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Abstract: Since the beginning of the 2000s, most of the West-African countries, particularly Benin,
have experienced an increased frequency of extreme flood events. In this study, we focus on the
case of the Ouémé river basin in Benin. To investigate flood events in this basin for early warning,
the coupled atmosphere-hydrology model system WRF-Hydro is used, and analyzed for the period
2008-2010. Such a coupled model allows exploration of the contribution of atmospheric components
into the flood event, and its ability to simulate and predict accurate streamflow. The potential of
WREF-Hydro to correctly simulate streamflow in the Ouémé river basin is assessed by forcing the
model with operational analysis datasets from the European Centre for Medium-Range Weather
Forecasts (ECMWF). Atmospheric and land surface processes are resolved at a spatial resolution
of 5 km. The additional surface and subsurface water flow routing are computed at a resolution of
500 m. Key parameters of the hydrological module of WRE-Hydro are calibrated offline and tested
online with the coupled WRF-Hydro. The uncertainty of atmospheric modeling on coupled results
is assessed with the stochastic kinetic energy backscatter scheme (SKEBS). WRF-Hydro is able to
simulate the discharge in the Ouémé river in offline and fully coupled modes with a Kling-Gupta
efficiency (KGE) around 0.70 and 0.76, respectively. In the fully coupled mode, the model captures
the flood event that occurred in 2010. A stochastic perturbation ensemble of ten members for three
rain seasons shows that the coupled model performance in terms of KGE ranges from 0.14 to 0.79.
Additionally, an assessment of the soil moisture has been developed. This ability to realistically
reproduce observed discharge in the Ouémé river basin demonstrates the potential of the coupled
WRF-Hydro modeling system for future flood forecasting applications.

Keywords: fully coupled WRE-Hydro modeling; flood forecasting; stochastic kinetic energy backscatter
scheme (SKEBS); Ouémé river basin

1. Introduction

In its fifth report, the Intergovernmental Panel on Climate Change (IPCC) stresses the
increment of the number of extreme weather events for the 21st century due to climate
change [1]. Tropical countries of West Africa are threatened by climatic hazards, such as
droughts, floods, high winds, the elevation of the sea level, etc. Droughts and floods are the
most important in terms of damages and impacts. Countries in West Africa such as Benin,
Burkina Faso, Cote d’'Ivoire, Niger, Senegal, and Togo have suffered from catastrophic
floods [2] with severe consequences including loss of life, property, and damage of property.
Floods happen in geomorphologically low-lying areas, such as rivers, basins, lakes, etc.,
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and occur often with heavy rain associated with severe thunderstorms, hurricanes, tropical
storms, or meltwater from ice or snow flowing over ice sheets or snowfields [3]. Ouémé
river, the main watershed in the Benin Republic, is used for irrigation, hydroelectricity,
transport, and water resource management. Its utility led to the construction of hydrological
structures; however, this construction exposes the residents on the riverfronts to flooding
risks. In 2010, Ouémeé river has recorded an overflow driving the country (Benin) to
experience dramatic flooding, which affected 680,000 people, leading to 43 deaths [4] over
the length of the Ouémé river (at Bétérou, Save, and Bonou outlets).. To prevent these
damages during the rainy season, the ideal solution proposed by Benin is the improvement
of national and decentralized capacities to better manage and plan for extreme weather
events and climate-related risks through the development of an early warning system
(EWS) and better climate information (IC). Therefore, citizens are earlier informed about
the level of the risks based on color patterns, which depend on the water heights at the
level of the water gauges. The flooding water heights limit is defined based on historical
rainfall episode statistics. In addition, EWS warns when there is a risk that the rise of the
water level upward of the river could spread downstream.

Such destructive floods make it necessary to improve hydrological forecasts to reduce
the vulnerability of regional and local communities. Identifying the drivers of change in
flood regimes in West African watersheds is a complex task due to the heterogeneity of
the region and the changing hydrological functioning of watersheds as a result of human
activity. Ref. [5] found that there is a significant trend both in terms of flooding magnitude
and frequency in West Africa, with two main patterns: the Sahelian showed increasing
flood trends, whilst some Sudanian areas presented decreasing flood trends. Since IPCC [1]
announced and highlighted an increase in the frequency of extreme climate events, and also
the potentially significant increase of their magnitudes due to climate change, identification
of accurate flood forecasting methods is required. The introduction of flood forecasting
and early warning systems, the building of population awareness and preparedness, urban
planning, discouraging human settlements in flood-prone areas, and the development
of local institutional capacities, as well as forecasting methods development, should be
appropriate actions to plan.

To determine an accurate flood forecasting method, several studies applied hydrologi-
cal modeling based on conceptual, semi-distributed, physical-based, data-driven or ma-
chine leaning methods. The conceptual methods adopted in some previous studies [2,6-8]
have been proved to be useful for hydrological modeling options because most are success-
ful for rainfall-runoff simulation and flood modelling. The data-driven approach, based
on the empirical relationship amongst datasets, which is usually driven through statistical
constraints [9-11], has been investigated; despite their advantages (no need of physical
equations and parameters or catchment characteristics), they present some limitations such
as static models which cannot evaluate the change (e.g., land-use/land-cover change). With
the increasing development in the machine leaning field, numerous methodologies are
applied in operational flooding forecasting [12,13]. Thus, some studies [14-16] have proven
that the machine learning-based model, performs better when it is compared with the
physical-based, conceptual, and data-driven models. These methodologies do not take into
account the influence of both atmosphere and land surface complexity in the performance
of the forecasting.

The operational global weather forecast centers routinely provide relatively coarse
precipitation forecasts with resolutions of 1627 km (e.g., ref. [17]). Because these kinds of
forecasts could not provide necessary details of complex, intense precipitation structures
led by the mesoscale orography, land-surface heterogeneities, and land-water contrasts,
ref. [18,19] used the Weather Research and Forecast (WRF) model to provide high-resolution
precipitation forecasts at a 1.3—4 km horizontal resolution. They found that the WRF
model was able to provide precipitation forecast both in terms of amount and spatial
distribution. Additionally, ref. [17] used the output from the WRF model (over the upper-
Jordan River basin) as forcing to run the Hydrological Model for Karst Environment
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(HYMKE). Similar experiments were set in different areas [20-23], and the authors showed
that the precipitation estimates with WRF are able to reproduce the spatial distribution
of precipitation, but may underestimate the magnitude of the heavy precipitation events
when compared to rain gauges or global observation datasets.

Refs. [24-30] have shown the benefits of choosing coupled atmospheric-land-surface
models for estimating temperature and precipitation in different areas. Ref. [31] investigated
and evaluated simulations with a fully coupled atmospheric-hydrological model (WRF-
HMS) and an uncoupled model for various meteorological variables, and demonstrated the
better performance of the fully coupled model against the uncoupled. Another study led
by [32] compared a one-way forced implementation of the WRF-Hydro system to a fully
two-way coupled instance of WRF/WRF-Hydro in order to assess the impact of two-way
coupling on simulated precipitation and streamflow. They found that the two setups
performed well for the precipitation, but the matching to observed data was higher for the
two-way coupled WRF/WRF-Hydro simulation in terms of statistical performance criteria.

Assessing the advantages and limitations of one-way vs. two-way coupled modeling
systems for flood prediction over the Ayalon basin (Israel), ref. [17] used both a hydrological
model (Hydrological Engineering Center-Hydrological Modeling System, HEC-HMS) and
the WRF-Hydro modeling system. The models were forced by observed, interpolated
precipitation from rain-gauges within the Ayalon basin, and with modeled precipitation
from the WRF atmospheric model. Comparing simulations with the one-way coupled
WRF model and the two-way coupled WRF/WRF-Hydro modeling system, they found
that the use of two-way atmospheric-hydrological coupling has the potential to enhance
precipitation simulation and, therefore, hydrological forecasts for early flood warning
applications. It is important to acknowledge here that the model uncertainty in simulating
precipitation, as well as streamflow, can be relatively high. Model uncertainty can, for
example, be evaluated with a model ensemble (e.g., [33,34]). Ref. [35] developed the
stochastic kinetic energy backscatter scheme (SKEBS) within the WRF model in order to
generate such an ensemble.

The present study attempts to develop a model system that is able to simulate flood
events in the Ouémé river basin (Benin, West Africa). According to successful examples
in the literature, we use the fully coupled atmospheric-hydrological modeling system
WREF/WRF-Hydro for this purpose. Section 2 gives the characteristics of the study area,
different sources of the dataset used, and the modeling approaches. Results and discussion
are provided in Section 3, whilst Section 4 is dedicated to a summary and conclusion.

2. Materials and Methods
2.1. Study Area and Observation Datasets

The study area is in West Africa, located between latitudes 0° N and 18° N and
longitude 7° W and 12° E, as displayed in Figure 1. This also constitutes the setup of
the WRF domain. The region is bordered in the south by the Gulf of Guinea, and in the
north by Mali and Niger. Nigeria’s highlands form the eastern boundary, while Mauritania,
Mali, and Ghana form the western limit. The annual mean temperature is about 18 °C,
but the monthly mean can be more than 30 °C over the southern part of the Sahara. The
rainfall pattern over this region is mostly affected by ocean currents and local features such
as topography. In terms of climatic zones, West Africa is characterized by mainly three
different regions: the first region covers the Sahel and is characterized as a semi-arid zone
located from western Senegal to eastern Sudan between 12° N and 20° N. The second zone
is the Sudano-Sahelian region, and the third zone comprises the Guinea coast, which is
characterized by a bimodal mode driven by the inter-tropical divergence (ITD). The basin
is located in the Benin Republic.
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Figure 1. Weather Research Forecast (WRF) and WRF/WRF-Hydro simulated domain, and studied
catchments (Save and Bétérou).

The Republic of Benin is in the inter-tropical zone (between 06°10’ N and 12°25' N),
which has a wet and dry tropical climate [2]. It contains the rivers (Save and Bétérou)
on which we focus in this study (see Figure 1). The Ouémé catchment at the Save (resp.
Bétérou: inner-catchment to Save) outlet covers an area of 24.800 km? (resp. 10.475 km?).
It is located between 7°58'-10°12' N and 1°35'-3°05' E, and represents 47% of the whole
Ouémé river (ref. [36]). The seasons correspond to the periods of dominance of the wet
tropical continental air masses. The seasonal distribution of rainfall follows the direction of
the ITD and varies almost proportionally with distance from the coast. Therefore, Bétérou
has a unimodal precipitation regime (May to October), whilst the southern part of the Save
catchment has a transitional regime (April and October, with a short dry period in August).
The average annual rainfall between 1960-2007 is 1200 mm at the Bétérou rainfall station,
and 1100 mm at Save. The flow dynamic is characterized by a high discharge during the
rainy season. The maximum flow between May and September over the period 1960-2007
is in the order of 270 m3/s at Bétérou and 480 m>/s at the Saveé outlet. From November to
May, almost all the rivers dry up with averages of low flows of 5 m?/s at Save and 2 m3/s
at Bétérou. The annual mean temperature range is between 24 °C and 33 °C.

Our assessment is focused on the year 2010, known as the year when the Ouémé river
experienced dramatic flooding as a case study. Ref. [2] showed that the maximum values
of discharge recorded during the period 1989-2009 is less than 1400 m3/s at Save, and
650 m3 /s at Bétérou. Analysis of station data for the period 1960-2007 showed that the
peaks of discharge at Save (resp. Bétérou) are about 910 (resp. 470), 1067 (resp. 560), and
1200 (resp. 640) m>/s, respectively, for a 5-, 10-, and 20-year return period. The discharge
and precipitation station data used in this study were collected over Save and Bétérou
outlets of the Ouémé river basin. The three-hourly satellite estimates of the Tropical Rainfall
Measuring Mission (TRMM, 3B42 v7 derived daily at 0.25° horizontal resolution, 1998-near-
present; ref. [37]) dataset, and the daily Climate Hazards Group Infrared Precipitation with
Stations (CHIRPS; chirps v2.0 at 0.05° horizontal resolution; 1981-near-present; ref. [38]) is
used for model evaluation.
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2.2. Experimental Design of the Weather Research and Forecasting (WRF) and Coupled
WRF/WRF-Hydro Model

The advanced Weather Research and Forecasting (WRE, [39,40]), developed by the
U.S. National Center for Atmospheric Research (NCAR) version 3.7.1, is used for both
the WRF-only and fully coupled WREF/WRF-Hydro modeling in the study. The fully
coupled WRF/WRF-Hydro, hereafter referred to as WRF-H, is a non-hydrostatic, mesoscale
numerical weather prediction and atmospheric simulation system. Table 1 summaries the
different physics schemes and experimental details. The model setup uses one domain
at 5 km spatial resolution, covering the area 7° W-12° E, 0°-18° N, and 400 x 400 grid
points, with 30 s as numerical simulation time step. The vertical structure of the domain
consists of 50 levels, up to a 10 hPa pressure top. The WRF-Hydro model is an extension
package of a hydrological component to WRE. This supplementary model allows the lateral
representation of the hydrological condition at the land surface [41]. The option of land use
categories “Moderate Resolution Imaging Spectroradiometer (MODIS, 20 classes; ref. [42])”
is selected. The Noah LSM model ref. [25] is used as the column land surface physics model.

Table 1. Experimental details of the atmosphere model, WRF-only and WRE-H.

Subject Option Reference
Driving data " Forocasts (EOMWE) operationalanalyels | FCMWF
Horizontal resolution 5 km
Horizontal grid 400 x 400
Integration time step 30s
Projection resolution Mercator
Vertical discretization 50 layers
Output interval 24 h for WRE, 30 days for WRF/WRE-Hydro
Simulation period 1st January 2008-31st December 2010
Pression top 10 hPa
Microphysics scheme Single Moment Microphysics class 5 (WSM5) [43]
Longwave radiation Rapid Radiative Transfer Model (RRTM) [44]
Shortwave radiation Dudhia [45]
Planetary boundary lager Asymmetric Convection Model (ACM2) [46,47]
Land use Moderate Resolutior(ll\ing)a]a)glig)g Spectroradiometer [42]
Land surface scheme Noah Land Surface Model (LSM) [25]

For purposes of hydrometeorological simulations with WRF-H, the WRF domain
is additionally coupled with routing processes at 500 m resolution for 4000 x 4000 grid
points in the east-west and north-south directions. The fully coupled mode simulations are
performed for three years, from January 2008 to December 2010, with January—February
2008 as the spin-up period. The driving data is the operational analysis dataset from the
European Centre for Medium-Range Weather Forecasts (ECMWEF), which provides the
initial and lateral boundary conditions at 0.125° horizontal resolution and 6 h time intervals.
Both WRF-H and WRF-only components of the coupled modeling system share the same
physics parameterizations in Table 1.

The WRE is the atmospheric model which solves the equations of atmospheric motions.
The atmospheric state variables are the wind components, pressure, temperature, humidity
and hydrometeor mixing ratios, etc. The lower boundary of the atmospheric variables is
forced with a land surface model. In the case of WRF-Hydro, a complex land surface model,
with an explicit description of river streamflow, is employed. The uncoupled WRE-Hydro
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model consists of a variety of parameters (e.g., ref. [48]), which usually require calibration.
Since the aim of the research is to evaluate the performance of WRF-H to simulate discharge,
and therefore analyze its predicting skills about floods, the calibration is performed based
on discharge at the Save catchment outlet (Figure 1).

2.3. Calibration of WRF-Hydro in Offline Mode

For calibrating the model WRF-Hydro 4.0, we focus on selected sensitive parameters
highlighted in previous studies, such as REFKDT, SLOPE, RETDEPRTFAC, OVROUGHRT-
FAC, and MannN. Applying a stepwise approach, following previous WRF-Hydro stud-
ies [17,32,49,50], we first focus on the parameters controlling the total water volume, namely
infiltration factor (REFKDT) and surface retention depth (RETDEPRT, see Table 2). It is
noted that REFKDT is a tunable parameter that significantly impacts surface infiltration,
and hence the partitioning of total runoff into the surface and subsurface runoff; increasing
REFKDT decreases surface runoff. Since there is not a historical range to estimate these
parameters over the interested domain, the study calculates them from 0.1 to 10, with
0.1 increments. The second step of the calibration is to evaluate the coefficient governing
deep drainage (SLOPE); the same method used in the case of REFKDT and RETDEPRTFAC
for selecting the optimum value is applied, by testing values from 0.1 to 1.0, with 0.1 as the
increment. The adjustment of the roughness parameter, which controls the overland flow,
is performed from the default value to the optimum one.

Table 2. Validation of the performance of simulated WRF-Hydro and observed discharge at Save, with
parameters such as the infiltration-runoff parameter REFKDT, the retention factor RETDEPRTFAC, the
SLOPE, the overland flow roughness scaling factor OVROUGHTFAC, and the Manning’s roughness
coefficients, MannN. Experiments in bold show the optimum parameters based on the objective
criteria (Corr, NSE, and KGE).

REFKDT

Range 0.1 0.5 0.8 1.0 1.5 2.0 3.0 3.5 4.5
NSE 0.29 0.33 0.38 0.46 0.52 0.34 0.20 0.17 0.11
Corr 0.64 0.67 0.63 0.63 0.58 0.60 0.61 0.64 0.60
KGE 0.38 0.39 0.41 0.47 0.49 0.32 0.09 0.07 0.07

RETDEPRTFAC

Range 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
NSE 0.50 0.52 0.49 0.49 0.49 0.49 0.49 0.49 0.49
Corr 0.58 0.58 0.59 0.59 0.59 0.59 0.59 0.58 0.58
KGE 0.48 0.49 0.49 0.49 0.48 0.46 0.47 0.46 0.46

SLOPE

Range 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
NSE 0.52 0.61 0.60 0.50 0.37 0.20 0.12 -0.03 -0.23
Corr 0.58 0.62 0.65 0.65 0.66 0.61 0.63 0.55 0.61
KGE 0.49 0.56 0.52 0.39 0.33 0.24 0.19 0.11 0.04

OVROUGHRTFAC

Range 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
NSE 0.60 0.60 0.60 0.61 0.63 0.62 0.62 0.61 0.61
Corr 0.67 0.65 0.61 0.60 0.66 0.66 0.64 0.64 0.62
KGE 0.56 0.56 0.57 0.60 0.60 0.60 0.59 0.56 0.56

MannN

Range 0.2 0.4 0.6 0.8 1.0 1.4 1.6 1.8 2.0
NSE 0.42 0.44 0.50 0.56 0.61 0.62 0.66 0.62 0.60
Corr 0.66 0.63 0.73 0.68 0.70 0.72 0.67 0.69 0.67
KGE 0.36 0.37 0.41 0.48 0.50 0.57 0.63 0.60 0.61
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In addition, sensitivity tests are done on the surface (OVROUGHRTFAC) and chan-
nel roughness parameter (MannN), which controls the shape of the hydrograph. The
efficiency criteria—Kling—Gupta efficiency (KGE), Correlation coefficient (Corr), Nash-
Sutcliffe Efficiency (NSE) and BIAS are used to evaluate the model performance within the
calibration process.

n(Exy) ~ (£x)(2y)
J [ @] [nEv2 - (7]

Corr =

M

21‘1 (Y,obs o Y‘sim)2
i=1 1 1
Z?:l (Yiobs _ Yimean)2

O 2 Ui 2
KGE =1- (r—1)2+(;”"—1> +<ys””—1> (3)
obs obs

;1:1 (Yisim o Y,'Obs)

n .0bs
i=1 Yl

NSE=1-

@

BIAS = x 100 4)
where x is the observations and vy is the simulations; Yi"bs is the ith observation for the
constituent being evaluated, Y;*" is the ith simulated value for the constituent being evalu-
ated, ;""" is the mean of observed data for the constituent being evaluated, and 7 is the
total number of observations [51]. For the KGE, r is the linear correlation between observa-
tions and simulations, 0, is the standard deviation in observations, oy;,, is the standard
deviation in simulations, ps;y, is the simulation mean, and s is the observation mean.

In order to harmonize the uncoupled and coupled setups, the uncoupled simulations
use the same time step as the WRF-only and WRF-H simulations (30 s). The calibration of
the model is performed using hourly dataset input, and the focus is on the performance skill
in reproducing daily discharge in the sub-catchments. One-year calibration is considered
sufficient to evaluate the basic parameter sensitivities [32]. WRF-Hydro is calibrated on
period P1 (2008) and validated on period P2 (2009-2010), where P1 and P2 are the shared
periods containing the whole study period, named P (2008-2010).

2.4. Evaluation of Model Uncertainty with the Stochastic Kinetic Energy Backscatter Scheme

The stochastic kinetic energy backscatter scheme (SKEBS; [35,52,53]), which primarily
acts on the dynamical tendencies at the lateral boundaries, is activated into WRF-H for
the fully coupled simulation (WRF-H-SKEBS). The SKEBS technique provides several
advantages over perturbation techniques that only perturb the initial state. The method
aims to represent model uncertainties associated with scale interactions that take place in
the real atmosphere but are absent in a truncated numerical model [54]. SKEBS perturbs
the model fields by adding random and amplitude perturbations (noise) to the horizontal
wind and potential temperature tendency equations at the lateral boundaries for each time
step [55]. An ensemble of 10 members using the WRF-H-SKEBS model is generated for
each rain season of the period P (2008-2010).

3. Results and Discussion
3.1. Evaluation of WRF-Only Precipitation

The WRF model (no coupled, referee as WRF-only) is run over the domain displayed
in Figure 1 in order to generate atmospheric input data for the calibration of the supplement
model WRE-Hydro. Figure 2 shows the comparison between the simulated WRF-only and
observed dataset. The weekly WREF precipitation for the Save catchment is relatively close
to that derived from CHIRPS (Figure 2a) and TRMM (Figure 2b), with the mean coefficient
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of determination (R?) equal to 0.64, and 0.59, respectively. The agreement between the two

observed datasets (CHIRPS and TRMM) is about 0.87 for R2.
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Figure 2. Scatter plots of simulated WRF-only vs. observed (a) the Climate Hazards Group In-
frared Precipitation with Stations (CHIRPS), and (b) the Tropical Rainfall Measuring Mission (TRMM)
weekly cumulative precipitation for period 2008-2010, (c) comparison between observed, and (d) anal-
ysis of seven-day filtered daily precipitation for WRF-only, CHIRPS, and TRMM.

Since the investigation is on the potential of WRF-H (model WRF-Hydro coupled with
WREF) for flood prediction, the available WRF-only precipitation at the highest spatiotempo-
ral resolution is used to force the uncoupled WRF-Hydro model. In particular, the hourly
output of WRF at 5 km spatial resolution is used as meteorological forcing data, containing
necessary variables such as incoming shortwave radiation (W/m?), incoming longwave
radiation (W/m?), specific humidity (kg/kg), air temperature (K), surface pressure (Pa), u
and v components of near-surface wind (m/s), and liquid water precipitation rate (mm/s).
The meteorological forcing data needed by the Noah LSM (land surface hydrological mod-
eling system) are prepared as hourly gridded data. The Noah LSM static data (topography,
land cover, soil type) are too coarse for a WRF-Hydro application. Therefore, datasets
from the Shuttle Elevation Derivatives at Multiple Scales (HydroSHEDS) database [56],
high-resolution topography and channel network) are considered to accurately route water
across the landscape through overland, subsurface, or channel flow.

3.2. Calibration and Evaluation of WRF-Hydro Offline

The Noah LSM coupled with WRF-Hydro evaluates surface water depth change h(m)
as a rate over time of infiltration excess [25]:

) [h 82406 — 6] [1 — exp (k& o) |
Pa+ [Ty 870 — 0] [1 = exp (k& o )|

o _ ok
ot ot

©)

where P;(m) is the precipitation that is not intercepted by the canopy; AZ;(m) is the soil
layer i in Noah LSM, 6; is the volumetric water content (soil moisture) of the soil layer i, 6;
is the saturated soil moisture, and the saturated hydraulic conductivity is K (m/s); both 65
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Discharge [m3.5 1]

Calibration of Discharge at Save

and K; varied in terms of the soil texture. The reference saturated hydraulic conductivity
K, is equal to 2 x 1076(m/s).

The calibration of the model (WRF-Hydro) is performed in offline mode for the Save
catchment with parameters REFKDT, SLOPE, RETDEPRTFAC, OVROUGHRTFAC, and
MannN, using both KGE and Corr as efficiency criteria. Efficiency criteria results of the
optimization of those parameters are listed in Table 2. The first parameter evaluated is one
of the parameters controlling the total water volume (the REFKDT), whose values range
from 0.1 to 10.0, with 0.1 increments. The default simulation (REFKDT = 3.0) realized had
shown an underestimation of the observed streamflow because the REFKDT controls the
infiltration of the surface water, and its value shall be reduced to disable many infiltrations.
As illustrated with [49] for the case of the Sissili in West Africa, and [48] in Kenya (East
Africa), we found that the model discharge performance is highly sensitive to parameter
REFKDT. For the case in study, the REFKDT = 1.5 performs better than using the default
value (3.0) with statistics (NSE = 0.52, KGE = 0.49, and Corr = 0.58). The second parameter
assessed is the RETDEPRTFAC, which adjusts the initial retention depth in the model.
Scaling factors (RETDEPRTFAC) between 0 and 10 with 1.0 increments show that the
modeled discharge remains the same regardless of the change in RETDEPRTFAC, as the
scores are very close to each other.

As mentioned by [41], increases in the RETDEPRTFAC on channel pixels can encourage
more local infiltration near the river channel leading to wetter soils. Therefore, the default
RETDEPRTFAC = 1.0 seems to provide better results and will be considered such for the
next calibration steps. In the case of the present study, the uncoupled model WRE-Hydro is
also very sensitive to the parameter SLOPE. The optimized value of the parameter SLOPE is
0.2. The parameters controlling the hydrograph shape are also investigated. As illustrated
by [50], the surface roughness (OVROUGHRT) plays an important role in transmitting
infiltration excess water to channel networks and is calibrated in WRF-Hydro using a
scaling factor (OVROUGHRTFAC) between 0.2 and 1.0, with 0.1 increments. Considering
the correlation coefficient (Corr), the NSE and the KGE statistics, and the hydrograph shape
match between simulated and observed hydrographs at Save, the scaling factor value
of OVROUGHRTFAC = 0.6 is judged as the best to fit the simulated hydrograph to the
observed hydrograph. Furthermore, the calibrated Manning’s coefficient (MannN) for the
river channel routing used are set as 1.75 for stream order 1, 1.70 for stream order 2, 1.65 for
stream order 3, 1.60 for stream order 4, and 1.55 for stream order 5. It can be seen that the
observed discharge hydrograph at Save is reasonably well reproduced, with KGE = 0.63,
and Corr = 0.67, for the calibration period March-December 2008 (Figure 3a).

Validation of Discharge at Save
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Figure 3. Observed and simulated (uncoupled WRF-Hydro) daily hydrographs at Save, and
catchment-averaged daily precipitation derived from WRF-only: (a) calibration period 2008; (b) vali-
dation period 2009-2010.
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The calibrated model is evaluated offline for the period P2: 2009-2010 (Figure 3b). The
above-mentioned efficiency criteria allow us to evaluate the performance of the model. It
can be noticed that it simulates the trend and peaks of the observed discharge relatively
well, even slightly better in comparison to the calibration period, with model efficiencies
KGE of 0.86 and Corr of 0.87. This enhanced performance for the validation period is
related to the much higher discharge peak in 2010, i.e., the flooding year, which is relatively
well reproduced by the model evaluated offline. Globally, for the simulation period P
(2008-2010), WRH-Hydro in offline mode is able to simulate discharge, with KGE and Corr
equal to 0.70 and 0.74.

The robustness of the calibrated model in the uncoupled module is also evaluated
over the Bétérou catchment (an inner-domain of the Save basin). Figure 4 shows the best-fit
performance of the model in simulating the shape of the observed hydrograph at Bétérou.
It reproduces the peaks of discharge relatively well, and the trend of the shape of the
observed hydrograph is also well reproduced. The performances of the model are revealed
by the statistics KGE = 0.74, Corr = 0.85, and NSE = 0.68 for the calibration period over the
Bétérou catchment for the uncoupled module simulation.

Simulation at Beterou with Save's optimized parameters
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Figure 4. Evaluation of the uncoupled calibrated WRF-Hydro model over the Bétérou catchment
during the calibrated year (2008).

3.3. Evaluation of the Coupled Model WRF-H

The calibrated (optimized) model parameters are used for the online WRF-Hydro
model (referred to as WRF-H), to assess the performance of the calibrated WRF-H to
simulate discharge and precipitation in the study area.

3.3.1. Precipitation Simulations

The agreement skills of WRF-H are evaluated for precipitation both temporally and
spatially for the rainy season of the period 2008-2010. Figure 5 exposes a comparison
between the weekly precipitations from WRF-only, WRF-H, and observed datasets. The
coefficient of determination between the WRF-H and WRF-only, is equal to 0.88 (Figure 5a).
This shows clearly that WRF-only and WREF-H simulate precipitation differently, which
has been already illustrated by [17,32,57,58]. Figure 5b,c compare WRF-H with CHIRPS
and TRMM, and it illustrates a good agreement between these datasets. The slightly
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better agreement of CHIRPS (compared to TRMM) with WRF-only (Figure 2b) and WRF-
H (Figure 5b) could be explained by the high resolution of both CHIRPS and WRF-H
precipitation. As seen previously (Figure 2d), CHIRPS and TRMM precipitations” have the
same trend, only differ in their magnitudes; the WRF-only depicts well the observations
for the whole season. Indeed, the comparison of Figures 2 and 5 illustrates that WRF-H
performs slightly better than WRF-only in terms of weekly precipitations. Overall, Figure 5d
shows that WRF-H follows well in terms of the trend, the WRF-only. Additionally, Figure 5d
enhances these results with Corr = 0.68 between WRF-H and CHIRPS, against Corr = 0.59
between WRF-H and TRMM. Despite the good performance of models, they present
some incertitude wherever they are applied. Ref. [59] showed that the high variability
of precipitation in West Africa results from a large uncertainty in WRF simulations. This
uncertainty is investigated in detail in the case of WRF-H in Section 3.4 by modifying
boundary conditions with a stochastic perturbation.
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Figure 5. Evaluation of weekly simulated precipitations with observed datasets at the Save catchment:
(a) WRE-H vs. WRF-only, (b) WRF-H vs. CHIRPS, (c) WREF-H vs. TRMM, and (d) analysis of seven-
day filtered daily precipitation for WRF-H, WRF-only, CHIRPS, and TRMM.

The monthly trend of precipitation during the West African Monsoon (WAM) period
(June-September: JJAS) has been investigated at the Ouémé-Save outlet (Save). It shows
that the monthly cumulative trend follows observations shape but varies in magnitude, as
illustrated in Figures 2 and 5. Figure 6 shows the maximum monthly cumulative rainfall
at Save in August, and while comparing the three patterns, it shows that the monthly
cumulative precipitation records during the two last months (August and September) in
2010 are higher than both 2008 and 2009, expressing the heavy rainfall recorded in this
particular year. To observe more detail of the distribution of precipitation over the focusing
domain for either WRF-only and WRF-H, as well as CHIRPS, Figure 7 presents the spatial
distribution of precipitation during the WAM (JJAS) of the flooding year (2010).
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Figure 6. Precipitations trend in June-September (JJAS) at the Save catchment for the period
2008-2010.
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Figure 7. JJAS precipitations for the flooding year 2010 in the Save catchment (red contour), and the
Bétérou catchment (purple contour): (a) WRF-only simulations; (b) coupled WRF-Hydro (WRF-H)
simulations; (c) difference between WRF-H and WRF (WRF-H minus WRF); and (d) CHIRPS precipi-
tation. The color bar of Figure 5d is used as a common color bar for Figure 5a,b,d.
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Figure 7a,b depict the WRF-only simulations and WRF-H precipitations, respectively,
while the difference between the two models in Figure 7c shows that WRE-H either un-
derestimated or overestimated simulation in comparison to WRF-only, depending on the
location (as illustrated [31]). Figure 7d depicts the spatial distribution of CHIRPS over
the focusing domain; its color bar is as in Figure 7a,b. The mean precipitation for the
domain is about 864 mm for WRF-only (Figure 7a), and 947 mm for WRF-H (Figure 7b).
This means that WRF-H increases the simulated precipitation from WRF-only by about
1%. The observed precipitation in this domain is about 817 mm (i.e., less than simulated
precipitation from both WRF-only and WRF-H). Similar results are obtained for the Save
catchment, with seasonal spatial-averaged precipitation of about 1049 mm for WRF-H,
998 mm for WRF-only, and 977 mm for CHIRPS.

As the model performed globally well precipitations both for Save and Bétérou at
temporal scale and spatial distribution, the following analysis focused on those two basins
of the Oueme river by investigating the temporal cumulative variability of precipitation.
Therefore, Figure 8 and Figure S1 present, respectively, the cumulative precipitations
derived from WREF-H, and the satellite datasets CHIRPS and TRMM at Beterou and Save.
They attempt to assess WRE-H behavior about the cumulative precipitation over the study
period (2008-2010). A very good reproductivity of the observed dataset by WRF-H is
noticed, and also the clear rainy season period is well captured by the model. It can also be
noticed that the total seasonal precipitation is based on the rainfall from April to October
over the basins. The cumulative seasonal amount (between April and October) is indicative
of the average of annual precipitation for a given year in the region.
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Figure 8. The cumulative total precipitation derived from TRMM and CHIRPS, and simulated in
WREF-H over Bétérou during the period 2008-2010.

According to Figure 8 and Figure S1, we can make the assumption that there is
no or negligible rainfall recorded in the dry season. At Bétérou (Figure 8), the model
underestimates the cumulative precipitation compared to TRMM and CHIRPS, albeit
showing a good capture of seasonal variability over the years. The respective total three-
yearly amounts are WRF-H = 3921 mm, TRMM = 4077 mm, and CHIRPS = 4000 mm, which
confirms the consistency with the results discussed above that the WRF-H precipitation
simulations are closer to the observed CHIRPS than TRMM. The bias of the cumulative
precipitation is between —8.82% and 0.00% in regard to CHIRPS, and between —8.16% and
2.13% for TRMM. At Save (with WRF-H = 3883 mm), conversely to analysis at Bétérou, the
cumulative precipitation of the model fits well with TRMM (that value is about 3985 mm)
rather than CHIRPS (value equal to 4020 mm). The error related to the evaluation of the
cumulative precipitation is between —5.82% and 2.18% for TRMM, and about —7.00% and
0.00% for CHIRPS.
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3.3.2. Discharge Simulations

Discharge results at Save are displayed in Figure 9a, showing the daily time series of
simulated (green) and observed (red) stream discharges, and related WRF-H precipitation
(blue) for the period 2008-2010.
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Figure 9. Observed and simulated (fully coupled WRF-Hydro) hydrographs and derived precipitation
from WRE-Hydro: (a) full year at Save, and (b) at Bétérou (Savé’s inner catchment).

A good agreement can be seen between the observed and the simulated hydrographs,
and an approximate good representation of the peaks of discharge, as well as hydrograph
shapes, as quantified by the performance measures KGE and Corr, equal to 0.76 and 0.84,
respectively. This better performance, in comparison to the offline simulation, could be
explained by the time step of the meteorological data in the fully coupled mode, which is
30 s and not hourly as in offline mode. Since one objective of the study is to evaluate the
performance of WRF-H to simulate the discharge, and therefore to predict potential floods,
here we focus on the ability of the model in reproducing only the rainy seasons. We obtain
for Save, from Figure 9, a KGE equal to 0.22, 0.64, and 0.80 for the rainy seasons of 2008,
2009, and 2010, respectively, which gives solid information about the model’s simulation
skills. It is noted that the model has a better performance in 2010. The robustness of the
calibrated WRF-H over Save is evaluated in a second catchment, i.e., in Bétérou (Save’s
inner-catchment).

Figure 9b shows that WRF-H here reproduces well the discharge trend, as well as
the peaks, so that WRF-H can also be used successfully for this inner-catchment. Table S1
illustrates the discharges peaks obtain for the two basins during the three years. An
evaluation from a recent work of ref. [2] over the same study domain revealed that the
averages of annual rainfall between 1960-2007 are 1205 mm at the Bétérou rainfall station
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and 1098 mm at Save. The dynamics of the flow are characterized by a high discharge
during the rainy season. The maximum flow between May and September over the period
19602007 is in the order of 240 m?/s to 740 m? /s at Bétérou, and 1000 m®/s to 1750 m®/s
at the Save outlet. From November to May, almost all the rivers dry up, and the averages
of low flows are about 5 m3/s at Savé and 2 m3/s at Bétérou.

WREF-H is able to capture the flood event which occurred in September—October 2010
over Save, as well as over Bétérou. In particular, although the predicted highest discharge
peak occurs earlier than in the observation at Save and Bétérou. The second “weak” peak
in 2010, which could amplify damage intensities of the flood in the study area, is also well
reproduced. According to results from Figure 9, this second peak noticed for the discharge,
should result from the highest precipitation simulated and observed in September 2010. The
first important peak at Save in 2010 is also reflected from the highest simulated precipitation
of August 2010.

Figures 10 and 11, respectively, over Bétérou and Save show, on the one hand, the
simulated and observed discharge at daily time step for the whole WRF-H evaluation
period (2008-2010: Figure 10a,b; Figure 11a,b), and the flooding period (2010: Figure 10c;
Figure 11c) based on linear regression with values of line 1:1 and coefficient of determination
(R?); and on the other hand, the cumulative discharge of simulated and observed datasets.
Figure 11a indicates that, at Bétérou, the WRF-H underestimates the low flows, whilst in
contrast, at Save (Figure 11a), it extracts the low flow relatively well. This underestimation
of the low flow at Bétérou and Save is related to the fact that in early August at the beginning
of the rainy season over the sub-basins, the model started producing streamflow (2008 and
2009 on Figure 10a,b). Figure 9a justifies that the underestimation of the low flow at Save
(Figure 11) is due to the lags noticed between the simulated and observed “peaks”.
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Figure 10. Scatter plot showing comparison of simulated and observed discharges (a) for the period
2008-2010, and (b) for the flooding year 2010, and (c) the cumulative of simulated and observed
discharge at Bétérou.



Water 2022, 14, 1192

16 of 23

Cumulative discharge [m3.s 1]

WRF-H discharge [m3.5 1]

2000

1500 1

1000

500

L 50001 [R?=0.80 .
i y = 0.89x +7.66 ®

1500 -

1000 -

500

WRF-H discharge [m3.s 1]

@]

T
500

Observed discharge [m3.s71]

10‘00 15‘00 20‘00 6 560 1600 15‘00 20‘00
Observed discharge [m3.s 1]

200000

150000 -

100000

50000

— Insitu
—— WRF-H

—

T
2008-04

T T T T T T T T
2008-08 2008-12 2009-04 2009-08 2009-12 2010-04 2010-08 2010-12

Date

Figure 11. Scatter plot showing comparison of simulated and observed discharges (a) for the period
2008-2010, and (b) for the flooding year 2010, and (c) the cumulative of simulated and observed
discharge at Save.

In general, WRF-H captures well the variability of the seasonal discharge for Save
and Bétérou, but overestimates the cumulative total discharge (Figures 10c and 11c). These
figures also indicate that the discharge is recorded from July to November, with a high
increase in August-September. The total volume of discharge observed at Bétérou during
the period 2008-2010 is 86,045 m> against 100,182 m? for the WRE-H simulation, with a
rise of 16% as a difference. At Save, the recorded total volume of water is about 186,475 m3,
while the corresponding simulated discharge is approximately 220,367 m?, overestimating
the observed discharge up to 18%.

3.4. Evaluation of the Soil Water Content

Figures 12 and S2 show the daily averaged soil moisture extracted for soil depth
between 0.5-2 cm [60,61] from the Climate Change Initiative (CCI) of the European Space
Agency (ESA: https:/ /www.esa.int/ESA (12 May 2018).; thereafter referred to as 8ccy),
respectively, for Bétérou and Save, and the corresponding volumetric soil water content
in the first Noah soil layer between 0 and 10 cm (referred to as Owrr—p). The Owrr—n
is relatively high at the beginning of the simulation (January 2008: about 0.3 m3-m~3),
but experiences a decreasing trend from the first months of the simulation, and reached
approximatively the same value in February as those of other years (February 2009 and
February 2010). This suggests that there is an excess of Oyrr_py both at Bétérou and Save
at the initial time of the simulation, and that a two-month spin-up period appears to be
sufficient for soil moisture in the first Noah LSM soil layer [33]. The 0¢c; values are globally
lower than WREF-H simulations either for Bétérou or Savé during the rainy season and
simulate reasonably well at the onset end the end of the season. However, despite the
important bias, WRF-H correlated well with the observed.
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Figure 12. Evaluation of the soil moisture between the simulated with WRF-H of the first Noah
LSM soil layer (from 0 to 10 cm) and the daily average from CCI (from 0.5 to 2 cm) over the
Bétérou catchment.

Furthermore, Figure 13 and Figure S3 present the daily soil moisture in the four Noah
LSM soil layers of the WRF-H simulation, respectively, for the basins Bétérou and Save.
As observed for the 61wry—p (with soil layer between 0-10 cm) where only a two-month
spin-up is enough to simulate the soil moisture, the difference between the two years is
large for the soil layer 10-200 cm. For instance, for the soil moisture value of the second
(1040 cm) and the third (40-100 cm) soil layer, the stability is reached after the simulation
of more than one year. Therefore, for this study case, we need more time for spin-up (more
than a year) to adequately simulate the soil moisture between 10-200 cm.
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Figure 13. Daily average (five-day filtered) time series of soil water content (SWC) of the four Noah
LSM soil layers of the WRF-H simulation at Bétérou.
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3.5. Evaluation of Uncertainty of WRF-H

In order to evaluate the forecasting uncertainties of WRF-H (analyzed in Section 3.3),
a stochastic kinetic energy backscatter scheme (SKEBS: [21,34,36]) is used and activated
in WRF-H; it is referred to as WRF-Hydro-SKEBS. The purpose here is that the SKEBS
approach adds random perturbations with prescribed spatial and temporal decorrelations.
In particular, SKEBS produces perturbation into the lateral boundary conditions. The
amplitude of the stochastic perturbations is chosen as the default in the WRF model.
Therefore, we generated an ensemble of ten members for the evaluation of the uncertainties.
Both stochastic physics and initial condition perturbations into WRF-Hydro-SKEBS result
in an ensemble spread for the three rainy seasons over both Save and Bétérou. Figure 14
shows that WRF-Hydro-SKEBS has a relatively large impact on precipitation and discharge
results in the study region. The WRF-Hydro-SKEBS ensembles depicted well the discharge
shape, but showed either an overprediction or underestimation of the discharge intensity.
The assessment of the forecast uncertainty showed that the high variation of discharge
amounts is associated with a speedy variation of the forecasted precipitation ensemble
as demonstrated [62]. The ensemble also results in a large range of simulated discharge
performance, as can be seen in Table S2. As in the case of the current study where the
forecasting is performed under the convective-scale (5 km horizontal resolution), [63,64]
concluded that SKEBS (at convective-scale) provides a balance between increased ensemble
spread and forecast bias change. This demonstrates the sensitivity of WRF-H to lateral
boundary perturbations and confirms the uncertainty of the model regarding discharge
and precipitation simulations, which is of the uttermost importance for flood forecasting.
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Figure 14. Ensemble (WRF-Hydro-SKEBS) of simulated hydrographs and precipitations at Save
and Bétérou.

4. Summary and Conclusions

The present study explored the abilities of the fully coupled WRF-Hydro modeling
system to simulate discharge and precipitation in the Ouémé river in West Africa. The
main objective of the study was to determine an accurate flood forecasting tool that ex-
hibits the interaction between atmosphere and land surface models, since the feedback of
these interactions impact the precipitation dynamic [62,65]. Therefore, the supplementary
hydrological extension of WRF model has been calibrated in offline mode for one year, and
tested for two years using hourly outputs from WRF simulations. Optimized parameters
from the calibration were used to perform the fully coupled WRF-Hydro model, which was
used to investigate the forecasting performance skills of WRF over the Ouémé. We have
found that the coupled modeling system WRF-H performed slightly better regarding the
precipitation episodes than the WRF-only model (as already illustrated by [66] over the
interested period (2008-2010)).

The evaluation of simulated precipitation showed its good performance skills, and
provides confirmation about the uncertainty of WRF-H to simulate precipitation [43,46].
WREF-H also showed a good performance to simulate discharge, with a KGE equal to 0.76
for the period 2008-2010. The robustness of WRF-H has been assessed at Bétérou, an
inner-catchment of the Ouémé river at Save, where it provided a good agreement with
respect to observed discharge, with a KGE equal to 0.66. Additionally, WRF-H was able
to capture the flood event which occurred in 2010 over both Save and Bétérou. Indeed, in
the WRF-Hydro simulation in the fully coupled mode, the atmospheric and hydrological
processes are simulated in a consistent way, which enhances the confidence in the results.

The uncertainty of predictability skills of WRF-H with respect to discharge in the
Ouémé river at Save was performed with an ensemble of ten members using a random
perturbation scheme. Results demonstrated the large sensitivity of simulated discharge
to perturbations introduced into the atmosphere. In summary, WREF-H is considered as a
suitable model for evaluating discharge prediction uncertainties in the Ouémé river, and
we encourage the implementation of the model for further basins in West Africa. Further
studies are needed to assess how such WRF-H predicted discharges uncertainties could be
used to improve an EWS in West-African regions.
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Fully coupled WRF-H allows simulation of streamflow from global meteorological
data. As such, coupled WRF-H can easily be applied to any region of the world, which
is an advantage of the method used. Nevertheless, the application of WRF-H to another
region may require a different calibration to optimize the quality of the modeled streamflow
results over the concerned area. Additionally, the global forcing dataset to drive the model
must be available and provided. Moreover, the model has some shortcomings; the human
impacts (factors) on streamflow, such as irrigation and dam managements, are not yet
considered in WRF-Hydro, which we see as a future and necessary model improvement
for flood risk management purposes.
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series of soil water content (SWC) of the four Noah LSM soil layers of the WRF-H simulation at Save.

Author Contributions: Conceptualization, G.M.L.D.Q., methodology, G.M.L.D.Q. and J.A.; software,
G.M.LD.Q. and J.A,; validation: GM.L.D.Q,, J.A,, N.A.BK,, HK. and PG.O,, formal analysis,
G.M.LD.Q. and J.A,; investigation, G.M.L.D.Q.; resources, G.M.L.D.Q.; writing—original draft
preparation, G.M.L.D.Q.; writing—review and editing, GM.L.D.Q., J.A.,, N.ABK,, Z.Z.,, HK. and
P.G.O,; visualization G.M.L.D.Q. and J.A.; supervision, J.A, N.A.BK., HK. and P.G.O.; project
administration, J.A., N.A.B.K. and H.K,; funding acquisition, G.M.L.D.Q. and N.A.B.K. All authors
have read and agreed to the published version of the manuscript.

Funding: We are grateful to the Deutscher Akademischer Austauschdienst (DAAD), which supports
G.M.L.D.Q within the framework of the climapAfrica programme (German Academic Exchange
Service: 57556650), and via the CONCERT and FURIFLOOD projects. This work is also supported by
a grant from the Government of Canada, provided through Global Affairs Canada, www.international.
gc.ca (accessed on 1 January 2021), and the International Development Research Centre, www.idrc.ca
(Number: 108246-001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: ECMWFE: https://www.ecmwf.int/en/forecasts/dataset/operational-
archive (accessed on 14 April 2018); TRMM: http://daac.gsfc.nasa.gov/precipitation/TRMM_
README/TRMM_3B43_readme.shtml (accessed on 12 May 2018); CHIRPS: https:/ /data.chc.ucsb.
edu/products/CHIRPS-2.0/africa_daily/ (accessed on 12 May 2018).

Acknowledgments: We would like to thank Ilse Hamann and the German Climate Computing
Center (DKRZ) for providing the computing facilities. The Center for High-Performance Computing
(CHPC, Cape town, South Africa) also provided computing facilities for G.M.L.D.Q. for some parts
of the present study. We would also like to acknowledge the European Center for Medium-Range
Weather Forecasts (ECMWE), for providing the operational analysis dataset and products. The
TRMM data used in this study were acquired as part of the Tropical Rainfall Measuring Mission
(TRMM), and the observational station data obtained from the National Meteorological Agency of
Benin (METEO-BENIN).

Conflicts of Interest: The authors declare no conflict of interest.

1. IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups 1, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Core Writing Team, Pachauri, R K., Meyer, L.A., Eds.; IPCC: Geneva, Switzerland, 2014;

p. 151.

2. Hounkpe, J.; Diekkriiger, B.; Badou, D.F,; Afouda, A.A. Non-Stationary Flood Frequency Analysis in the Ouémé River Basin,
Benin Republic. Hydrology 2015, 2, 210-229. [CrossRef]


https://www.mdpi.com/article/10.3390/w14081192/s1
https://www.mdpi.com/article/10.3390/w14081192/s1
www.international.gc.ca
www.international.gc.ca
www.idrc.ca
https://www.ecmwf.int/en/forecasts/dataset/operational-archive
https://www.ecmwf.int/en/forecasts/dataset/operational-archive
http://daac.gsfc.nasa.gov/precipitation/TRMM_README/TRMM_3B43_readme.shtml
http://daac.gsfc.nasa.gov/precipitation/TRMM_README/TRMM_3B43_readme.shtml
https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily/
https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily/
http://doi.org/10.3390/hydrology2040210

Water 2022, 14, 1192 21 0f23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ryu, Y.; Lim, Y.-].; Ji, H.-S.; Park, H.-H.; Chang, E.-C.; Kim, B.-J. Applying a coupled hydrometeorological simulation system to
flash flood forecasting over the Korean Peninsula. Asia Pacific J. Atmos. Sci. 2017, 53, 421-430. [CrossRef]

UNHCR. 2010. Le Monde Afrique. Available online: https://www.lemonde.fr/afrique/article /2010/10/22/680-000-personnes-
touchees-par-les-inondations-au-benin_1429957_3212.html (accessed on 13 December 2018).

Nka, B.N.; Oudin, L.; Karambiri, H.; Paturel, J.E.; Ribstein, P. Trends in West African floods: A comparative analysis with rainfall
and vegetation indices. Hydrol. Earth Syst. Sci. Discuss. 2015, 12, 5083-5121. [CrossRef]

Mohammed, K. Comparative Study of Performance for Real-Time Flash Flood Forecasting in the Upper Meghna Basin. Master’s
Thesis, Bangladesh University of Engineering and Technology, Dhaka, Bangladesh, 2017.

Arnold, ].G,; Srinivasan, R.; Muttiah, R.S.; Williams, J.R. Large area hydrologic modeling and assessment part I: Model develop-
ment. JAWRA ]. Am. Water Resour. Assoc. 1998, 34, 73-89. [CrossRef]

Arnold, J.G.; Fohrer, N. SWAT2000: Current capabilities and research opportunities in applied watershed modelling. Hydrol.
Process. 2005, 19, 563-572. [CrossRef]

Anderson, M.G.; Burt, T.P. Modelling strategies. In Hydrological Forecasting; Anderson, M.G., Burt, T.P,, Eds.; John Wiley & Sons:
Suffolk, UK, 1985; pp. 1-13.

Wilby, R.L. Contemporary hydrology: Towards holistic environmental science. In Hydrological Modeling in Practice; Watts, G., Ed.;
John Wiley & Sons: Chichester, UK, 1997.

Kodja, D.J.; Quenum, G.M.L.D.; Mahe, G.; Paturel, J.-E.; Boko, M. Indicators of Hydroclimatic Extreme Hazards to Flooding in the
Ouémé Watershed in Bénin Investigation on Climate Extreme Events in Africa View Project 4th FRIEND/IAHS International
Conference on the Hydrology of African Large River Basins View Project. Available online: https://www.researchgate.net/
publication /344340892 (accessed on 21 June 2021).

He, K.; Zhang, X.; Ren, S.; Sun, J. Deep residual learning for image recognition. In Proceedings of the 2016 IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA, 27-30 June 2016; pp. 770-778.

Devlin, J.; Chang, M.W.; Lee, K.; Toutanova, K. BERT: Pre-Training of Deep Bidirectional Transformers for Language Understand-
ing. In Proceedings of the 2019 Conference of the North American Chapter of the Association for Computational Linguistics: 1;
2019; pp. 4171-4186, EM-DAT. Available online: https:/ /www.emdat.be/ (accessed on 10 October 2021).

Agudelo-Otalora, L.M.; Moscoso-Barrera, W.D.; Paipa-Galeano, L.A.; Mesa-Sciarrotta, C. Comparison of physical models and
artificial intelligence for prediction of flood levels. Tecnol. Cienc. Del Agua 2018, 9, 209-235. [CrossRef]

Mosavi, A.; Ozturk, P.; Chau, K.-W. Flood Prediction Using Machine Learning Models: Literature Review. Water 2018, 10, 1536.
[CrossRef]

Kratzert, E; Klotz, D.; Shalev, G.; Klambauer, G.; Hochreiter, S.; Nearing, G. Towards learning universal, regional, and local
hydrological behaviors via machine learning applied to large-sample datasets. Hydrol. Earth Syst. Sci. 2019, 23, 5089-5110.
[CrossRef]

Givati, A.; Gochis, D.; Rummler, T.; Kunstmann, H. Comparing One-Way and Two-Way Coupled Hydrometeorological Forecasting
Systems for Flood Forecasting in the Mediterranean Region. Hydrology 2016, 3, 19. [CrossRef]

Givati, A.; Lynn, B,; Liu, Y.; Rimmer, A. Using the WRF Model in an Operational Streamflow Forecast System for the Jordan River.
J. Appl. Meteorol. Clim. 2011, 51, 285-299. [CrossRef]

Fiori, E.; Comellas, A.; Molini, L.; Rebora, N.; Siccardi, F.; Gochis, D.; Tanelli, S.; Parodi, A. Analysis and hindcast simulations of
an extreme rainfall event in the Mediterranean area: The Genoa 2011 case. Atmos. Res. 2013, 138, 13-29. [CrossRef]

Kerandi, N.M.; Laux, P; Arnault, J.; Kunstmann, H. Performance of the WRF model to simulate the seasonal and interannual
variability of hydrometeorological variables in East Africa: A case study for the Tana River basin in Kenya. Arch. Meteorol.
Geophys. Bioclimatol. Ser. B 2016, 130, 401-418. [CrossRef]

Igri, PM.; Tanessong, R.S.; Vondou, D.A.; Panda, J.; Garba, A.; Mkankam, EK.; Kamga, A. Assessing the performance of WRF
model in predicting high-impact weather conditions over Central and Western Africa: An ensemble-based approach. Nat. Hazards
2018, 93, 1565-1587. [CrossRef]

Liu, ].; Bray, M.; Han, D. Sensitivity of the Weather Research and Forecasting (WRF) model to downscaling ratios and storm types
in rainfall simulation. Hydrol. Process. 2011, 26, 3012-3031. [CrossRef]

Uribe, I.M.; Lugo-Morin, D.R. Performance of the WRF model with different physical parameterizations in the precipitation
simulation of the state of Puebla. Atmdsfera 2020, 33, 357-383. [CrossRef]

Bouilloud, L.; Chancibault, K.; Vincendon, B.; Ducrocq, V.; Habets, F.; Saulnier, G.-M.; Anquetin, S.; Martin, E.; Noilhan, J.
Coupling the ISBA Land Surface Model and the TOPMODEL Hydrological Model for Mediterranean Flash-Flood Forecasting:
Description, Calibration, and Validation. J. Hydrometeorol. 2010, 11, 315-333. [CrossRef]

Chen, F.; Dudhia, J. Coupling an advanced land surface-hydrology model with the Penn State-NCAR MM5 modeling system.
Part I: Model implementation and sensitivity. Mon. Weather. Rev. 2001, 129, 569-585. [CrossRef]

Seuffert, G.; Gross, P.; Simmer, C.; Wood, E.F. The Influence of Hydrologic Modeling on the Predicted Local Weather: Two-Way
Coupling of a Mesoscale Weather Prediction Model and a Land Surface Hydrologic Model. J. Hydrometeorol. 2002, 3, 505-523.
[CrossRef]

Jasper, K.; Gurtz, J.; Lang, H. Advanced flood forecasting in Alpine watersheds by coupling meteorological observations and
forecasts with a distributed hydrological model. ]. Hydrol. 2002, 267, 40-52. [CrossRef]


http://doi.org/10.1007/s13143-017-0045-0
https://www.lemonde.fr/afrique/article/2010/10/22/680-000-personnes-touchees-par-les-inondations-au-benin_1429957_3212.html
https://www.lemonde.fr/afrique/article/2010/10/22/680-000-personnes-touchees-par-les-inondations-au-benin_1429957_3212.html
http://doi.org/10.5194/hessd-12-5083-2015
http://doi.org/10.1111/j.1752-1688.1998.tb05961.x
http://doi.org/10.1002/hyp.5611
https://www.researchgate.net/publication/344340892
https://www.researchgate.net/publication/344340892
https://www.emdat.be/
http://doi.org/10.24850/j-tyca-2018-04-09
http://doi.org/10.3390/w10111536
http://doi.org/10.5194/hess-23-5089-2019
http://doi.org/10.3390/hydrology3020019
http://doi.org/10.1175/JAMC-D-11-082.1
http://doi.org/10.1016/j.atmosres.2013.10.007
http://doi.org/10.1007/s00704-016-1890-y
http://doi.org/10.1007/s11069-018-3368-y
http://doi.org/10.1002/hyp.8247
http://doi.org/10.20937/atm.52640
http://doi.org/10.1175/2009JHM1163.1
http://doi.org/10.1175/1520-0493(2001)129&lt;0569:CAALSH&gt;2.0.CO;2
http://doi.org/10.1175/1525-7541(2002)003&lt;0505:TIOHMO&gt;2.0.CO;2
http://doi.org/10.1016/S0022-1694(02)00138-5

Water 2022, 14, 1192 22 0f 23

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Marty, R.; Zin, L.; Obled, C. Sensitivity of hydrological ensemble forecasts to different sources and temporal resolutions of
probabilistic quantitative precipitation forecasts: Flash flood case studies in the Cévennes-Vivarais region (Southern France).
Hydrol. Process. 2012, 27, 33-44. [CrossRef]

Moreno, H.A ; Vivoni, E.R.; Gochis, D.J. Limits to Flood Forecasting in the Colorado Front Range for Two Summer Convection
Periods Using Radar Nowcasting and a Distributed Hydrologic Model. . Hydrometeorol. 2013, 14, 1075-1097. [CrossRef]

Zabel, F.; Mauser, W. 2-way coupling the hydrological land surface model PROMET with the regional climate model MM5.
Hydrol. Earth Syst. Sci. 2013, 17, 1705-1714. [CrossRef]

Wagner, S.; Fersch, B.; Yuan, E; Yu, Z.; Kunstmann, H. Fully coupled atmospheric-hydrological modeling at regional and
long-term scales: Development, application, and analysis of WRF-HMS. Water Resour. Res. 2016, 52, 3187-3211. [CrossRef]
Senatore, A.; Mendicino, G.; Gochis, D.J.; Yu, W.; Yates, D.N.; Kunstmann, H. Fully coupled atmosphere-hydrology simulations
for the central Mediterranean: Impact of enhanced hydrological parameterization for short and long time scales. J. Adv. Model.
Earth Syst. 2015, 7, 1693-1715. [CrossRef]

Errico, R.M.; Langland, R.; Baumhefner, D.P. The workshop in atmospheric predictability. Bull. Am. Meteorol. Soc. 2002, 83,
1341-1343.

Zhang, Z.; Arnault, J.; Laux, P; Ma, N.; Wei, ].; Shang, S.; Kunstmann, H. Convection-permitting fully coupled WRF-Hydro
ensemble simulations in high mountain environment: Impact of boundary layer- and lateral flow parameterizations on land—
atmosphere interactions. Clim. Dyn. 2021, 1-22. [CrossRef]

Berner, J.; Shutts, G.J.; Leutbecher, M.; Palmer, T. A Spectral Stochastic Kinetic Energy Backscatter Scheme and Its Impact on
Flow-Dependent Predictability in the ECMWF Ensemble Prediction System. J. Atmos. Sci. 2009, 66, 603-626. [CrossRef]

Le Barbé, L.; Alé, G.; Texier, H. Les Ressources en Eaux Superficielles de la République du Bénin; Monographies Hydrologiques;
ORSTOM: Paris, France, 1993; 540p, ISBN 2-7099-1168-X. ISSN 0335-6906.

Huffman, G.J.; Bolvin, D.T.; Nelkin, E.J.; Wolff, D.B.; Adler, RF; Gu, G.; Hong, Y.; Bowman, K.P.;; Stocker, E.F. The TRMM
Multisatellite Precipitation Analysis (TMPA): Quasi-Global, Multiyear, Combined-Sensor Precipitation Estimates at Fine Scales. J.
Hydrometeorol. 2007, 8, 38-55. [CrossRef]

Funk, C.; Peterson, P.; Landsfeld, M.; Pedreros, D.; Verdin, ]J.; Shukla, S.; Husak, G.; Rowland, J.; Harrison, L.; Hoell, A.; et al. The
climate hazards infrared precipitation with stations—A new environmental record for monitoring extremes. Sci. Data 2015, 2,
150066. [CrossRef]

Skamarock, W.C.; Klemp, ].B.; Dudhia, J.; Gill, D.O.; Barker, D.M.; Wang, W.; Powers, ].G. A Description of the Advanced Research
WREF Version 2; Tech. Note NCAR/TN-4681STR; National Center For Atmospheric Research: Boulder, CO, USA, 2005; 101p.
Skamarock, W.C.; Klemp, J.B. A time-split nonhydrostatic atmospheric model for weather research and forecasting applications. J.
Comput. Phys. 2008, 227, 3465-3485. [CrossRef]

Gochis, D.; Mc Creight, J.; Yu, W.; Dugger, A.; Sampson, K.; Yates, D.; Wood, A.; Clark, M.; Rasmussen, R. Multi-Scale
Water Cycle Predictions Using the Community WRF-Hydro Modeling System; NCAR: Boulder, CO, USA, 2015; Available online:
http:/ /www.ral.ucar.edu/projects/wrf_hydro/ (accessed on 1 March 2022).

Friedl, M.A.; Mclver, D.K.; Hodges, ].C.F.; Zhang, X.Y.; Muchoney, D.; Strahler, A.H.; Woodcock, C.E.; Gopal, S.; Schneider, A.;
Cooper, A,; et al. Global land cover mapping from MODIS: Algorithms and early results. Remote Sens. Environ. 2002, 83, 287-302.
[CrossRef]

Hong, S.Y.; Dudhia, J.; Chen, S.H. A revised approach to ice microphysical processes for the bulk parameterization of clouds and
precipitation. Mon. Weather. Rev. 2004, 132, 103-120. [CrossRef]

Mlawer, E.J.; Taubman, S.J.; Brown, P.D.; Iacono, M.J.; Clough, S.A. Radiative transfer for inhomogeneous atmospheres: RRTM, a
validated correlated-k model for the longwave. J. Geophys. Res. Atmos. 1997, 102, 16663-16682. [CrossRef]

Dudhia, J. Numerical study of convection observed during the winter monsoon experiment using a mesoscale two-dimensional
model. . Atmos. Sci. 1989, 46, 3077-3107. [CrossRef]

Pleim, J.E. A Combined Local and Nonlocal Closure Model for the Atmospheric Boundary Layer. Part I: Model Description and
Testing. J. Appl. Meteorol. Climatol. 2007, 46, 1383-1395. [CrossRef]

Pleim, ]J.E. A Combined Local and Nonlocal Closure Model for the Atmospheric Boundary Layer. Part II: Application and
Evaluation in a Mesoscale Meteorological Model. J. Appl. Meteorol. Clim. 2007, 46, 1396-1409. [CrossRef]

Kerandi, N.; Arnault, J.; Laux, P.; Wagner, S.; Kitheka, J.; Kunstmann, H. Joint atmospheric-terrestrial water balances for East
Africa: A WRF-Hydro case study for the upper Tana River basin. Arch. Meteorol. Geophys. Bioclimatol. Ser. B 2017, 131, 1337-1355.
[CrossRef]

Arnault, J.; Wagner, S.; Rummler, T.; Fersch, B.; Bliefernicht, J.; Andresen, S.; Kunstmann, H. Role of Runoff-Infiltration
Partitioning and Resolved Overland Flow on Land-Atmosphere Feedbacks: A Case Study with the WRF-Hydro Coupled
Modeling System for West Africa. J. Hydrometeorol. 2016, 17, 1489-1516. [CrossRef]

Yucel, I; Onen, A.; Yilmaz, K.K.; Gochis, D. Calibration and evaluation of a flood forecasting system: Ultility of numerical weather
prediction model, data assimilation and satellite-based rainfall. J. Hydrol. 2015, 523, 49-66. [CrossRef]

Moriasi, D.N.; Arnold, J.G.; van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model evaluation guidelines for systematic
quantification of accuracy in watershed simulations. Trans. ASABE 2007, 50, 885-900. [CrossRef]

Berner, J.; Fossell, K.R.; Ha, S.Y.; Hacker, J.P,; Snyder, C. Increasing the skill of probabilistic forecasts: Understanding performance
improvements from model-error representations. Mon. Weather. Rev. 2015, 143, 1295-1320. [CrossRef]


http://doi.org/10.1002/hyp.9543
http://doi.org/10.1175/JHM-D-12-0129.1
http://doi.org/10.5194/hess-17-1705-2013
http://doi.org/10.1002/2015WR018185
http://doi.org/10.1002/2015MS000510
http://doi.org/10.1007/s00382-021-06044-9
http://doi.org/10.1175/2008JAS2677.1
http://doi.org/10.1175/JHM560.1
http://doi.org/10.1038/sdata.2015.66
http://doi.org/10.1016/j.jcp.2007.01.037
http://www.ral.ucar.edu/projects/wrf_hydro/
http://doi.org/10.1016/S0034-4257(02)00078-0
http://doi.org/10.1175/1520-0493(2004)132&lt;0103:ARATIM&gt;2.0.CO;2
http://doi.org/10.1029/97JD00237
http://doi.org/10.1175/1520-0469(1989)046&lt;3077:NSOCOD&gt;2.0.CO;2
http://doi.org/10.1175/JAM2539.1
http://doi.org/10.1175/JAM2534.1
http://doi.org/10.1007/s00704-017-2050-8
http://doi.org/10.1175/JHM-D-15-0089.1
http://doi.org/10.1016/j.jhydrol.2015.01.042
http://doi.org/10.13031/2013.23153
http://doi.org/10.1175/MWR-D-14-00091.1

Water 2022, 14, 1192 23 0f 23

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Shutts, G. A kinetic energy backscatter algorithm for use in ensemble prediction systems. Q. J. R. Meteorol. Soc. 2005, 131,
3079-3102. [CrossRef]

Leutbecher, M.; Lock, S.; Ollinaho, P.; Lang, S.; Balsamo, G.; Bechtold, P.; Bonavita, M.; Christensen, H.M.; Diamantakis, M.;
Dutra, E.; et al. Stochastic representations of model uncertainties at ECMWF: State of the art and future vision. Q. J. R. Meteorol.
Soc. 2017, 143, 2315-2339. [CrossRef]

Judt, F; Chen, S.S. Predictability and Dynamics of Tropical Cyclone Rapid Intensification Deduced from High-Resolution
Stochastic Ensembles. Mon. Weather Rev. 2016, 144, 4395-4420. [CrossRef]

Lehner, B.; Verdin, K,; Jarvis, A. New Global Hydrography Derived From Spaceborne Elevation Data. Eos Trans. Am. Geophys.
Union 2008, 89, 93-94. [CrossRef]

Naabil, E.; Lamptey, B.; Arnault, J.; Olufayo, A.; Kunstmann, H. Water resources management using the WRF-Hydro modelling
system: Case-study of the Tono dam in West Africa. J. Hydrol. Reg. Stud. 2017, 12, 196-209. [CrossRef]

Zhang, Z.; Arnault, J.; Wagner, S.; Laux, P.; Kunstmann, H. Impact of Lateral Terrestrial Water Flow on Land-Atmosphere
Interactions in the Heihe River Basin in China: Fully Coupled Modeling and Precipitation Recycling Analysis. J. Geophys. Res.
Atmos. 2019, 124, 8401-8423. [CrossRef]

Klein, C.; Heinzeller, D.; Bliefernicht, J.; Kunstmann, H. Variability of West African monsoon patterns generated by a WRF
multi-physics ensemble. Clim. Dyn. 2015, 45, 2733-2755. [CrossRef]

Dorigo, W.A.; Gruber, A.; De Jeu, R AM.; Wagner, W.; Stacke, T.; Loew, A.; Albergel, C.; Brocca, L; Chung, D,
Parinussa, R.M.; et al. Evaluation of the ESA CCI soil moisture product using ground-based observations. Remote Sens.
Environ. 2015, 162, 380-395. [CrossRef]

Wagner, W.; Dorigo, W.; de Jeu, R.; Fernandez, D.; Benveniste, J.; Haas, E.; Ertl, M. Fusion of active and passive microwave
observations to create an essential climate variable data record on soil moisture. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf.
Sci. 2012, 7, 315-321. [CrossRef]

Arnault, J.; Fersch, B.; Rummler, T.; Zhang, Z.; Quenum, G.M.; Wei, J.; Graf, M.; Laux, P.,; Kunstmann, H. Lateral terrestrial
water flow contribution to summer precipitation at continental scale-A comparison between Europe and West Africa with
WREF-Hydro-tag ensembles. Hydrol. Processes 2021, 35, €14183. [CrossRef]

Romine, G.S.; Schwartz, C.S.; Berner, J.; Fossell, K.R.; Snyder, C.; Anderson, J.L.; Weisman, M.L. Representing Forecast Error in a
Convection-Permitting Ensemble System. Mon. Weather Rev. 2014, 142, 4519-4541. [CrossRef]

Duda, ].D.; Wang, X.; Kong, F.; Xue, M.; Berner, J. Impact of a Stochastic Kinetic Energy Backscatter Scheme on Warm Season
Convection-Allowing Ensemble Forecasts. Mon. Weather Rev. 2016, 144, 1887-1908. [CrossRef]

Baisya, H.; Pattnaik, S.; Rajesh, P.V. Land surface-precipitation feedback analysis for a landfalling monsoon depression in the
Indian region. J. Adv. Model. Earth Syst. 2017, 9, 712-726. [CrossRef]

Wang, W.; Liu, J.; Li, C.; Liu, Y;; Yu, E; Yu, E. An Evaluation Study of the Fully Coupled WRF/WRF-Hydro Modeling System for
Simulation of Storm Events with Different Rainfall Evenness in Space and Time. Water 2020, 12, 1209. [CrossRef]


http://doi.org/10.1256/qj.04.106
http://doi.org/10.1002/qj.3094
http://doi.org/10.1175/MWR-D-15-0413.1
http://doi.org/10.1029/2008EO100001
http://doi.org/10.1016/j.ejrh.2017.05.010
http://doi.org/10.1029/2018JD030174
http://doi.org/10.1007/s00382-015-2505-5
http://doi.org/10.1016/j.rse.2014.07.023
http://doi.org/10.5194/isprsannals-I-7-315-2012
http://doi.org/10.1002/hyp.14183
http://doi.org/10.1175/MWR-D-14-00100.1
http://doi.org/10.1175/MWR-D-15-0092.1
http://doi.org/10.1002/2016MS000829
http://doi.org/10.3390/w12041209

	Introduction 
	Materials and Methods 
	Study Area and Observation Datasets 
	Experimental Design of the Weather Research and Forecasting (WRF) and Coupled WRF/WRF-Hydro Model 
	Calibration of WRF-Hydro in Offline Mode 
	Evaluation of Model Uncertainty with the Stochastic Kinetic Energy Backscatter Scheme 

	Results and Discussion 
	Evaluation of WRF-Only Precipitation 
	Calibration and Evaluation of WRF-Hydro Offline 
	Evaluation of the Coupled Model WRF-H 
	Precipitation Simulations 
	Discharge Simulations 

	Evaluation of the Soil Water Content 
	Evaluation of Uncertainty of WRF-H 

	Summary and Conclusions 
	References

