is a
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debiased version of ERA5-Land with a 0.58 3 0.58 aggregated
resolution (Cucchi et al. 2020). MERRA-2 is produced by the
National Aeronautics and Space Administration (NASA;
Gelaro et al. 2017). It is the first reanalysis that assimilated
space-based observations of aerosols and represented their in-
teractions with other physical processes in the climate system.
It is at 0.6258 3 0.58 resolution (Gelaro et al. 2017). All the
products were kept in their native resolution. In this study, we
focus on the 2-m surface temperatures, precipitation, and in-
coming SW and LW radiation. These variables have the great-
est impact on the water balance (Bodjrènou et al. 2023a).

To evaluate these reanalyses over the study area, several
observational datasets were used (see Table A1 of the
appendix for specific details of the stations). Mean, mini-
mum, and maximum daily temperature data between 1981
and 2019 from the six synoptic stations (stars in Fig. 1) of
the Meteo-Benin Agency were used. The stations are situ-
ated as follows: Cotonou station is located a coastal area
within the city; Bohicon was still downtown in 2018 as well
as Parakou (the old airport). Natitingou was downtown till
2012 then moved to the new airport location clearly outside
the city (we kept only the data from the 1960–2012 period
for consistency). Savè station is in town, but the city is not

too urbanized, and Kandi station is at the airport of a very
small city and still outside the city center.

Additionally, data from the national rainfall and meteorologi-
cal stations (including synoptic stations) extending from 1981 to
2016 at daily time scale were also used (cyan dots on Fig. 1).
These data were compiled under the name base de données
pluviométriques (BADOPLU; precipitation database in West
Africa) and qualified by Tapsoba et al. (2004). Data from the
AMMA-CATCH observatory in the upper Oueme were also
used (Galle et al. 2018). These pointwise data include hourly
rainfall records from 2001 to 2019. The AMMA-CATCH data-
base also includes SW and LW radiation recorded at 30-min in-
tervals at two observatories: Nalohou (1.608E, 9.748N) and
Béléfoungou (1.728E, 9.798N) (white dots on Fig. 1). These two
stations are influenced differently by vegetation. At Béléfoun-
gou, the station is located in a forest zone, whereas at Nalohou,
the station is located in a fallow zone. Although the two stations
are very close, they fall within different grid points in the reanaly-
ses data used for the evaluation. The LW and SW radiation data
from the Dynamics–Aerosol–Chemistry–Cloud Interactions in
West Africa (DACCIWA) program (Fink et al. 2010; Knippertz
et al. 2015) at Cotonou and Parakou were also used from the pe-
riod 1999–2019. Table 1 gives more details on these observations.

FIG. 1. Study area with different stations used (dots), the main climatic zones (colors), the Atacora Mountain range
(dashed area), and the upper Oueme basin contours (blue line).
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Note also that SW and LW radiation data are carefully ana-
lyzed, withmany discarded, especially in the Cotonou and Parakou
stations due to the lack of monitoring after the end of the DAC-
CIWA project in 2011 and in the Béléfoungou station due to the
change in height in 2015 (from 6 to 18 m). Negative values of SW
and precipitation in the observed and reanalyses data are consid-
ered zero. Periods with missing data in the observations are ex-
cluded from the analysis. ERA5 is shifted 1 h backward in time, as
done in WFDE5 (Cucchi et al. 2020). No further treatment is car-
ried out in the reanalyses. For precipitation measurements, ob-
served spatial variability is not so much pronounced on annual
scale, but the monthly variability [described by Bodjrènou et al.
(2023a)] leads us to the average rainfall over the subequatorial
zone (latitude , 98N), the Sudano–Guinean zone, and the Suda-
nian zone (.98N).

c. Reanalyses evaluation criteria

The reanalyses data were evaluated at different spatial and
temporal scales over the available periods (Table 1). We eval-
uated the products at daily, monthly, and annual time scales
from 1981 to 2019. Pluri-annual trends are calculated from
yearly averages, and the Mann–Kendall test is applied to
check their significance at the 5% threshold. The north–south
gradients were then compared to investigate the spatial vari-
ability of all variables. Spatial variability maps of the reanaly-
ses were presented with their baseline resolution. We selected
the collocated reanalysis grid point corresponding to the sta-
tion location. Otherwise, the evaluation is undertaken by
comparing the grid point corresponding to the station loca-
tion. Spatial variability maps of WFDE5 data are presented in
Fig. A1 of the appendix because this reanalysis is provided by
the same group as ERA5. However, the mean values at the
corresponding grid points are presented.

Several metrics, including mean absolute error (MAE) and
Kling–Gupta efficiency (KGE) (Gupta et al. 2009) were used
for the temporal evaluation of the products. The KGE [Eq. (1)]
allows an aggregated view of the Pearson correlation (Cor), the
mean m, and the standard deviation s ratios between reanalysis
products and observations. A KGE value larger than 0.5 is con-
sidered to be a good score (Gupta et al. 2009). However, it is
difficult to identify the component responsible for a given KGE
value. To overcome this issue, Gupta et al. (2009) and Knoben
et al. (2019) suggested decomposing the KGE submetrics and
accompanying them with other evaluators. With this in mind, in
addition to the stand-alone Pearson correlation calculated for all
variables, we calculated the MAE, a metric that quantifies the
distance between the observations and the reanalyses [Eq. (2)].
Like the KGE, the correlation is better when it is higher than 0.5;

1 is its perfect value, as opposed to 0, which is the perfect value of
MAE:

KGE 5 1 2

�������������������������������������������������������
(Cor 2 1 )2 1 srea

sobs
2 1

( )2
1

mrea

mobs
2 1

( )2√
and

(1)

MAE 5
1
n
∑
n

i50
|Yrea 2 Yobs|, (2)

where n is the sample size, Yrea is the reanalysis, and Yobs is
the observation values.

Other complementary indicators were used for the evalua-
tion of the reanalyses. For rainfall, we used the relative error
in precipitation annual (REPA) calculated at each station
[Eq. (3)]. This metric is similar to relative bias and allows us
to evaluate the overestimation or underestimation of mean
annual rainfall at each station (in percent). From the compu-
tation of the REPA, we can deduce the fraction of stations
where the rainfall is over or underestimated, which gives inte-
grated information on the performance of the reanalyses over
the region. A REPA score in the range ]225, 125[ is consid-
ered to be a good rainfall estimate:

REPA 5
Mrea 2 Mobs

Mobs
, (3)

where Mrea is the average annual rainfall over the reanalyses
andMobs is the average annual rainfall over the observations.

These metrics have been used in numerous studies (e.g.,
Gleixner et al. 2020).

3. Results

a. Temperature climatology and reanalyses comparisons

Figure 2 shows the spatial distribution of the mean tempera-
ture in Benin for the ERA5 and MERRA-2 reanalyses. We
noted an abrupt transition zone after Natitingou, north of
which both reanalyses clearly show a zone with average tem-
peratures above 288C. Based on ERA5, which has a better res-
olution than both MERRA-2 and WFDE5, the Natitingou
station seems to be influenced by the Atacora Mountain range
(Fig. 1). This leads to a cold temperature anomaly due to the
higher elevation and increased precipitation relative to the
East of the country. However, the average temperature at
the Natitingou station is too low in the ERA5 product when
compared with the debiased one in WFDE5, which matches
better with the observations.

TABLE 1. Description of datasets used in this study and their sources.

Variables Sources Periods Resolution Site/reference

Temperatures Meteo-Benin 1960–2019 Daily/6 stations http://meteobenin.bj/
Rainfall AMMA 2001–19 30 min/29 stations http://www.amma-catch.org/spip.php?rubrique81

BADOPLU 1960–2016 Daily/42 stations Tapsoba et al. (2004)
Radiations AMMA 2005–15 30 min/2 stations http://www.amma-catch.org/spip.php?rubrique81

DACCIWA 1999–2019 10 min/2 stations https://baobab.sedoo.fr/DACCIWA/
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Based on the observations, the temperature tends to be similar
across all six weather stations (between 27.58 and 28.38C). ERA5
and MERRA-2 reanalyses underestimate mean temperatures at
all stations by an average of 1.38C (see Fig. 5 for further details).
In terms of mean temperature variability, we show an increase
ranging from 1.68C in the south (Cotonou) to 3.08C in the north
(Kandi). Both reanalyses also show increasing variations from the
south station to the north station (between 1.48 and 2.78C for
ERA5 and between 1.48 and 3.18C for MERRA-2). The WFDE5
reanalysis shows the overall best mean temperature estimate at all
six stations (;0.18C difference with observation). Its variability,
however, is similar to ERA5, which underestimates it by 0.188C
on average, and better thanMERRA-2, which differs by 0.258C.

Figure 3 shows the interannual evolution of annual average
temperatures at the six synoptic stations. ERA5 and MERRA-2
systematically underestimate the average temperatures at most
stations, except Kandi (for both reanalyses) and Natitingou (for
MERRA-2). It is clear that, although it underestimates temper-
ature at almost all stations, ERA5’s curve is more similar to the
observations than the other reanalyses. For example, the obser-
vations show that the highest temperature between 1981 and
2000 occurred in 1998 at Bohicon. This high-temperature year
was captured by ERA5, unlike MERRA-2 (1983) and WFDE5
(1987). Its greater consistency with observations is noted across
all stations, which explains why it always presents the best corre-
lation (Table 2).

The annual mean temperatures for the observations
show a positive trend over 0.28C decade21 (Table 2). Savè
and Cotonou stations have the highest increasing average

temperature trends of 0.338 and 0.278C decade21, respectively.
The Savè station records the highest increasing temperature
trend despite being located in a green suburban area that has
not experienced any environmental change in the past deca-
des. MERRA-2 shows a much lower trend for the five south-
ern stations (;0.18C decade21). ERA5 shows decade trends
that are in much better agreement with observations (0.248 vs
0.218C decade21 for ERA5) when compared with those of
MERRA-2 and WFDE5 (0.178C decade21). We also note a sig-
nificant trend at all observation stations. ERA5 and WFDE5
show the same result, unlike MERRA-2, which only shows a sig-
nificant trend at two stations.

The minimum temperature at all stations (not shown) is under-
estimated by MERRA-2, except at Natitingou, and overesti-
mated by WFDE5, except at Cotonou, located near the ocean.
ERA5 underestimates the minimum temperature at Cotonou
and Parakou and overestimates it at Savè and Kandi but has bet-
ter correlations (0.81–0.92) than MERRA-2 (0.60–0.85) and
WFDE5 (0.48–0.72). We also note that WFDE5 always overesti-
mates maximum temperature (not shown), unlike the other two
reanalyses, which underestimate it (except at Natitingou for
MERRA-2). Upward trends (0.218C decade21 on observations)
are captured better in ERA5 (0.228C decade21) with the best
correlations (between 0.57 and 0.86 vs 0.07–0.51 for MERRA-2
and 0.48–0.71 for WFDE5). The performance of the reanalyses
on KGE andMAEmetrics is reported in Fig. 5, below.

Figure 4 shows the mean annual cycle of monthly temperatures
at the six synoptic stations. From the observation, the highest tem-
peratures (minimum, mean, and maximum) occur from February

FIG. 2. Spatial distribution of mean temperature between 1981 and 2019 for (left) ERA5 and (right) MERRA-2.
The boxes in the center contain the average temperature over the entire period at the six synoptic stations; 6 1 stan-
dard deviation range is also indicated. On both sides are given the average temperature of the corresponding reanaly-
sis grid cell, ERA5 (top left), WFDE5 (bottom left in italics), and MERRA-2 (right).
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to April (FMA) and from November to December. The lowest
temperatures occur in January and from July to September
(JAS). August is the coldest month, with an average mean tem-
perature of 25.78 6 0.58C. In contrast, March is the hottest month
of the year (30.58 6 0.88C). All three reanalyses show these peaks
of coldest and warmest months, but WFDE5 shows averages
closer to observations than MERRA-2 and ERA5, which sig
nificantly underestimates the temperature (see MAE values in
Fig. 5). WFDE5 and ERA5 have better correlations with the ob-
servations for the mean temperature (0.94 to 0.98 and 0.93 to 0.97,
respectively). MERRA-2, on the other hand, has slightly lower
correlations (0.79 to 0.96), except in Kandi, where the correlation
coefficient for ERA5 is weakest. Both ERA5 and WFDE5 also
show the same correlation performance (often above 0.90) for
minimum and maximum temperatures, better than MERRA-2
(sometimes below 0.80). ERA5 and MERRA-2 overestimate
maximum temperature, while WFDE5 underestimates it. The
latter also underestimates minimum temperature at all stations,
except at Cotonou, located near the Atlantic Ocean, while
MERRA-2 overestimates it. Furthermore, the results show that
temperature amplitudes (bar length plots) are larger in the north
than in the south.

Figure 5 gives an overview of the performance of the reanalyses
over Benin according to the KGE and MAE metrics at different
temporal scales. This analysis helps to understand the perfor-
mance of each reanalysis product in reproducing daily, monthly,
and annual temperatures in the country. The best KGE scores of
ERA5 and WFDE5 are obtained at the monthly scale with mean
values above 0.80 (Fig. 5). The lowest KGE scores for both reanal-
yses are shown in the annual temperature, likely because the cor-
relations are lowest at the annual time scale. The average MAE
values of ERA5 vary between 0.54 and 1.54, which is better than
MERRA-2 (1.08, 1.82). WFDE5 presents better MAE (between
0.27 and 1.15) in all cases except for the minimum temperature at
the annual scale, where ERA5 has better MAE scores.

b. Radiation climatology and reanalyses comparisons

Figure 6 shows the spatial distribution of the mean SW and LW
in Benin for ERA5 and MERRA-2. For SW, both reanalyses
show a south–north gradient increasing from south to north (from
darker to lighter). The observations show a similar south–north
positive gradient in terms of annual average, with values ranging
from 196 in Cotonou to 217 W m22 in Béléfoungou. The SW val-
ues range from 201 to 236 W m22 for ERA5, 179 to 222 W m22

FIG. 3. Interannual mean temperature variability between 1981 and 2019 on the six synoptic stations of Benin (blue) and the corresponding
grid cells in ERA5 (red), WFDE5 (orange), and MERRA-2 (cyan).

TABLE 2. Trends (8C decade21) and correlations of the mean annual temperature. A significant trend at the threshold of 5% based
on the Mann–Kendall test are signified with an asterisk.

Trends (8C decade21) Correlation

Stations Obs ERA5 WFDE5 MERRA-2 ERA5 WFDE5 MERRA-2

Cotonou 0.27* 0.19* 0.18* 0.10* 0.86* 0.63* 0.60*

Bohicon 0.19* 0.24* 0.18* 0.11 0.87* 0.75* 0.60*

Savè 0.33* 0.23* 0.18* 0.06 0.90* 0.78* 0.51*

Parakou 0.21* 0.24* 0.16* 0.05 0.74* 0.66* 0.25
Natitingou 0.22* 0.18* 0.13* 0.07 0.85* 0.74* 0.45*

Kandi 0.20* 0.17* 0.18* 0.23* 0.82* 0.78* 0.65*
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for MERRA-2, and 195 to 230 for WFDE5 from Cotonou to
Béléfoungou, respectively. The calculated MAE values at this
scale are shown in Fig. 9. ERA5 shows a systematic overestima-
tion of mean SW (;16 W m22). MERRA-2 slightly overesti-
mates SW in the north (;6 W m22) and underestimates it in the
south (;17 W m22). The standard deviations of SW are higher
in the north for the three reanalyses (311 W m22 for ERA5,
304Wm22 for WFDE5, and 322Wm22 for MERRA-2), consis-
tent with the observations (322Wm22).

Similarly, the spatial distribution of LW in ERA5 and
MERRA-2 shows a decrease from south to north, with higher
values in ERA5. A slight east–west gradient can also be seen
over the country in both reanalysis products. The observa-
tions show a north–south positive gradient of LW from Bélé-
foungou to Cotonou ranging from 403 to 421 W m22. This is
captured in the reanalyses with values ranging from 392 to
418 W m22 for ERA5, 382 to 405 W m22 for MERRA-2, and
399 to 425 W m22 for WFDE5. The reanalyses show a system-
atic underestimation of ;2.3 W m22 for WFDE5, ;6.5 W m22

for ERA5, and ;16 W m22 for MERRA-2. LW variability is
also better captured in WFDE5 at all stations, except at Coto-
nou, where the other reanalyses show values closer to observa-
tions (15 W m22 vs 15 W m22 for ERA5, 12 W m22 for
WFDE5, and 17 Wm22 for MERRA-2).

Figure 7 shows the mean annual cycle and interannual vari-
ability of SW and LW between 2001 and 2019 in Cotonou
(south) and Parakou (north). From the observations, the SW
radiation at Cotonou and Nalohou shows a typical pattern in
the intertropical areas with two annual maxima and a large in-
terannual variability (Amoussou et al. 2016). The drop in the

SW radiation in the core of the rainy season is well marked at
both sites from June to September. This is due to frequent oc-
currences of thicker clouds generated by deep convection and
squall lines (Danso et al. 2019). The weaker SW radiation ob-
served in the heart of the dry season (December and January)
is likely associated with the harmattan wind, loaded with dust
from the Sahara Desert, which blows over the entire country
during the dry season (Danso et al. 2020b). Monthly interan-
nual variability is generally smaller in the north than in the
south except in the dry season in Cotonou, where monthly
variability is small.

In the north, all reanalyses reproduce the bimodal mean
SW regime with maximum values in March and November
(Fig. 7, bottom left). The reanalyses substantially overesti-
mate incoming SW, especially from December to February
(DJF), by more than 25 W m22 in MERRA-2 and 35 W m22

in ERA5 and WFDE5. Despite this dry season effect, ERA5
reproduces the seasonal cycle and the variability well. The cy-
cle in MERRA-2 is smoother (less annual amplitude), while
WFDE5 has lower interannual variability in all months than
the observations. In the south (Fig. 7, upper left), ERA5 be-
haves the same as in the north with a substantial bias during
DJF (;40 W m22) and compares well to the observations for
the rest of the year. On the contrary, MERRA-2 presents a
large underestimation of SW in March and April (more than
50 W m22) and a biased seasonal cycle. WFDE5 is inferior to
ERA5 in terms of interannual variability.

The seasonal cycle of LW radiation exhibits a similar bimodal
annual regime that is more pronounced at Cotonou, where
southern Benin has a short period with fewer clouds and no rain

FIG. 4. Mean annual cycle of monthly temperature at the six synoptic stations. Continuous lines from January to December indicate the
average monthly temperature (TMea). The upper ends of the vertical bars indicate the maximum temperature (TMax) and the lower
ends are the minimum temperature (TMin). Observation is in blue, ERA5 is in red, WFDE5 is in orange, and MERRA-2 is in cyan. Cor-
relation values are in parentheses (with an asterisk if significant).
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in August (Fig. 7, right). The cloudy period (LW. 400 W m22)
at Parakou is shorter than in the south during the last half of the
year from April to October. The main differences in the LW be-
tween the two sites are seen from November to March during
the harmattan period. During this period, the LW is higher
over the south due to the quasi-permanent intense cloud cov-
erage due to its proximity to the ocean. ERA5 and WFDE5
reproduce the seasonal cycle and the variability at both sites.
However, WFDE5 slightly overestimates LW during the rainy
season (May–November). On the contrary, MERRA-2 under-
estimates the incoming LW radiations all year with differences
of several tens of watts per meter squared (up to 30 W m22 in
January).

Figure 8 details the performance of the reanalyses in terms
of the diurnal cycle of radiation for January, June, and October.
These months respectively correspond to the core of the dry
season (harmattan winds from the north and almost no rain),
the beginning of the wet (rainy) season throughout the country,
and the short rainy season in southern Benin or the end of the
rainy season in the north (Amoussou et al. 2016). Overall, the
morning SW rise in the reanalyses is relatively well phased with
the observations (zero between 1800 and 0600 local time and
maximum between 1100 and 1200 local time). The reanalyses
reproduce the observed SW diurnal cycle peak over the entire
country in October [in Béléfoungou (815.2 W m22 vs 820.8, 810.3,
759.7Wm22), Cotonou (722.0Wm22 vs 687.1, 670.1, 621.2Wm22),
Nalohou (796.8 W m22 vs 818.1, 810.3, 742.4 W m22), and
Parakou (747.6 W m22 vs 793.1, 758.1, 744.5 W m22) for

observed vs ERA5, NEW, WFDE5, respectively]. However,
the peaks at some stations, such as Belefoungou and Nalohou
for the WFDE5 and MERRA-2 reanalyses (peaks at 1100
instead of 1200 local time) and at the Cotonou station for
ERA5 (peaks at 0000 instead of 1100 local time), have been
shifted by one hour for this month. Finally, the reanalyses
overestimate the SW at all stations in January, especially in
Parakou, with a larger bias in ERA5 (174 Wm22 vs 165 Wm22

in WFDE5 and 124 W m22 in MERRA-2). This is likely be-
cause it does not consider the dust transport by the harmattan.
Additionally, MERRA-2 slightly overestimates SW in January
but underestimates it from February to March, as has been
noted in Fig. 7 (diurnal cycles not shown).

The same figure shows an underestimation of LW by all rean-
alyses (Fig. 8, right), as already discussed in Fig. 7. These under-
estimations can be as high as 50 W m22 in MERRA-2 and
40 W m22 in ERA5 during the midday peak, whereas WFDE5
is in better agreement with the observations. As compared with
the other reanalyses and observations, MERRA-2 shows an al-
most flat cycle for the LW. This pronounced MERRA-2 LW
daily cycle reveals clear-sky conditions in the morning and
cloudy conditions from noon to midnight. This leads to a lower
average LW than the observations (Fig. 7). It also must be noted
that MERRA-2 data do not separate land and sea patches as
done in ERA5. This can lead to large biases between observa-
tions and reanalyses over the coastal areas in our comparison.
A quantified evaluation of the reanalyses’ performance is pre-
sented in Fig. 9.

FIG. 5. (left) ERA5, (center) MERRA-2, and (right) WFDE5 reanalyses scores at daily (label D), monthly (M), and yearly (Y) time
scales for Tmax, Tmea, and Tmin for (top) KGE and (bottom) MAE. Blue and green colors indicate a good performance of the reanaly-
ses (blue for KGE and green for MAE), and red and yellow colors show a higher deviation from the observations.
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Table 3 shows the correlation of SW and LW radiations at daily,
monthly, and annual time scales between reanalyses and observa-
tions. It confirms that, relative to MERRA-2, both ERA5 and
WFDE5 have a better representation of the seasonal cycle
(monthly time scale) of SW and LW radiation. At this scale, it pre-
sents correlations always higher than 0.75 for the LW and the SW
except in Cotonou (SW correlation 5 0.60) because of the

influence of the ocean. On the other hand, the reanalyses are less
effective in reproducing the radiation at the annual scale but not
often significant, likely due to the small sample size.

Figure 9 shows the KGE and MAE scores at different time
scales for the SW and LW. ERA5 and WFDE5 have better KGE
and MAE scores than MERRA-2 (Fig. 8), indicating their poten-
tial to describe the radiation budget in this region. The better

FIG. 6. Spatial distribution of the average (top) SW and (bottom) LW between 2001 and 2017 for (left) ERA5 and
(right) MERRA-2. The observed values are in blue vs the reanalyses values for ERA5 (top left), WFDE5 (bottom
left in italic), and MERRA-2 (right). In ascending order of numbers, the color bars go from darkest to least dark for
SW (270–160) but from least dark to darkest for LW (370–430).
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KGE values in ERA5 [(0.06–0.63) for SW and (0.53–0.77) for
LW] and WFDE5 [(0.31–0.64) for SW and (0.50–0.72) for LW]
than in MERRA-2 [(from 20.02 to 0.50) for SW and (0.37–0.53)
for LW] are associated with both better correlation and MAE
scores. There is no clear difference in the performance of the rean-
alyses from one station to another. However, the best MAE values
are noted for the LW when compared with SW for the reanalysis
products. This result is related to the high monthly variability of
the SW radiation (Fig. 7). MAE values are better at the annual
scale both for SW (average of 17 W m22 for ERA5, 11 W m22

for MERRA-2, and W m22 for WFDE5) and LW (average of
6 W m22 for ERA5, 18 W m22 for MERRA-2 and 3 W m22 for
WFDE5) than at the monthly and daily scales.

c. Precipitation climatology and reanalyses performances

Figure 10 presents the spatial variability of mean annual
precipitation of ERA5 and MERRA-2 over the country. We
note that ERA5 and MERRA-2 present a marked north–
south gradient. This is even stronger in MERRA-2, with

FIG. 7. Average annual cycle between 2001 and 2019 of monthly distributions (boxplots) of (left) SW and (right) LW in (top) Cotonou
and (bottom) Parakou for observations (blue) and reanalyses: ERA5 (red), WFDE5 (orange), and MERRA-2 (cyan).

FIG. 8. Diurnal cycle of (left) SW and (right) LW at the stations of Béléfoungou, Cotonou, Nalohou, and Parakou (lines) in January,
June, and October for observations (blue), ERA5 (red), WFDE5 (orange), and MERRA-2 (cyan).
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precipitation up to 1600 mm yr21 in the south and less than
600 mm yr21 in the north. ERA5 shows an east–west gradient
in central Benin that is slightly present in the observations
(i.e., a higher value in Natitingou than in Parakou). From the
observation, precipitation values range from 900 (north) to
1300 (south) mm yr21. Thus, we can say that the coastal re-
gion is the wettest area, while the north is the driest, with an-
nual precipitation amounts decreasing rapidly north of 118N. In
this region, all reanalyses underestimate the average annual

precipitation (;200 mm for ERA5, ;50 mm for WFDE5, and
;500 mm for MERRA-2). In the southern part of the country,
MERRA-2 presents a poor estimation of the annual precipita-
tion when compared with other reanalyses (1600 mm yr21 vs
1300 mm yr21 in observation, ERA5, and WFDE5). We also
note that the east–west gradient (difference in mean between the
Natitingou and Parakou stations) in ERA5 (70 mm) is similar to
the observation (42 mm) as compared with WFDE5, which has
an extremely strong gradient (154 mm) and MERRA-2 with no

FIG. 9. (left) ERA5, (center) MERRA-2, and (right) WFDE5 reanalysis scores for LW and SW radiation for (top) KGE and (bottom)
MAE for ERA5 and MERRA-2 at daily (D), monthly (M), and yearly (Y) time scales. Blue (for KGE) and green (MAE) colors indicate
a good performance of the reanalyses, and red and yellow colors show a higher deviation from the observations.

TABLE 3. Correlations on SW and LW between 2001 and 2019 at different time scales. A significant correlation at the threshold of
5% is indicated by an asterisk.

Béléfoungou Cotonou Nalohou Parakou

Scale ERA5 WFDE5 MERRA-2 ERA5 WFDE5 MERRA-2 ERA5 WFDE5 MERRA-2 ERA5 WFDE5 MERRA-2

Longwave radiation
Annual 0.83 0.77 0.83 20.15 20.16 20.3 0.98* 0.98* 0.98* 0.55* 0.52* 0.52*

Monthly 0.93* 0.91* 0.93* 0.76* 0.78* 0.64* 0.97* 0.96* 0.97* 0.9* 0.89* 0.89*

Daily 0.79* 0.78* 0.79* 0.73* 0.73* 0.65* 0.93* 0.93* 0.93* 0.83* 0.82* 0.81*

Shortwave radiation
Annual 0.56 0.55 0.68* 0.98* 0.98* 0.98* 0.4 0.42 0.44 0.73* 0.63* 0.47
Monthly 0.89* 0.89* 0.86* 0.6* 0.65* 0.31* 0.81* 0.79* 0.56* 0.83* 0.78* 0.72*

Daily 0.75* 0.75* 0.65* 0.47* 0.47* 0.27* 0.63* 0.63* 0.46* 0.56* 0.54* 0.39*
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gradient. This may be due to the lower resolution of MERRA-2
and WFDE5 than of ERA5. Apart from the Cotonou station,
where ERA5 and WFDE5 show interannual variability over
120 mm, likely due to the influence of the ocean, the reanalyses
bias is;52 mm for MERRA-2 and WFDE5 versus;42 mm for
ERA5.

Figure 11 shows the mean annual cycle and interannual vari-
ability of precipitation for the three climate zones in Benin
(Fig. 1). The mean annual precipitation in the subequatorial
zone is overestimated by more than 100 mm in all reanalyses
(1115 mm for observations vs 1224 mm for WFDE5, 1337 for
ERA5, and 1578 for MERRA-2). This overestimation is present
in all years except for a few years in ERA5 (2009 to 2013) and
WFDE5 (1990, 2016, and 2013). WFDE5 shows the best perfor-
mance in terms of correlation (0.91*; the asterisk indicates signifi-
cance) and nonsignificant positive trend (4.24 mm yr21, in line
with observation 4.84 mm yr21) when compared with ERA5
(correlation5 0.49* and trend525.93*) andMERRA-2 (corre-
lation5 0.56* and trend5 13.37*). Performance is almost identi-
cal in the Sudano–Guinean zone. However, in the Sudanian
zone, improvements were observed for ERA5, whose average
is closest to the observations (1002 mm vs 981 mm for ERA5,
1076 mm for WFDE5, and 679 mm for MERRA-2). Similar im-
provements were noticed for the trend in MERRA-2 (Table 4).
Note that none of these trends are significant (at the 5% level),
which is not surprising given the low signal-to-noise ratio of an-
nual precipitation in this region.

The annual cycles for both observations and reanalyses
(Fig. 11, right) clearly show the bimodal precipitation regime
in the subequatorial zone and the unimodal cycle in the north
(Sudanian zone). All reanalyses perform well during the dry sea-
son (November–February), during which both the observations

and reanalyses show a virtual absence of precipitation, particu-
larly in the Sudanian and Sudano–Guinean zone. The rainfall
peak in northernBenin is well captured in all reanalyses (average in
August equal to 244 mm for ERA5, 239 mm forWFDE5, 225 mm
for observations, and 190 mm for MERRA-2), while the two rainy
season peaks in southern Benin (June andOctober) are improperly
captured.MERRA-2 shows a first peak in July (228mm) instead of
June (ERA55 188 mm, WFDE55 198 mm, BADO5 200 mm,
andMERRA-25 185). The second peak in the reanalyses is shown
in September (ERA55 147 mm,WFDE55 157 mm, observation
5 123mm, andMERRA-25 250mm),while the observation peak
is in October (136 mm). Generally, WFDE5 better reproduces the
seasonal cycle and the interannual variability at the monthly time
scale [correlation equal to ;0.96* vs (0.83 to 0.95) for ERA5 and
(0.62, 0.86*) forMERRA-2].

Figure 12 shows the performance of the three reanalyses
against the AMMA-CATCH data of the upper Oueme basin
(Fig. 1). The observed mean annual precipitation is 1195 mm
for longitude 5 [1.58, 2.08] versus 1181 mm for longitude 5

[2.08, 2.58], demonstrating a slight east–west gradient (Fig. 10).
This gradient is also visible in ERA5 (from 1313 to 1167 mm)
and WFDE5 (from 1244 to 1186 mm) but absent in MERRA-2
(from 815 to 777 mm). Contrary to MERRA-2, ERA5 and
WFDE5 show an opposite trend and lower correlation on inter-
annual precipitation (Table 4), but they present a good correla-
tion on the monthly scale (above 0.90, contrary to MERRA-2,
which is always less than 0.80). Both reanalyses also present a
better annual cycle with a peak in August and lower difference at
longitude 5 [2.08, 2.58] (1 mm for ERA5, 29 mm for WFDE5,
and 40 mm for MERRA-2).

The cumulative frequency (Fig. 12, right) indicates that
rainfall higher than 5 mm h21 represents more than 0.7% of

FIG. 10. Spatial variability of mean annual precipitation in Benin for (left) ERA5 and (right) MERRA-2.
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the sample of rainfall in the observations. However, they repre-
sent less than 0.3% in the reanalyses (;0.29% for ERA5 and
WFDE5 and;0.16% for MERRA-2). The percentage of rainfall
higher than 0 mm h21 in the reanalyses is much higher than in
the observations (;8% vs;18% for ERA5,;14% forWFDE5,
and ;27% for MERRA-2). This suggests that the reanalyses
tend to simulate frequent low-intensity events. The reanalyses
reach the 99% frequency threshold at rainfall intensities of
13 mm h21 for ERA5 andWFDE5 and 26mm h21 forMERRA-2,
while the observation data are at less than 90% of cumulative
frequency for rainfall intensities below 30 mm h21. The observed
very high rainfall intensities are not captured in the reanalyses.

Table 4 presents the percentage of stations for which some
evaluation indicators were looked at. This uses the observed

data to determine the better reanalysis products in their rep-
resentation of the precipitation at the stations. From this ta-
ble, correlation coefficients higher than 0.5 are found in more
than 80% of the stations for WFDE5 and ERA5, against less
than 80% for MERRA-2. Similarly, the best estimate of the
mean annual rainfall (REPA 2 ]225, 25[) is observed in more
than 90% of the stations for WFDE5, more than 70% of the
stations for ERA5 as compared with MERRA-2, which re-
produces rainfall values in less than 25% of the stations. We
also show that the performance of all reanalysis products
is better, especially for the REPA metric, in the Sudano–
Guinean zone (93.3% for ERA5, 100% for WFDE5, and
26.7% for MERRA-2) than in the subequatorial zone (30.8%
for ERA5, 100% for WFDE5, and 15.4% for MERRA-2) or

TABLE 4. Evaluation of mean annual precipitation at different climate zones by correlation, KGE, trends, and REPA metrics.

Subequatorial (13) Sudano-Guinean (15) Sudanian (15) Upper Oueme (42)

Indicators ERA5 WFDE5 MERRA-2 ERA5 WFDE5 MERRA-2 ERA5 WFDE5 MERRA-2 ERA5 WFDE521q MERRA-2

Cor $ 0.50 84.6 100 92.3 93.3 100 86.7 73.3 93.3 40.0 9.5 4.8 2.4
Cor , 0.50 15.4 0.0 7.7 6.7 0.0 13.3 26.7 6.7 60.0 90.5 95.2 97.6
KGE , 0.5 15.4 0.0 0.0 0.0 0.0 6.7 20.0 0.0 40.0 100 100 100
KGE $ 0.5 84.6 100 100 100 100 93.3 80.0 100 60.0 0.0 0.0 0.0
REPA # 225 7.7 0.0 0.0 0.0 0.0 0.0 6.7 0.0 80.0 100 100 100
REPA 2

]225, 25[
30.8 100 15.4 93.3 100 26.7 93.3 80.0 20.0 0.0 0.0 0.0

REPA . 25% 61.5 0.0 84.6 6.7 0.0 73.3 0.0 20.0 0.0 0.0 0.0 0.0
Same trend 38.5 76.9 61.5 66.7 93.3 73.3 60.0 80.0 93.3 64.3 61.9 76.2
Opposite trend 61.5 23.1 38.5 33.3 6.7 26.7 40.0 20.0 6.7 35.7 38.1 23.8

FIG. 11. Interannual precipitations (with the trend) and the mean annual cycle variability of the mean annual precipitation on BADOPLU
(blue), ERA5 (red), WFE5 (orange), andMERRA-2 (cyan) between 1981 and 2016. The boxplots represent the interannual variability on the
mean precipitation. Here, t5 trend, and the values in parentheses are for correlation, with an asterisk if significant.
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the Sudanian zone (93.3% for ERA5, 80% for WFDE5, and
20.0% for MERRA-2).

In upper Oueme, all of the reanalysis products perform
poorly in all metrics. REPA 2 ]225, 25[ is equal to 0%, corre-
lations superior to 0.5 is lower than 10%, and KGEs superior
to 0.5 is equal to 0%. This result is likely linked to the fact
that an average of 10 observation stations are compared at
the same reanalysis point. In addition, these results are not
statistically significant (Fig. 12, left).

4. Discussion

Our discussion is divided into four points. The first point is
devoted to the comparison technique, followed by a discussion
on temperature, radiation, and precipitation in the second,
third, and fourth points, respectively. We noted that horizontal
resolution is a factor that significantly influences the perfor-
mance of the reanalysis products. Grid points in reanalysis
products cover large areas. Thus, comparing point observations
with those grid points may not necessarily be representative
(Amoussou et al. 2016; Nkrumah et al. 2019). The horizontal
resolutions generally determine the distance between the point
selected in the reanalysis and the station point. This may be the
reason why MERRA-2 (resolution 0.58 3 0.6258) always has
poorer performance than ERA5 (resolution 0.18 3 0.18). For
example, when compared with the Bohicon station, the center
of the grid points from the station coordinate in ERA5 is
5.2 km, WFDE5 is 22.4 km, and MERRA-2 is 28.2 km. This
technique sometimes leads to comparing a single reanalysis
grid point with several different observation points and vice
versa. Such is the case of the AMMA-CATCH dataset (grid
longitude5 [1.58, 2.58] and latitude5 [908, 108]), with which we

compare 42 observation stations with four reanalysis points in
WFDE5 and MERRA-2. This means that one grid point in
MERRA-2 or WFDE5 may have been used for comparison
with several observation stations. This situation is less likely
with ERA5 owing to its higher resolution and higher num-
ber of grid points (100 points). We did not account for ob-
servation uncertainties that can be significant (Gupta and
Maravelias 2019). Analysis of the coherences between the
observed variables (temperature, radiation, and precipita-
tion) may appear necessary in this area where the data are
highly criticized (Clark et al. 2009). However, this was not
accounted for. More specifically, for the Cotonou station,
we commented several times on the effect of the station’s
proximity to the ocean and the associated discrepancies be-
tween the observations and reanalyses. However, our con-
clusions about the intense cloudiness in the coastal areas
and their impacts on radiation are well shared by the com-
munity (e.g., Danso et al. 2019). We also commented on the
results in the mountainous region, especially in Natitingou,
where specific discrepancies could be associated with the lo-
cation of the observation station. In general, synoptic sta-
tions in Benin are located in urban and suburban areas.
Thus, they can record point temperatures higher than the
average in the reanalyses because of the urban heat island
related to urbanization, infrastructure construction, etc.
(Lin and Xu 2018).

Second, we show that the reanalyses follow the observed
south–north temperature gradient, which is consistent with stud-
ies by Badameli and Dubreuil (2015) and Oguntunde et al.
(2012), conducted in neighboring countries located to the west
(Togo) and east (Nigeria) of Benin. According to these studies,

FIG. 12. Performance of ERA5 (red), WFDE5 (orange), and MERRA-2 (cyan) reanalyses based on AMMA-CATCH data (blue) for
the upper Oueme between 2001 and 2019, for (left) the annual precipitation, (center) the monthly precipitation, and (right) the cumulative
frequency of rainfall intensities greater than 5 mm h21. Numbers in parentheses indicate the correlation between observation and reanaly-
ses; t is trend, P0 is precipitation percentage greater the 0 mm h21, and P5 is precipitation percentage greater the 5 mm h21.
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the north is the hottest zone, with average temperatures about
38C warmer than the South. The temperature showed an up-
ward trend in the same range as the 0.28C decade21 global
warming (Vose et al. 2005) and observed in the West African
subregion (Atedhor et al. 2011, Nigeria; Loua et al. 2019,
Guinea; De Longueville et al. 2016, Burkina-Faso). There are
some discrepancies at the annual, monthly, and daily scales that
may be associated with reanalyses biases and uncertainties in
the measurements. The WFDE5 temperature (minimal, maxi-
mal, and mean) is very well in agreement with observations at
different time scales, likely due to the efficiency of corrections
applied (Cucchi et al. 2020). The poorer correlations than those
of ERA5, which are sometimes identified in WFDE5, may be
explained by the fact that the corrections are applied to ERA5-
Land, which has a resolution of 0.258 3 0.258, and not to the
ERA5 used in this study (Hersbach et al. 2020).

In our study, the spatial variabilities of radiation are consis-
tent with Patchali et al. (2020), who observed higher radiation
in the north than in the south of Togo. It is also consistent with
the studies of Danso et al. (2020b), who showed that attenua-
tion of incoming solar radiation is maximum in August. The
reanalyses showed strong LW over the south relative to the
north. Simultaneously, the SW is higher in the south outside
the dry season. This result agrees with the findings of Babić
et al. (2019), who showed that West Africa is characterized by
a high frequency of low-level nocturnal stratus clouds in the at-
mospheric boundary layer during the monsoon season. Indeed,
the rainy season is favorable for low-level stratus formation, a
phenomenon that considerably reduces the SW in West Africa
(Danso et al. 2020a). This can explain the systematic negative
bias in the reanalyses SW considering the inability of the mod-
els used to build the reanalyses to accurately reproduce clouds
due to low resolutions and poor representation of the micro-
physical processes (Ebert et al. 2007; Maidment et al. 2013). In
the south, Neher et al. (2020) suggested that the radiation in
southern West Africa could be influenced by the more domi-
nant urbanization at low altitudes in this region, which could
increase aerosols emission and, thus, the formation of clouds
through condensation nuclei. The reanalyses are not able to
accurately reproduce the observed cloud cover, which impacts
the radiation budget. Dust effect could also play a role in the
negative biases found in the reanalyses in the northern part of
the country (Parakou, Béléfoungou, Nalohou) during the dry
season.

Precipitation results are highly debatable, especially on
the annual time scale. There is a positive north–south gradi-
ent and a slight positive west–east gradient, which are both
visible in the analyses (markedly in ERA5 and WFDE5)
and observations (BADOPLU and AMMA-CATCH). Simi-
lar results were found by Amoussou et al. (2016), who as-
sessed the spatial variability of rainfall in Benin for all
months. On the interannual evolution of precipitation, we
show the rainfall trends in Benin are increasing (slightly be-
tween 1981 and 2016 and strongly between 1999 and 2019)
in a nonsignificant way. Although this is not the topic of this
study, we showed that WFDE5 can represent both the trend
and the interannual variability, which may be due to the ef-
fectiveness of the correction applied (Cucchi et al. 2020).

The bimodality of rainfall in southern Benin is in line with the
study of Lawin et al. (2019). According to the authors, the two
rainy season peaks merge as latitude increases. The low rate of
rainfall above 5 mm h21 in the observations as compared with
reanalysis is explained in the study of N’Tcha M’Po (2016) by
the nonsensitivity of the rain gauges. The quantity of observed
events over 5 mm shows that even after the bias correction,
WFDE5 is still not effective in accurately reproducing intensity.
This may be because the bias correction applied in this reanaly-
sis consists of suppressing smaller rainfall events until the
monthly rain amount corresponds to the observation (Cucchi
et al. 2020; Bodjrènou et al. 2023a).

5. Conclusions and recommendations

In this study, we evaluate the ability of the ERA5, WFDE5,
and MERRA-2 to reproduce the characteristics of tempera-
ture, incoming SW and LW, and precipitation over Benin
from 1981 to 2019 using ground-based measurements as refer-
ences. Spatial variabilities, interannual trends, and mean an-
nual cycle of temperature are reproduced well by the different
products. We further analyzed the daily time series, which ex-
hibits some differences associated with identified issues with
climate modeling (cloud cover and associated precipitations).

SW latitudinal gradient of reanalyses is consistent with the
average values observed, and the latter is very similar to the
averages in the reanalyses at all stations and time scales, ex-
cept the coastal region where all products suffer from a deficit
of incoming solar radiation. We also noted an excess of LW,
which is likely associated with too much cloud cover at every
time scale.

North of 118N, Benin has a fairly spatially homogeneous pre-
cipitation distribution that constitutes an anomaly in the regional
south–north gradient. This is due to the Atacora Mountain range
located west of Benin, which is not represented well in WFDE5
and MERRA-2 owing to their coarse resolution. The precipita-
tion homogeneity is then poorly reproduced in ERA5 and
MERRA-2, which still present regional precipitation gradient
over Benin. However, ERA5 can represent the bimodal rainfall
regime south of 98N and the unimodal rainfall regime north of
98N, which is not the case for MERRA-2. WFDE5 is the best
product in terms of spatial distribution and is consistent with the
annual and monthly averages of observations. It is also shown
that all three reanalysis products present a low hourly rainfall
distribution.

We found that no product is simultaneously better in both
spatial and temporal representation at all time scales. Conse-
quently, there is not one best product for the simulation of
water balance. Each product has its shortcomings that may be
absent in others. However, we recommend using ERA5 or
WFDE5 depending on the resolution of the hydrological
model to be deployed or the objective pursued.

On the other hand, using WFDE5 precipitation still requires
CDF matching if one hydrological model is sensitive to rain in-
tensity because it has a low hourly rainfall distribution like the
other reanalyses. Other methods deemed useful can also be
used. However, it would be ideal to retain the annual and
monthly totals when considering using this reanalysis for
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hydrological modeling in Benin. We did not run hydrological
models to evaluate their ability to reproduce hydrological out-
puts, including stream flows, soil moisture, water table recharge,
or evapotranspiration. This will be done in future studies. This
study contributes to the ongoing discussion on using climate re-
analysis products for various time-scale hydrological modeling.
We advise such an approach for data-scarce regions.

It is also important to note that this study does not provide
any information on the performance of reanalyses in reproduc-
ing the diurnal temperature cycle. Therefore, we recommend
that this be considered in future studies to ensure that the rean-
alysis temperatures are suitable for simulating water balance
terms at high temporal (hourly) scales.
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APPENDIX

Additional Table and Figure

Table A1 presents a list of the stations used in this study
along with some of their associated characteristics. Figure A1
shows spatial variability maps of WFDE5 data.

TABLE A1. List of stations. “name” is the station name, lat and lon indicate latitude (8N) and longitude (8E), Meteo” is the
Meteorological Agency of Benin, “year” corresponds to the year in which the station was installed, and “source” corresponds to the
provenance of the data.

No. Name Lat Lon Year Source No. Name Lat Lon Year Source

Temperature Precipitation
1 Bohicon 7.17 2.07 1940 Meteo 17 Gaya 11.88 0.45 1931 Badoplu
2 Cotonou 6.35 2.38 1940 Meteo 18 Gouka 8.13 1.97 1969 Badoplu
3 Kandi 11.13 2.93 1940 Meteo 19 Popo 6.28 1.82 1921 Badoplu
4 Natitingou 10.38 1.36 1940 Meteo 20 Kalale 10.29 3.38 1957 Badoplu
5 Parakou 9.35 2.60 1940 Meteo 21 Kandi 11.13 2.93 1921 Badoplu
6 Savè 10.32 1.38 1940 Meteo 22 Karimama 12.05 3.18 1976 Badoplu

Radiation 23 Ketou 7.36 2.61 1951 Badoplu
1 Béléfoungou 9.79 1.72 2001 DACCIWA 24 Kokoro 8.26 2.64 1969 Badoplu
2 Cotonou 6.36 2.39 2001 DACCIWA 25 Kouande 10.33 1.69 1932 Badoplu
3 Nalohou 9.74 1.60 2001 AMMA 26 Lonkly 7.15 1.65 1956 Badoplu
4 Parakou 9.36 2.61 2001 AMMA 27 Malanville 1.87 3.37 1942 Badoplu

Precipitation 28 Natitingou 0.32 1.38 1921 Badoplu
1 Oueme Upper basin 1999 AMMA 29 Niaouli 6.7 2.12 1941 Badoplu
2 Abomey 7.18 1.98 1921 Badoplu 30 Nikki 9.93 3.2 1921 Badoplu
3 Adjohoun 6.7 2.48 1921 Badoplu 31 Okpara 9.1 2.73 1957 Badoplu
4 Agouna 7.55 1.7 1969 Badoplu 32 Ouesse 8.5 2.42 1964 Badoplu
5 Alfakoara 11.44 3.07 1969 Badoplu 33 Ouidah 6.37 2.1 1921 Badoplu
6 Aplahoue 6.92 1.67 1922 Badoplu 34 Parakou 9.36 2.62 1921 Badoplu
7 Banikoara 11.3 2.43 1954 Badoplu 35 Pira 8.5 1.73 1969 Badoplu
8 Bante 8.42 1.88 1942 Badoplu 36 Pobe 6.93 2.67 1924 Badoplu
9 Bembereke 10.2 2.67 1921 Badoplu 37 Porto 6.48 2.62 1900 Badoplu
10 Beterou 9.2 2.27 1954 Badoplu 38 Sakete 6.72 2.67 1921 Badoplu
11 Bohicon 7.2 2.06 1940 Badoplu 39 Savalou 7.93 1.96 1921 Badoplu
12 Bopa 6.57 1.97 1922 Badoplu 40 Save 8.02 2.48 1921 Badoplu
13 Aéroport 6.35 2.38 1953 Badoplu 41 Tanguieta 10.62 1.27 1937 Badoplu
14 Cotonou 6.35 2.43 1922 Badoplu 42 Toffo 6.83 2.05 1953 Badoplu
15 Dassa 7.75 2.17 1941 Badoplu 43 Toui 8.68 2.59 1944 Badoplu
16 Dogbo 6.75 1.78 1953 Badoplu 44 Zagnanado 7.25 2.33 1921 Badoplu
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