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Abstract
The climate and hydrological cycle are influenced by the relationships between land-surface characteristics and the atmos-
phere. According to this research, a hydrological–atmospheric coupled model adds value to river basin climate modeling by 
determining if it is useful. The Tono basin in Ghana's Ghana was the focus of the research, which looked at the climate of 
West Africa as a whole. Simulations of WRF and WRF-Hydro (WRF/WRF-Hydro) were conducted separately and together. 
Both runs use the same physical parameterizations. There were two methods used to evaluate the model's ability to predict 
precipitation and temperature in the basin: statistical analysis and spatial bias analysis. The coupled model outperformed the 
uncoupled model in terms of precipitation and temperature prediction. Coupling models can be used to simulate sub-grid 
hydrological basin features, like the Tono irrigation dam, as a result of this study.

Keywords Coupled model · WRF · WRF-Hydro · River basin · Climate

Introduction

Socioeconomic activities around the world, particularly 
in West Africa, have always been threatened by droughts 
and floods (W.A). It is becoming more commonplace in the 
Sahelian part of West Africa (Sylla et al. 2015). For these 
reasons, an irrigation project was developed in the Tono 
basin to lessen the effects of drought, increase crop produc-
tion, and thus provide food security and raise the income 
levels of rural people. On the other hand, the drought's 
negative effects continue to have an impact on the socio-
economic activities of the basin's surrounding population. 
Low rainfall in 2014 meant that the dam's storage level 
was at its lowest point ever (a level of 173.6 amls). Irriga-
tion farming in the basin was put on hold, resulting in the 
loss of livelihoods for 6,000 farmers (Naabil et al. 2017). 
Flooding in Burkina Faso in 2018 killed 100,000 people and 
devastated 196 square miles of agricultural land, including 
the Tono irrigation zone, as a result of heavy rains caused 
by the discharge of water from the Bagre dam (Floodlist 
2018; Almoradie 2020). The frequency of heavy rainstorms 
in West Africa, particularly in Ghana, is anticipated to rise 
as a result of climate change, resulting in more devastating 
floods (IPCC 2012; Andersen and Marshall 2013; Naabil 
et al. 2020). Flooding may become more intense and occur 
more frequently as a result of human-caused activities such 

 * Edward Naabil 
 naabil.edward@bolgatu.edu.gh

 Kouakou Kouadio 
 kk.kouadio@yahoo.fr

 Benjamin Lamptey 
 bllamptey@gmail.com

 Thompson Annor 
 tommykak@yahoo.com

 Ifeanyi Chukwudi Achugbu 
 ifeanyi.chukwudi@fuoye.edu.ng

1 Department of Agricultural Engineering, Bolgatanga 
Technical University, Bolgatanga, Upper East Region, Ghana

2 Laboratoire des Sciences de la Matière, de l’Environnement 
et de l’Energie Solaire, Université Felix Houphout-Boigny, 
Abidjan, Côte d’Ivoire

3 School of Earth & Environment, University of Leeds, Leeds, 
UK

4 Faculty of Physical Sciences, Physics, Kwame Nkrumah 
University of Science and Technology, Kumasi, Ashanti, 
Ghana

5 Water Resources Management and Agrometeorology, Federal 
University Oye-Ekiti, Oye, Nigeria

http://orcid.org/0000-0002-3055-8887
http://crossmark.crossref.org/dialog/?doi=10.1007/s40808-022-01574-5&domain=pdf


1670 Modeling Earth Systems and Environment (2023) 9:1669–1679

1 3

as land-use changes linked to increased urbanization (Chang 
and Franczyk 2008; Delgado et al. 2010; Kalantari et al. 
2014). Preparation time for disaster response teams and the 
deployment of flood risk reduction measures are aided by 
early warning systems (Givati et al. 2016). To create plans 
for long-term sustainability and adaptation, water resource 
managers can make use of drought estimates. It is critical to 
have accurate estimates of precipitation amounts and distri-
bution in order to make accurate flood predictions (Younis 
et al. 2008; Shih et al. 2014). It is possible to predict flood 
occurrences using data from rain gauges as well as data from 
radar, remote sensing, and numerical climate models (Givati 
et al. 2016). Global weather forecast models are used to gen-
erate coarse, low-resolution precipitation forecasts. They are 
unable to capture the sensitivity and complexity of complex, 
severe precipitation systems resulting from land-surface het-
erogeneity, mesoscale orography, and land–water contrasts 
(Fiori et al. 2014). In West Africa's semi-humid Sudanian 
climate, rainfall is highly controlled by mesoscale convec-
tive storms (MCS). Nearly half of Ghana's annual rainfall 
comes from monsoonal rains (Achempong 1982; Fink et al. 
2006). Rainfall has been caused by orographic forces on 
Nigeria's Jos Plateau (Omotosho 1985). These precipitation-
induced factors are diverse in West Africa. There are too 
many spatial and temporal inconsistencies in the coarse 
global climate models to be useful. Heinzeller et al. (2014), 
applied the Weather Research Forecasting (WRF) model to 
produce high-resolution rainfall for West Africa to address 
these limitations. High-resolution precipitation estimates for 
Ghana were developed by Naabil et al. (2017) using a physi-
cal parameterization that followed the physics options (large 
dams). They demonstrated that utilizing high-resolution 
grids of 5 km, the WRF model could reasonably estimate 
precipitation amounts and distributions.

Hydrological and atmospheric models can be used in con-
junction or separately to compute temperature, precipitation, 
and stream flow in recent studies (Yucel et al. 2015; Arnault 
et al. 2015; Gochis et al. 2015; Givati et al. 2016; Naabil 
et al. 2017). In some cases, the uncertainty related with the 
spatial distribution of high-intensity precipitation can be 
minimized by integrating high-resolution atmospheric mod-
els with high-resolution hydrological models (Yucel et al. 
2015). It has been shown that forecasts of rainfall and tem-
perature, runoff, streamflow, and floods can be reasonably 
reproduced when fine-scale, coupled hydro-meteorological 
models with effective grid resolution of a small number of 
kilometers (Gochis et al. 2015; Arnault et al. 2015; Senatore 
et al. 2015; Givati et al. 2016; Naabil et al. 2017).

Senatore et al. 2015, Wagner et al. 2016, and Givati et al. 
2016 claim that coupled atmospheric–hydrological models 
outperform uncoupled models for some meteorological vari-
ables. According to their findings, convective storms are bet-
ter forecasted using a fully coupled model.

Using a fully coupled model to estimate rainfall and tem-
perature over West Africa, specifically the Tono basin, this 
study improved on previous findings. This was also the case 
because of the incorporation of the Tono dam in the model. 
This is the first study to examine the dam's effect on mod-
eling the local climate in the basin by placing the geographic 
data (such as the dam's location) in the model setup. Its goal 
is to provide answers to the following queries:

1. Is a coupled hydro-meteorological model better at simu-
lating rainfall and temperature than a standalone model?

2. Is it possible to increase the accuracy of rainfall and 
temperature estimates based on the choice of the forcing 
data?

For the creation of meteorological variables, both WRF 
(standalone) and coupled WRF-Hydro were employed with 
identical input data and model physical parameterization. 
Described in detail in “Data and methods” and “Results 
and discussion” sections, is the study area and the study 
approach respectively. “Conclusions” section is the presenta-
tion of the results and discussion, whiles Sect. 5 concludes 
the discussion with suggestions.

Data and methods

The study area

The WRF model's two stacked grids depict a map of the 
West African (WA) region, which serves as the study's 
domain (Fig. 1a). Ghana's northern and Burkina Faso’s 
southern regions are connected by the Tono basin, which is 
located in the middle of the nested area (Fig. 1b). Located 
in West Africa, Ghana has a complex climate and hydro-
logical regime that varies greatly from year to year. It is the 
movement and interaction of two air masses that affects the 
temperature, rainfall, and humidity (Achempong 1982; Gor-
don 2006). The rainy seasons are controlled by the annual 
oscillation of the Intertropical Convergence Zone (ITCZ) 
between the northern and southern tropics. Humid Atlantic 
air is brought to Europe by south-westerly winds blowing 
south of the ITCZ. As a result of these winds, hot, dusty air 
from the Sahara Desert is being blown north of the ITCZ. 
This study focuses on the Tono basin in Ghana's northern 
part, which lies between latitudes 10° and 11°. May–Novem-
ber is the ITCZ's northernmost point and the primary wind is 
south-westerly; December–March is the 'Harmattan' wind's 
northernmost point and the primary wind is north-easterly.

Tono basin has a catchment area of about 650  km2. 
The basin also has an irrigation system with a dam that 
spans 18.6 square miles and is 4  km long. The area 
receives about 950  mm fewer rains per year than the 



1671Modeling Earth Systems and Environment (2023) 9:1669–1679 

1 3

national average in Ghana. For its high temperatures and 
dryness, the region has been called one of Ghana's most 
arid areas. The highest monthly mean temperature (about 
33 °C) is recorded in the months of March, April, and 
May (MAM), while the lowest monthly mean tempera-
ture (about DJF) is recorded in December, January, and 
February (26.5 °C).

The streams and rivers that empty into the basins are 
a reflection of the country's rainfall patterns. The Tono 
dam is fed by two major, unmeasured streams (Songoguba 
and Gaabuga).

The area's vegetation, which is the longest vegetation 
zone in Ghana, consists mainly of interior forest savannah 
(Anim-Gyampo et al. 2013). The basin's major function 
is to provide agricultural irrigation.

Data

Different gridded data sets were used depending on their 
temporal and spatial characteristics. The Tropical Rainfall 
Measuring Mission data were used to evaluate the model's 
precipitation performance (TRMM). The CRU's (Climate 
Research Unit) data collection for Africa, version TS3.0, 
is used to calculate the simulated temperature (Mitchell 
and Jones 2005). Interpolating CRU temperature from a 
50-km resolution to a 5-km grid using Sibson's (1981) 
Natural Neighbor interpolation. The National Center 
for Atmospheric Research (NCAR) has been using this 
technique for a long time now (Hofstra et al. 2008). This 
allows for a comparison with the output of the Regional 
Climate Model (RCM) at the same grid resolution to 
evaluate the performance of the model.

Methodology

Atmospheric model (WRF) setup

The effect of model data selection on the success of model 
simulations in reproducing rainfall and temperature data was 
studied using two model data. Separate runs of the WRF 
model were driven by data from the 0.8o ERA-Interim rea-
nalysis and the 0.5° ECHAM6 model. The model consists 
of two overlapping domains. There are 160 × 130 grid points 
of 25 km cell size in the domain d01 (parent domain), which 
encompasses the West African region from − 19 W to 17 E 
and − 1.8 S to 22 N (Fig. 1a). With a 5 km resolution and 
111 × 111 grid points, the d02 (inner domain) covers the 
area from − 3 W to 1.5E and 8S to 13 N. The inner domain 
is intended to improve the resolution of convective and mes-
oscale characteristics in Ghana's northern half and Burkina 
Faso's southern half (Naabil et al. 2017; Kouadio and et al. 
2020) (see Fig. 1b). The Tono basin is located in this inner 
sphere (Fig. 1b). The model resolution and physical param-
eterizations were determined based on prior investigations 
in the West African region by Heinzeller et al. (2014) and 
Naabil et al. (2017). Physical parameterizations used in their 
studies provide a more realistic assessment of rainfall and 
temperature distribution over West Africa at 12 km horizon-
tal resolution for the period 1980–2010. These parameteri-
zations were used in Naabil et al.’s (2017) investigations, 
which verified comparable results achieved by Heinzeller 
et al. (2014). As shown in Table 1, the physical parameteri-
zations they chose was used in this study. To avoid cumulus 
activity being resolved, the nested domain's cumulus scheme 
was turned off because its spatial resolution was on the con-
vective allowing scale (between 3 and 5 km). With a model 

Fig. 1  Model domain and elevation. a The parent domain (25 km) with the imbricated nested domain (5 km) delimited by the back box. b A 
zoom on nested and high-resolution domain with the basin location
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top pressure of 20 hPa, the boundary layer with 35 verti-
cal levels. With the Noah LSM, hydrological processes in 
the column are taken into account in fully integrated WRF/
WRF-Hydro simulations (i.e., through fall, soil infiltration, 
vertical soil water movement, evapotranspiration, and accu-
mulation of surface and underground runoff). There is a lot 
of evidence that configuration setting is highly influenced by 
the variable of interest, study region focus and verification 
techniques as well as reference data sets utilized (Sylla et al. 
2013; Klein et al. 2015; Naabil et al. 2017).

Hydrological model (WRF‑Hydro) setup

National Center for Atmospheric Research (NCAR) devel-
oped WRF-Hydro and integrated it with the WRF model 
to see if the combined model could better reflect observed 
climate variables than the standalone model. The WRF-
Hydro model is a state-of-the-art hydrological model 
capable of accounting for the spatial distribution of mete-
orological and physical input factors (Gochis et al. 2013). 
Numerous hydrological parameters can be connected to 
atmospheric and other Earth system modeling systems 
using the model's supplemental suite (Givati et al. 2016). 
Earth's terrestrial hydrologic courses, which include sur-
face, subsurface, and channel water distribution, are to be 
better represented by a new suite (Gochis et al. 2013). A 
wide range of terrestrial hydrologic routing physics are 
included in the various model versions (WRF-Hydro V3.0 
was used). The surface and subsurface flow models utilized 
in this study were entirely distributed, three-dimensional, 
and variable saturation. The Noah Land Surface Model's 
one-dimensional coupling of topography routing channel 
and basin routing functions enables for more complicated 
land-surface states and fluxes to be taken into account 
(Gochis et al. 2013; Givati et al. 2016). It is a more accu-
rate representation of terrestrial hydrologic processes as 
compared to the Noah Land Surface model, which uses 

simplified vertical column models. Water movement into 
channels is estimated in the WRF-Hydro model by allo-
cating the quantity of water that infiltrates into the soil 
column and a proportion that flows horizontally through 
the overland flow (Gochis et al. 2013).

The surface properties affect both the velocity of water 
and where it goes, as well as its duration. Because water 
takes longer to reach the channels when the surface is rough, 
there is a greater chance that it will seep into the soil before 
reaching the channel components when the channel sur-
face is smooth (Givati et al. 2016). The model's roughness 
parameter (REFKDT) is responsible both streamflow time 
and volume. The default roughness parameter values were 
reported by Vieux and Moreda (2003). The model's stream 
order and channel routing parameters influence the stream 
order values (see Table 1). Due to the domain's stream order, 
WRF-Hydro default Manning roughness coefficient values 
are applied to channel pixels. The transition of channels 
from lower to higher gradient reaches with coarser mate-
rial to low-gradient, sedimentary reaches, and the Manning 
roughness coefficient falls as the stream flow approaches the 
basin outlet (Givati et al. 2016). The WRF-Hydro routing 
modules are executed to the inner domain with the coupled 
model approach, although it can be executed to the routing 
components of the coarse domain. We did not employ this 
strategy because it would have required a lot of time and 
computing power to perform. This setup was used created in 
previous studies of Naabil et al. (2017) which showed a good 
capability of the model in reproducing observed streamflows 
over the Tono basin. Hence, this study applied this setup in 
coupling it with the atmospheric model to reproduce rainfall 
and temperature at the Tono basin.

WRF‑Hydro calibration and validation process

This study relied on the calibration and validation outcome 
of the WRF-Hydro model for the Tono basin by Naabil et al. 
(2017), since the same study region, input data, and physics 
parametrization were used. The assessment of the strength 
of the coupled model to reproduce rainfall and temperature 
better than standalone model was carried out for the period 
2000 to 2005.

A standalone WRF model and a fully coupled WRF/
WRF-Hydro model system were run. ERA-Interim Rea-
nalysis and the ECHAM6 forcing data were used in both 
simulations. The Taylor Diagram (Taylor 2001) was used to 
compare model outputs to observed rainfall and temperature 
data (Trim and CRU). Temporal patterns, temporal inaccura-
cies, and spatial variability are all described using the center-
mean-square error (RMSE), correlation coefficients (R), 
and normalized standard deviation (σ). These are expressed 
using the following equations:

Table 1  Parameters defining the channel characteristics 

Channel Parameters

StreamOrder
10,1 'Bw HLINK ChSSlp MannN'
1 5. 0.02 2.0 1.5
2 10. 0.02 1.0 1.4
3 20. 0.02 0.5 1.3
4 30. 0.03 0.18 1.2
5 40. 0.03 0.05 0.55
6 60. 0.03 0.05 0.3
7 60. 0.03 0.05 0.25
8 60. 0.10 0.05 0.1
9 60. 0.30 0.05 0.03
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where  Xi denotes the individual X measurements,  Yi rep-
resents the individual Y measurements,  Oi denotes the  ith 
measured value,  Pi is represents the  ith predicted value, N 
denotes the number of observations, and over bars stand for 
the mean of the measured or estimated parameters.

The dam area was added to the inner domain of the WRF 
model's static data (geo em.d02) and given the land-use cat-
egory 17 designation (waterbody). This is to determine the 
dam's impact on the microclimate.

Results and discussion

Observed vs simulated precipitation

With TRMM data as a basis, coupled WRF-Hydro and 
WRF's abilities to reconstruct the Tono basin's annual cycle 
of average daily precipitation rates were compared (Fig. 2a, 
b). WRF and WRF-Hydro simulations mirror the over-
all pattern of the annual cycle of rainfall over the basin, 
which is forced by ERA-I and ECHAM6 model data. The 
WRF-Hydro and WRF simulations forced with ECHAM6 
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agreed with TRMM in displaying the peak in August, how-
ever, WRF simulations forced with ERA-I rather shows 
an early peak (in July). The results also shows that both 
models, WRF and WRF-Hydro over-estimated precipita-
tion amounts. However, WRF-Hydro has a lower bias than 
WRF. While WRF driven by ERA-I has a one-month earlier 
peak, WRF driven by ECHAM6 is better at simulating the 
annual cycle of rainfall, in particular the date of peak rain-
fall. Regardless of the forcing data, the annual cycle of daily 
rainfall shows that the coupled model produces a superior 
estimate of rainfall than the uncoupled atmospheric model. 
Analysis of the WRF and WRF-Hydro models' ability to 
extract daily rainfall in the Tono basin is carried out using 
the Taylor diagram statistical technique (Fig. 3). This graph 
summarizes three statistical measurements (the Root Mean 
Square Error, the standard deviation, and the Pearson cor-
relation coefficient). Therefore, a good simulation should 

Fig. 2  Precipitation plot at daily scale in months for the period 2000–2005 using a ERA-I and b ECHAM6 data sets

Fig. 3  Inter-comparison of WRF standalone and WRF-Hydro precipi-
tation with respect to TRMM
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have a correlation coefficient of a high value, low RSME, 
and the correct standard deviation. When plotting x-axis 
data, the "OBS" portion of the graph will be closest to the 
generated patterns. The RMSE and correlation of these mod-
els will be low. This study uses TRMM data as a baseline. 
WRF and WRF/WRF-Hydro runs with ERA-I for the Tono 
basin produce high patterns (correlation) of 0.8 and 0.91, 
respectively. The WRF/WRF-Hydro RMSE is approximately 
2.4 mm/day, as shown by the green outlines, while the WRF 
RMSE is 3.7 mm/day. The temporal variability (standard 
deviation) of the simulated pattern is proportional to the 
radial distribution away from the source of that variability. 
According to the black arc, the WRF/WRF-Hydro simulated 
rainfall has standard deviation values of around 4.75 mm/
day and 5.8 mm/day for WRF, which are higher than the 
observed standard deviation (2.9 mm/day) of rainfall. For 
ECHAM6 data, the pattern of correlation coefficient for 
WRF and WRF-Hydro models is 0.75, and the RMSE is 
3.8 mm/day (Fig. 3). According to the data, the standard 
deviation (2.9 mm/day) is larger than the expected standard 
deviation (5.4 mm/day for WRF and 5.2 mm/day for WRF/
WRF-Hydro). When it comes to retrieving the peak of the 
rainy season, simulations forced with ECHAM6 provide a 
good estimate of the annual cycle of rainfall, however, not 
superior when compared to runs forced with ERA-I. This 
could indicate that on a daily scale, the information provided 
by the forcing data appears to override the hydrologic feature 
provided by WRF-Hydro. ERA-I forcing data has shown 

to provide a more improved precipitation estimation com-
pared to ECHAM6 with both models (WRF and WRF/WRF-
Hydro). It is clear in this case that the choice of a forcing 
data influence the performance of the models in reproducing 
precipitation. The ERA-Interim reanalysis has been shown 
in several studies to reasonable simulate regional climate 
and precipitation in the region (e.g., Heinzeller et al. 2014; 
Klein et al. 2015; Arnault et al. 2015; Annor et al. 2018).

The seasonal analysis in the basin focuses on the wet sea-
son (JJA, SON). As seen in Figs. 4 and 5, both WRF and 
WRF/WRF-Hydro show positive bias in rainfall. The sea-
sonal (JJA and SON) assessment of both models driven by 
ERA-I indicates that the WRF model over-estimated precipi-
tation at the basin compared to WRF/WRF-Hydro (Fig. 4). 
When ECHAM6 is applied to both models, the same results 
are seen (Fig. 5). Both models driven by ECHAM6 over-
estimate precipitation compared to both models driven by 
ERA-I. Soil moisture dynamics and related effects could 
explain the significant biases of these models, which could 
result in major differences in the geographical distribution 
of rainfall based on the latitudinal positioning of irrigation 
(Marcella and Eltahir 2013). Irrigation water's latitudinal 
location and seasonal fluctuations appear to have a large 
impact on the rainfall distribution's response to irrigation. 
Precipitation forecasts from both models are nevertheless 
subject to uncertainty, even though WRF/WRF-Hydro out-
put data show better accuracy than WRF output data for the 
Tono basin. This could be owing to the capacity of a fully 

Fig. 4  Seasonal (SON and JJA) spatial precipitation maps over the Tono basin for the period 2000–2005 using ERA-I forcing data for WRF 
standalone and WRF-Hydro simulations
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integrated land–atmosphere modeling system's ability to 
simulate the complete regional water cycle in an integrated, 
mass- and energy-efficient manner (Senatore et al. 2015). 
There is evidence to suggest that coupled model simulations 
outperform uncoupled models over timescales longer than 
the average amount of daily precipitation (Jiang et al. 2009; 
Senatore et al. 2015; Givati et al. 2016). Using a ground-
water model in conjunction with an atmospheric model, 
Jiang et al. (2009), demonstrated how the right energy flux 
and soil moisture signal from the land surface are critical in 

predicting rainfall across the central United States. Coupling 
can increase precipitation reproducibility, as shown in this 
study.

Observed vs simulated temperature

For the Tono basin, monthly mean temperatures are shown 
in Fig. 6 using WRF and WRF/WRF-Hydro models with 
ERA-I and ECHAM6 forcing data. Both runs (WRF and 
WRF/WRF-Hydro) produce a good estimate of the annual 

Fig. 5  Seasonal (SON and JJA) spatial precipitation maps over the Tono basin for the period 2000–2005 using ECHAM6 forcing data for WRF 
standalone and WRF-Hydro simulations

Fig. 6  Annual cycle of the monthly mean temperature over the period 2000–2005 using ERA-I a and ECHAM6 b data sets
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monthly mean temperature when compared to observa-
tions (CRU). When compared to actual measurements at 
the basin's grid point, WRF/WRF-Hydro provides a more 
accurate temperature prediction than the standalone WRF 
(Fig. 6). It's possible that this has anything to do with the 
idea of coupling land–atmosphere systems in order to better 
depict temperature variability. Zeng et al. (2003), demon-
strated that land-surface temperature and moisture hetero-
geneities have a considerable impact on sensible (H) and 
latent (LE) fluxes due to the coupling of atmospheric and 
land-surface processes. This is also reflected in estimates 
of evaporation and patterns of precipitation. Dry-season 
temperatures are over-estimated by the WRF and WRF/
WRF-Hydro models (Fig. 6). A comparable study by Zeng 
et al. (2003), found that enhanced soil moisture fluxes dur-
ing this period may have cooled the near-surface and influ-
enced land-surface temperatures. Figure 7 shows the statisti-
cal inter-comparison of WRF and WRF/WRF-Hydro with 
CRU observation temperature over the Tono Basin using 
the Taylor diagram. For example, WRF/WRF-Hydro has a 
correlation of around 0.94 and an error margin of 0.6 °C 
when driven by the ERA-I. Compared to the measured tem-
perature, the computed temperature has a lower standard 
deviation (1.8 °C). WRF driven with ERA-I has a correla-
tion coefficient of about 0.87, while the RMSE and standard 
deviation are about 1.2 °C and 2.1 °C, respectively. This 
2.1 °C standard deviation is equivalent to the observed 
temperature standard deviation (2.2 °C), implying that the 
pattern of changes in the simulated temperature from WRF 
forced with ERA-I is the same as observed data. There is 
an almost identical correlation (0.78) between WRF and 
WRF/WRF-Hydro driven by ECHAM6 with RMSE of 
1.4 °C. While the simulated temperature standard deviation 
(2.0 °C) in WRF forced with ECHAM6 appears to be equal 
to the observed (2.2 °C) with CRU data, the one displayed by 

WRF/WRF-Hydro forced with ECHAM6 has higher values 
(i.e., 2.6 °C). The WRF and WRF/WRF-Hydro, driven with 
ECHAM6, are projected to be farther to the observation than 
the WRF and WRF/WRF-Hydro, forced with ERA-I, based 
on RMSE and correlation coefficient patterns.

Figures 8 and 9 show the seasonal temperature bias maps, 
which reveal that both models underestimate temperature 
when compared to the observed data. WRF/WRF-Hydro 
forced with ERA-I produces a negative bias when compared 
to WRF forced with ERA-I in the dry season, according 
to a seasonal analysis using DJF season data. WRF/WRF- 
Hydro's negative bias was smaller than WRF's during the 
MAM season (Fig. 8). In both models that were forced 
with ECHAM6, WRF/WRF-Hydro did not add any value. 
Instead, it introduces more biases. When forced with ERA-I, 
WRF/WRF-Hydro has done better at modeling temperature, 
particularly at the basin. Zabel and Mauser (2013) discov-
ered that simulations of a coupled atmospheric–hydrologic 
model improved the near-surface temperature. These new 
findings corroborate those of Zabel and Mauser (2013). 
As with rainfall estimates, WRF/WRF-Hydro forced with 
ECHAM6 model data did not produce satisfactory results 
with temperature estimation. Heinzeller et al.’s (2014) opti-
mum physics settings for WRF across West Africa are also 
expected to influence the model's performance in terms of 
precipitation and temperature estimations.

Conclusions

Atmospheric–hydrological models were used to estimate 
precipitation and temperature in this investigation. It dif-
fers from previous studies by Naabil et al. (2017), which 
focused on the ability of WRF-Hydro to recreate hydrologi-
cal variables for the assessment of long-term water resource 
sustainability.

When it came to precipitation, the models used in the 
study, WRF and WRF/WRF-Hydro, performed comparably 
well. Precipitation estimation was enhanced more by WRF/
WRF-Hydro than by WRF. The WRF/WRF-Hydro forced 
with ERA-I beat the other model when tested with two sets 
of data (ERA-I and ECAHM6).

The fully coupled model showed some improvements 
in precipitation estimations when assessed on an annual 
cycle and seasonally. Three separate studies (e.g., Butts 
et al. 2014, Senatore et al. 2015 and Givati et al. 2016) have 
found that coupled model simulations outperform uncoupled 
model simulations for a longer period of time than the daily 
accumulation of rainfall, and this is consistent with the find-
ings of this study. Water cycle modeling that incorporates 
both atmospheric and hydrologic processes can save both 
mass and energy because of the enormous potential of cou-
pled atmospheric–hydrologic modeling systems (Senatore 

Fig. 7  Inter-comparison of WRF standalone and WRF-Hydro tem-
perature with respect to CRU 
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Fig. 8  Spatial temperature maps with bias values for the Tono basin for the period 2000–2005 using ERA-I forcing data for WRF standalone and 
WRF-Hydro simulations

Fig. 9  Spatial temperature maps with bias values for the Tono basin for the period 2000–2005 using ECHAM6 forcing data for WRF standalone 
and WRF-Hydro simulations
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et al. 2015). However, even though the coupled model was 
superior in terms of performance, the results revealed sig-
nificant bias in the precipitation predictions, necessitating 
further research to discover the reasons of the bias and how 
it might be corrected. When it came to temperature estima-
tion, neither model had any trouble reproducing the observed 
value. When compared with ERA-I, both models performed 
well when forced with the ECHAM6 model, which is a sig-
nificant improvement.

A considerable benefit in precipitation and temperature 
forecasting has been proven by this investigation, supporting 
the notion that the coupled model is superior. Furthermore, 
the research shows that the ECHAM6 model data are insuf-
ficient for contemporary climate studies, particularly in West 
Africa.
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