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Ra and PBL than Cu, and MP schemes. In summary, the 
following combination of schemes simulated the most repre-
sentative regional climate of NRB: WSM3 microphysics, KF 
cumulus, MYJ PBL, RRTM longwave radiation and Dudhia 
shortwave radiation schemes, and Noah LSM. The above 
configuration of WRF coupled to the Noah LSM has also 
been shown to simulate representative regional climate of 
NRB over 1980–2001 which include a combination of wet 
and dry years of the NRB.

Keywords  WRF · Configuration of regional climate 
model · Temperature · Rainfall · Short and longwave 
radiation of Nile River Basin

1  Introduction

Global climate models (GCMs) are numerical climate mod-
els designed to simulate physical processes in the atmos-
phere, ocean, cryosphere and land surface at a global scale 
(IPCC-TGICA 2007). GCMs are the main tools for project-
ing future global climate in response to rising concentrations 
of greenhouse gases in the atmosphere. However, usually at 
a spatial grid resolution of 100–300 km, and daily temporal 
resolutions, the output of GCMs are generally too coarse for 
solving basin-scale, hydrologic and water resources manage-
ment problems. As a result, climate data of GCMs needs to 
be downscaled to produce local or regional climate at resolu-
tions useful for hydrologic applications. Coarse resolution 
climate data can be downscaled by statistical procedures or 
dynamically using regional climate models (RCM) to data 
of higher resolutions. In theory, a RCM designed to capture 
climate processes at basin scale can provide high resolu-
tion, representative climate data of river basins. For river 
basins with diversified climate and complex topography, 

Abstract  Regional climate models (RCMs) have been 
used to simulate rainfall at relatively high spatial and tem-
poral resolutions useful for sustainable water resources plan-
ning, design and management. In this study, the sensitivity 
of the RCM, weather research and forecasting (WRF), in 
modeling the regional climate of the Nile River Basin (NRB) 
was investigated using 31 combinations of different physi-
cal parameterization schemes which include cumulus (Cu), 
microphysics (MP), planetary boundary layer (PBL), land-
surface model (LSM) and radiation (Ra) schemes. Using 
the European Centre for Medium-Range Weather Forecast 
(ECMWF) ERA-Interim reanalysis data as initial and lat-
eral boundary conditions, WRF was configured to model 
the climate of NRB at a resolution of 36 km with 30 vertical 
levels. The 1999–2001 simulations using WRF were com-
pared with satellite data combined with ground observation 
and the NCEP reanalysis data for 2 m surface air temperature 
(T2), rainfall, short- and longwave downward radiation at the 
surface (SWRAD, LWRAD). Overall, WRF simulated more 
accurate T2 and LWRAD (with correlation coefficients >0.8 
and low root-mean-square error) than SWRAD and rain-
fall for the NRB. Further, the simulation of rainfall is more 
sensitive to PBL, Cu and MP schemes than other schemes 
of WRF. For example, WRF simulated less biased rainfall 
with Kain-Fritsch combined with MYJ than with YSU as 
the PBL scheme. The simulation of T2 is more sensitive to 
LSM and Ra than to Cu, PBL and MP schemes selected, 
SWRAD is more sensitive to MP and Ra than to Cu, LSM 
and PBL schemes, and LWRAD is more sensitive to LSM, 
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such as the Nile river basin (NRB) with elongated ridges 
and escarpments parallel to faults of the East African Rift 
system, and the presence of large lakes such as Lake Victoria 
and Lake Tana (Pohl et al. 2011), high resolution climate 
data downscaled by a RCM from GCMs will be useful for 
the future management of such river basins, e.g., Mohamed 
et al. (2005) applied the regional atmospheric climate model 
(RACMO) to simulate the regional climate of the NRB. The 
socioeconomic activities and well-being of people living in 
most countries of the Nile basin are dependent on the rain-
fall and streamflow of the Nile River for water supply and 
for sustaining the agriculture via irrigation projects and/or 
rain-fed mechanism. However, climate change can poten-
tially impact the rainfall variability and streamflow of NRB 
which could affect the reliability of NRB’s water supply to 
its users. Therefore, high resolution climate data for NRB 
downscaled by a RCM from GCMs’ climate projections will 
be useful to assess the potential impact of climate change to 
the future water resources of NRB.

Various RCMs have been developed to downscale coarse 
resolution climate data of GCMs or reanalysis data to fine 
resolution data for different river basins across the world. 
There have been regional climate modeling studies con-
ducted for East Africa. For example, by fine tuning the 
cumulus convection schemes, radiative transfer forma-
tion, surface process, boundary layer physics, and lateral 
boundary conditions of the study domain using the regional 
climate model, version 2 (RegCM2), Sun et al. (1999a, b) 
simulated representative regional climate, e.g., major circu-
lation, precipitation, temperature and water vapor patterns, 
of East Africa for October–December, 1988. Other studies 
conducted over East Africa using version 3 of the regional 
climate model (RegCM3) are such as Anyah et al. (2006), 
Anyah and Semazzi (2006, 2007), Segele et al. (2009a), and 
Diro et al. (2012). Furthermore, the RCM called weather 
research and forecasting (WRF) which has a wide range of 
physical parameterizations, has been applied to some parts 
of Africa, or the entire Africa (e.g., Pohl et al. 2011; Giorgi 
et al. 2009; Jones et al. 2011; Endris et al. 2013; Mooney 
et al. 2013; Flaounas et al. 2011). Since its development in 
2000, WRF has been a popular RCM to simulate regional 
climate of various study sites across the world.

Pohl et al. (2011) examined WRF’s simulations of the 
atmospheric water cycle of Equatorial East Africa using 
58 combinations of physical parameterization, land-use 
categories, lateral forcing and the domain geometry. From 
the results, they found that the shortwave radiation scheme, 
the land surface model (LSM), the domain size, convec-
tive schemes and land-use categories play a more signifi-
cant role than cloud microphysics, lateral forcing reanalysis, 
the number of vertical levels and planetary boundary layer 
(PBL) schemes in simulating reliable seasonal climate of 
Equatorial East Africa. The coordinated regional climate 

downscaling experiment (CORDEX) (Giorgi et al. 2009; 
Jones et al. 2011), initiated by the World Climate Research 
Program, used WRF and other RCMs to simulate high-
resolution (50 km) regional climate projections of different 
continents. Under CORDEX, Endris et al. (2013) evaluated 
the rainfall of East Africa simulated by ten different RCMs 
(including WRF), each set up with one set of model configu-
ration and parameterizations. They found that most of RCMs 
simulated a reasonable pattern of rainfall climatology over 
the three sub-regions but with significant biases. Mooney 
et al. (2013) found that WRF could simulate the 2-m sur-
face temperature of 1990–1995 over the European domain, 
CORDEX region-4, accurately. They found WRF to be most 
sensitive to LSMs, moderately sensitive to longwave radia-
tion schemes, but not sensitive to microphysics and PBL 
schemes. In simulating precipitation, WRF is found to be 
more sensitive to LSMs in the summer than in the winter. 
However, precipitation simulated by WRF compared poorly 
with remotely sensed precipitation data.

Under CORDEX, Katragkou et al. (2015) evaluated the 
1990–2008 regional climate simulated by WRF for the 
European domain using the ERA-Interim reanalysis data, 
in a multi-physics ensemble framework with different 
configurations of microphysics, convection and radiation 
schemes. They found a systematic bias in temperature and 
precipitation simulated by WRF for summer and winter, an 
over (under) simulation of the total cloud cover (downward 
shortwave radiation) over northern Europe, and a strong 
positive bias in the downward shortwave radiation in sum-
mer over central and southern Europe. For simulating the 
2006 summer West Africa monsoon, Flaounas et al. (2011) 
examined the sensitivity of WRF to convection and PBL 
schemes. They found that temperature, vertical distribution 
of humidity, and rainfall amount simulated by WRF is very 
sensitive to PBL schemes, while the dynamics and vari-
ability of precipitation simulated are sensitive to convective 
parameterization schemes.

WRF is computationally expensive and its optimal perfor-
mance requires a tedious investigation over different combi-
nations of parameterization schemes which vary from region 
to region. To the best of our knowledge, only a few RCM 
studies have been tested over the NRB, and as far as we 
know, only CORDEX has done a limited test on the perfor-
mance of WRF over the whole Africa which was set up as 
a single domain at 50 km resolution. The objective of this 
study is to fine tune the configuration and parameterization 
schemes of WRF so that it can simulate reliable regional 
climate of NRB for 1999–2001 using the ERA-Interim rea-
nalysis data at 36 km resolution.

The paper is organized as follows: the brief description 
of regional climate model, configuration and study area 
are stated in Sect. 2. In Sect. 3, model verification meth-
ods for the simulated results are discussed. The results and 
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discussions of different evaluation are presented in Sect. 4. 
Finally, in Sect. 5, the conclusions of the study are presented.

2 � Experimental setup

2.1 � Model description and configuration

This study was conducted using the advanced weather 
research and forecasting regional climate model, version 
WRF 3.6.1. WRF is a nonhydrostatic, primitive-equation, 
mesoscale meteorological model with advanced climate 
dynamics, physics and numerical schemes. Detailed descrip-
tions of the WRF can be found in the model manual of 
Skamarock et al. (2008) and also on the WRF user web site 
(http://www.mmm.ucar.edu/wrf/users). Like other RCMs, 
WRF tends to over or under-simulate the amount of rainfall, 
but it can capture essential features of storm events, such 
as the time of occurrence, evolution, duration and location 
of storms (Hong and Lee 2009; Chen et al. 2010). Possible 
factors contributed to this common shortcoming of climate 
models are such as uncertainties of initial conditions, limited 
knowledge on the rainfall generation process, cloud micro-
physics, numerical round-off errors, etc. (Fowle and Roebber 
2003; Fritsch and Carbone 2004). However, the selection of 
schemes and fine tuning of parameters for various modules 
of WRF, domain configurations and grid resolutions play a 
major role in the performance of WRF.

In the pre-processing stage of WRF, we evaluated two 
land use databases, sea surface temperature, setting of ver-
tical layers and relaxation zones for lateral boundaries of 
the study domain. WRF was finally set up with 30 vertical 
pressure levels and the top level is at 50 hPa. For the study 
period 1999–2001, the initial and lateral boundary condi-
tions of WRF are based on the most recent, ERA-Interim 
reanalysis data of the European centre for Medium Range 
Weather Forecasts (ECMWF) at 0.25° ×  0.25° resolution 
and 6-h time steps. Compared with other reanalysis data, 
past studies show that the ERA-Interim data best represented 
certain aspects of the climate system, such as the air tem-
perature (Mooney et al. 2011; Troy and Wood 2009; Screen 
and Simmonds 2011).

The parameterization schemes in WRF are grouped into 
these modules: (1) microphysics (MP), (2) longwave radia-
tion (LW), (3) shortwave radiation (SW), (4) land surface 
model, (5) cumulus (Cu), and (6) planetary boundary layer. 
Each of these modules has two or more parameterization 
schemes, with some schemes more applicable for climate 
modeling while others for weather forecasting, or both, 
thus making WRF a popular RCM. In fine tuning WRF, 
because of computational constraint, we could only test 
a limited combination of all available parameterization 
schemes, instead of testing all possible combinations. The 

performance of WRF for modeling the regional climate of 
NRB is assessed by its ability to reproduce the spatial and 
temporal patterns of the observed climate of NRB. 31 com-
binations of schemes selected to fine tune WRF over NRB 
are shown in Table 1. These schemes were selected either 
because they performed well in previous studies or they have 
not been tested before (Pohl et al. 2011; CORDEX Africa 
groups). Out of 31 experiments, 20 were conducted from 
combinations between 2 Cu, 2 PBL and 5 MP schemes, 
while 8 experiments were conducted from combining 2 
Ra with 4 MP schemes; and 3 more experiments were con-
ducted from combining 3 Ra schemes with 1 other LSM.

Since the dynamics and variability of precipitation are 
sensitive to convection parameterization schemes, two 
cumulus parameterization schemes, the Kain-Fritsch (KF) 
(Kain 2004) and Betts-Miller-Janjic (BMJ) (Janjic 1994) 
schemes were tested in this study. Even though it tends to 
overestimate the precipitation, the KF is the widely used 
cumulus parameterization scheme. Furthermore, the vertical 
distribution of temperature, humidity, and rainfall amount 
can be significantly affected by the PBL schemes. In this 
study, the popular Yonsei University (YSU) scheme (Hong 
et al. 2006) and the Mellor-Yamada-Janjic scheme (MYJ) 
(Janjic 1994) were tested.

For the microphysics, the WRF single moment three-
class (WSM3) scheme (Hong et al. 2004), Lin et al. (1983) 
scheme, WRF Single-Moment 5-class scheme (WSM5) 
(Hong et al. 2004), Morrison double-moment scheme (Mor-
rison et al. 2009) and WRF double-moment 5-class scheme 
(WDM6) (Lim and Hong 2010) were tested. The WSM3 
is a simple, efficient scheme that considers ice and snow 
processes at mesoscale grid sizes. On the other side, WSM5 
is marginally more sophisticated that also considers mixed-
phase processes and super-cooled water. The radiation 
schemes tested were the Rapid Radiative Transfer Model 
(RRTM) LW scheme (Mlawer et al. 1997), Dudhia (1989) 
SW schemes, Community Atmosphere Model (CAM) (Col-
lins et al. 2004) and a new version of RRTM (RRTMG) (Iac-
ono et al. 2008) for both the LW and SW radiation schemes. 
Lastly, the two land surface models tested were the Noah 
(Ek and Mahrt 1991) and the rapid update cycle (RUC) 
(Smirnova et al. 1997, 2000). RUC is set up to simulate soil 
temperature and moisture for six layers, snow and frozen soil 
physics for multiple layers while the Noah LSM simulates 
soil temperature and moisture for four layers.

2.2 � Domain configuration for the Nile River Basin

The Nile River is the longest river in the world 
with a length of 6800  km. It covers an area of about 
3,400,000 km2 and it flows over 11 countries (Burundi, 
DR Congo, Egypt, Eritrea, Ethiopia, Kenya, Rwanda, 
Tanzania, South Sudan, Sudan and Uganda). This study 

http://www.mmm.ucar.edu/wrf/users
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will focus on the Blue Nile River (BNR) basin, which is 
a sub-basin of the Nile river basin. The drainage area of 
the BNR approximately covers an area of 210,000 km2, 
but it contributes about 63% of the average annual flows 
of the Nile River. NRB has different rainy seasons with 
diverse climatic conditions ranging from arid, semi-arid to 
humid regions. From north to south, there are arid, tropi-
cal, and equatorial rainfall regimes. There is virtually no 
precipitation in the Sahara Desert of Sudan and Egypt, but 
precipitation increases southward to the Ethiopian high-
land and Equatorial Plateaus, with the June–September 
rainy season over Ethiopian plateau, and two rainy seasons 
over the Equatorial Lakes Plateau, October–December and 
March–May resulted from ITCZ moving southward and 
northward over the region, respectively. The southern part 
of the Nile basin has also one rainy season from Octo-
ber–December (Indeje et al. 2000; Nyakwada 2009; Endris 
et al. 2013). Because of different rainy seasons over the 

NRB, WRF was set up to perform continuous simulation 
over each year of the study period. WRF was set up to sim-
ulate the climate of Nile over a two-domain’s configuration 
with one-way nesting. Domain-1 (2oE–57oE, 20oS–37oN) 
was set up for the NRB and Domain-2 (29oE–45oE, 
5oN–17.5oN) was set up for the BNR basin, as shown 
in Fig. 1. First, evaluation of different parameterization 
schemes was based on results obtained for Domain-1 (D1) 
only for 1999–2001. Then, WRF was run with Domian-2 
(D2) nested within Domain-1 after we have obtained better 
parameterization schemes for Domain-1, to obtain results 
for both domains from 1980 to 2001. However, in this 
paper, only results obtained from testing D1 are presented. 
The ERA-Interim reanalysis data were used as the lateral 
boundary and initial conditions for D1 with a 36-km reso-
lution. Then, the D1 output was used as lateral and initial 
conditions to run the inner domain D2 with a 12-km reso-
lution. To account for sources of moisture coming from the 

Table 1   The combination 
of physical parameterization 
schemes for 31 WRF 
simulations

Experiment no. Cu schemes PBL Microphysics LW schemes SW schemes LSM

Test 1 KF YSU Lin RRTM Dudhia NOAH
Test 2 BMJ
Test 3 KF MYJ
Test 4 BMJ
Test 5 KF YSU WSM3
Test 6 BMJ
Test 7 KF MYJ
Test 8 BMJ
Test 9 KF YSU WSM5
Test 10 BMJ
Test 11 KF MYJ
Test 12 BMJ
Test 13 KF YSU Morrison
Test 14 BMJ
Test 15 KF MYJ
Test 16 BMJ
Test 17 KF YSU WDM5
Test 18 BMJ
Test 19 KF MYJ
Test 20 BMJ
Test 21 KF MYJ WSM3 CAM CAM NOAH
Test 22 WSM5
Test 23 Morrison
Test 24 WDM5
Test 25 WSM3 RRTMG RRTMG
Test 26 WSM5
Test 27 Morrison
Test 28 WDM5
Test 29 KF MYJ WSM3 RRTM Dudhia RUC
Test 30 CAM CAM
Test 31 RRTMG RRTMG
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Atlantic and the Indian oceans, and to serve as a “spatial” 
spin-up, D1 was set up to be much wider than the NRB.

3 � Model verification methods

The main problem in evaluating the performance of a RCM 
over Africa is a general lack of high-quality observation 
datasets of suitable temporal and spatial resolutions. The 
tropical rainfall measuring mission (TRMM 3B42 Version 
6, 1998–2010) satellite based precipitation product with a 
0.25° spatial and daily temporal resolutions were used to 
assess gridded precipitation simulated by WRF. Precipita-
tion products of TRMM have been evaluated against rain 
gauge data in Africa, e.g., Nicholson et  al. (2003a, b), 
Romilly and Gebremichael (2011), Mashingia et al. (2014). 
Even though TRMM data agree well with gauge data for 
most major climatic zones of Africa in all seasons (e.g., 
Adeyewa and Nakamura 2003), such satellite data have limi-
tations, such as a lack of ability in capturing deep convective 
precipitation systems on daily timescales, particularly on the 
windward side of mountainous terrains (Dinku et al. 2008; 
Nair et al. 2009). In addition, two rain gauge-based datasets 
available at 0.5° spatial and monthly temporal resolutions, 
the Global Precipitation Climatology Centre (GPCC ver-
sion 6, 1901–2010; Schneider et al. 2011) and the Climate 
Research Unit at the University of East Anglia (CRU ver-
sion 3.22, 1901–2013; Harris et al. 2014) were also used to 
validate the simulation of WRF. Africa has a sparse network 
of rain gauges, and precipitation data interpolated from a 
sparse network of rain gauges could lead to large errors and 

unrealistically smooth spatial gradients (Koutsouris et al. 
2016). Therefore, we should be cautious using these widely 
used, gauge-based datasets. Nicholson et al. (2003a, b) used 
a dense network of rain gauge dataset to validate both the 
GPCP and the GPCC datasets for 1988–1994 and for 1998 
over West Africa. They found that the mean precipitation 
fields derived from the dense gauge network, the GPCC and 
the GPCP are remarkably similar. However, they found that 
both GPCP and GPCC datasets compare well with the rain 
gauge data at seasonal but not at monthly time scales. The 
air temperature at 2 m (T2) simulated by WRF was evalu-
ated against the CRU data; downward short- and longwave 
radiation at the surface simulated by WRF was evaluated 
against the National Centers for Environmental Prediction 
(NCEP) climate forecast system reanalysis (CFSR) data 
(Saha et al. 2010). The reanalyses data are climatological 
data generated from applying data assimilation schemes on 
available observed data into a climate model. Zhang et al. 
(2013) found that the latest reanalysis dataset called CFSR 
yields the best results in the precipitation mean and vari-
ability over South Africa when compared with the CRU 
data. In this study, the above observed and reanalysis data 
were re-gridded to the resolution of D1 to facilitate com-
parison with WRF’s simulations. Some errors are expected 
in the re-gridding process, but the error introduced should 
not be significant, which will partly depend on the spatial 
variability of data and partly on the re-gridding algorithms 
used. The performance of WRF is assessed using statistics 
such as the root mean square error (RMSE), the mean error 
(ME) and the standard deviation (SD) calculated from all the 
simulations of WRF for each grid point of D1 over the study 
period; and the correlation coefficients between simulated 
and observed monthly climate variables. The spatial plots 
are used to evaluate the ability of WRF to capture the spa-
tial distribution and the bias of WRF’s simulations over the 
basins. These plots show different bias of WRF in different 
areas, but it is difficult to conclude if the overall bias for the 
entire basin is positive or negative. The time series of WRF’s 
grid-based simulations for the BNR are spatially averaged 
and analysed to assess the ability of WRF to capture the 
rainfall seasonality of the BNR basin.

4 � Results and discussions

4.1 � Rainfall climatology

Figures 2 and 3 shows the mean annual rainfall bias in mm/
day for all model configurations of WRF tested with respect 
to the TRMM datasets over the 1999–2001 period. We 
chose TRMM instead of GPCC data for comparison partly 
because TRMM datasets are of daily rainfall while GPCC 
are monthly rainfall data. Figure 2 presents the results using 

Fig. 1   A map showing the Domain-1 and Domain-2 setup of WRF 
and the topography (m) of the Nile and the Blue Nile River Basin of 
Africa
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different combinations of WRF’s parameterization schemes, 
which are cumulus parameterization (KF and BMJ), plane-
tary boundary layer (YSU and MYJ) and microphysics (Lin, 
WSM3, WSM5, Morrison and WDM6); to determine which 
set of schemes can simulate the most representative rain-
fall of NRB, e.g., the depth and variability of rainfall. From 
these two figures, it seems that WRF simulated representa-
tive rainfall over the NRB in all parameterization schemes 
tested, but more schemes over-simulated while a few under-
simulated the rainfall of Ethiopian highlands and the Congo 
basin, but most schemes under-simulated the rainfall over 
the Lake Victoria area. Other studies such as Endris et al. 

(2013) also encountered this over-simulation problem over 
the Congo basin and Ethiopian highlands. The parameteri-
zation schemes considered consists of two cumulus param-
eterizations which controls the dynamics and variability of 
rainfall regimes are shown in columns 1 and 2 under the 
YSU PBL scheme; and columns 3 and 4 under the MYJ PBL 
scheme. Overall, KF tends to over-simulate rainfall while 
the BMJ scheme tends to under-simulate. Our results are 
consistent with that of Pohl et al. (2011), who also found KF 
to simulate a wetter climate than the BMJ scheme for East 
Africa. Figure 2 also shows that under KF combined with 
the YSU PBL scheme, WRF consistently over-simulated the 

Fig. 2   Differences between observed (TRMM) and WRF’s simulated annual mean rainfall (mm day−1) over the Nile river basin under different 
MP, CU and PBL schemes, fixed RRTM, Dudhia Ra schemes and NOAH LSM

Fig. 3   Differences between observed (TRMM) and WRF’s simu-
lated annual mean rainfall (mm day−1) over the Nile river basin under 
different combinations of (a) Ra and MP, with fixed MYJ and KF 

schemes, and NOAH LSM, and (b) Ra with fixed WSM3, MYJ, KF 
schemes, and RUC LSM
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rainfall of the Indian Ocean and the eastern Congo Basin. 
Further, under a given set of PBL and Cu, the double-
moment MP scheme would lead to more simulated rainfall 
than the single-moment MP, especially if KF is the cumu-
lus scheme selected. In contrast, under the BMJ cumulus 
scheme, the effect of changing MP on the amount of rainfall 
simulated tends to be negligible. On a whole, the Morrison 
double-moment scheme is associated with more simulated 
rainfall, which also agrees with results of Pohl et al. (2011). 
The BMJ scheme is a moist convective adjustment scheme, 
where the thermodynamic profile is adjusted toward an 
observed reference profile in a quasi-equilibrium state. The 
BMJ scheme is triggered when the parcel is warmer than the 
environment determined by the convective available poten-
tial energy (CAPE). The scheme favors activation in cases 
with significant amounts of moisture at low and mid-levels 
and positive CAPE (Pohl et al. 2011). In contrast, KF, as a 
low-level control convective scheme, rearranges air mass in 
a column using the updraft, downdraft, and environmental 
mass fluxes until at least 90% of CAPE is removed (Kain 
2004). The predominance of a strong convective regime over 
the Indian Ocean leads to over-simulation of rainfall.

Beside the cumulus scheme, by mixing and the transfer of 
surface water vapour to higher layers, PBL also plays a sig-
nificant role in the amount of rainfall simulated. For exam-
ple, the positive bias of KF over the Congo basin, Indian and 
Atlantic Ocean has been mostly corrected by changing the 
YSU PBL to the MYJ PBL scheme as shown in column 1 
(YSU) and 3 (MYJ) of Fig. 2 under the KF Cu scheme. How-
ever, under MYJ, the rainfall of the West Coast of Africa/
Cameroon tends to be under-simulated. In addition, combin-
ing MYJ PBL with the BMJ Cu scheme favours the simu-
lation of a much drier climate compared with combining 
YSU PBL with BMJ Cu, which agrees with other studies, 
e.g., Evans et al. (2012) also found that YSU PBL tends to 
induce more convection in the KF scheme which leads to 
an over-simulation of precipitation. The MYJ (Mellor and 
Yamada 1982) tends to simulate a drier climate because it is 
a local closure PBL scheme reported to produce insufficient 
mixing in the convective boundary layer (Brown 1996), for 
a weaker vertical mixing would transfer less surface water 
vapour to higher layers (HU et al. 2010). In contrast, YSU 
(Hong et al. 2006) is a non-local closure PBL scheme that 
produces a well-mixed boundary layer profiles. This is likely 
a key reason why YSU favours a wetter simulation as com-
pared with MYJ.

Besides PBL and Cu, the effect of different radiation 
schemes, which provides the atmospheric heating and the 
ground heat budget, over the amount of rainfall simulated, 
is shown in Fig. 3a. Figure 3a is presented with respect to 
different combinations of WRF’s parameterization schemes, 
namely, radiation schemes (CAM and RRTMG) and micro-
physics (WSM3, WSM5, Morrison and WDM6) under KF 

and MYJ as the Cu and PBL schemes, respectively. Appar-
ently, changing the radiation scheme than the MP scheme 
has a relatively larger effect on the amount of rainfall simu-
lated, given that the RRTMG scheme generally leads to a 
wetter climate than other radiation schemes, especially the 
CAM scheme which tends to produce lesser rainfall.

Lastly, the LSM which interacts with the lower atmos-
phere also plays a role in the amount of moisture fluxes, the 
outgoing short- and longwave radiation and sensible heat 
fluxes simulated, which are partly absorbed by the cloud. 
This is because heat and moisture fluxes simulated by the 
LSM over the land surface will be used as the lower bound-
ary conditions for computing the vertical transport in the 
PBL scheme (Skamarock et al. 2008). However, changing 
the LSM between Noah and RUC shows little effects over 
the amount of rainfall simulated as shown in Fig. 3b, even 
though RUC LSM marginally simulates more rainfall than 
the NOAH LSM (as shown in column-1 of Fig. 3a, and 
row-2 vs column-3 of Fig. 2).

The annual cycles of mean monthly rainfall for all test 
cases over the BNR basin are shown in Fig. 4. Compared 
with TRMM, CRU or GPCC dataset, more test cases show 
positive than negative bias during the May–September rainy 
season, but the simulations of WRF have generally captured 
the monthly rainfall variation of BNR/Ethiopian highland 
for the rainy season. As explained earlier, compared with 
the other parameterization schemes of WRF, under the 
KF cumulus with YSU PBL scheme, WRF tends to over-
simulate the rainfall of BNR. A Taylor diagram is used to 
evaluate the agreement between the simulated and observed 
monthly rainfall using statistics such as the Pearson correla-
tion, RMSE, and standard deviation for each simulation over 
the BNR basin as shown in Fig. 14a. The plot shows a rela-
tively high correlation between simulated and TRMM data 
in monthly time step, but the standard deviations normalized 
by the standard deviation of TRMM tend to be larger than 
one, which means rainfall simulated by WRF show larger 
variabilities than satellite data. The RMSE of WRF’s simu-
lations range between 0.45 and 8.04 mm/day where higher 
RMSE represents simulations coming from WRF based on 
WSM3 MP, RRTMG radiation scheme, and RUC LSM.

4.2 � Surface temperature at 2 m

Biases of the mean annual 2 m air temperature simulated by 
WRF under different parameterization schemes with respect 
to observed data of CRU are shown in Fig. 5. The results 
show that spatial patterns of temperature simulated by WRF 
generally agree well with observed data with reasonable 
discrepancies. Even though the maximum cold bias can be 
−7 °C and the maximum warm bias can be 8 °C at some 
places, the mean bias ranges from −3 to 0.5 °C. WRF clearly 
under-simulated the temperature of the Sahara Desert when 
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the Noah LSM was used, and even the NCEP reanalysis 
data is also too cold for the Sahara Desert when compared 
with the CRU data (not shown here). As a result, we cannot 
objectively assess the bias of temperature simulated by WRF 
under certain selected parameterization schemes with default 
parameters built into WRF, for as expected, observed data 
such as CRU also has uncertainties.

On the basis of differences between WRF’s simulations 
and the CRU annual mean Temperature (oC) over the NRB 

for different combinations of MP, Cu and PBL schemes, it 
seems these schemes have marginal influence on the tem-
perature simulated by WRF as shown in Fig. 5. On the other 
hand, LSM and Ra schemes which simulate the radiation 
forcing and heat exchanges between the land surface and the 
atmosphere exert stronger impact on air temperature simu-
lated by WRF as shown in Fig. 6. Temperature biases over 
the Sahara Desert were partly corrected by changing either 
the LSM or the Ra scheme. The RRTMG combined with 

Fig. 4   Comparison of mean monthly rainfall (mm day−1) simulated by WRF for Blue Nile River with observed data of CRU, TRMM, and 
GPCC

Fig. 5   Differences between observed (CRU) and WRF’s simulated annual mean temperature (oC) over the Nile river basin under different com-
binations of MP, CU and PBL schemes, fixed RRTM, Dudhia Ra schemes and NOAH LSM
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Noah LSM simulated more accurate air temperature com-
pared to other radiation schemes as shown in Fig. 6a, while 
the CAM scheme resulted in a large negative temperature 
bias over the whole domain set up for the NRB. Also, using 
the RUC LSM resulted in a higher simulated temperature 
than the Noah LSM as shown in Fig. 6b. Similarly, Mooney 
et al. (2013) also found the summer surface temperature 
of Europe simulated by WRF was mostly controlled by 
the selection of land surface models (LSMs) and radiation 
schemes but less sensitive to MP and PBL. In their study, 
they found the NOAH LSM simulated surface temperature 
that better agree with the observed data than the RUC LSM, 
even though under NOAH the surface temperature tends to 

be under-simulated, especially when combining NOAH with 
the CAM radiation scheme.

Figure 7 shows the mean monthly, areally averaged 2 m 
air temperature of BNR basin simulated by WRF for all the 
test cases to generally capture the characteristic of observed 
temperature of BNR, with lower air temperature during rainy 
seasons than dry seasons. Among all test cases considered, 
the CAM radiation scheme combined with WDM6 MP (des-
ignated as Test 27) resulted in simulated air temperature 
that on a whole is colder than all other test cases conducted 
in this study. The RMSE of WRF’s simulated temperature 
ranges from 0.27 to 4 °C, has a correlation with the observed 
temperature higher than 0.8, and the normalized standard 

Fig. 6   Differences between observed (CRU) and WRF’s simulated 
annual mean temperature (oC) over the Nile river basin under differ-
ent combinations of (a) Ra and MP, with fixed MYJ and KF schemes, 

and NOAH LSM, and (b) Ra with fixed WSM3, MYJ, KF schemes, 
and RUC LSM

Fig. 7   Comparison of mean monthly 2 m temperature (oC) simulated by WRF for Blue Nile River with observed data of CRU and NCEP



4240	 T. B. Tariku, T. Y. Gan 

1 3

deviation is closed to one as shown in Fig. 14b of the Taylor 
diagram.

4.3 � Downward longwave radiation at the surface 
(LWRAD)

Figures 8 and 9 shows the mean annual surface downward 
longwave radiation bias (W.m−2) for all model configura-
tions of WRF tested with respect to NCEP reanalysis data. 
The LWRAD is less sensitive to Cu and MP schemes, but 
slightly more sensitive to Ra, LSM and PBL schemes as 
shown in Figs. 8 and 9. Under the YSU PBL scheme, RRTM 
simulated more LWRAD than under the MYJ PBL scheme. 

Further, under the double-moment MP scheme RRTM sim-
ulated more LWRAD than under the single-moment MP, 
especially if YSU is the PBL scheme selected, e.g. the Mor-
rison double-moment MP with YSU schemes lead to more 
LWRAD simulated than under other combination of MP and 
PBL schemes, resulting in higher rainfall simulated, as dis-
cussed in Sect. 4.1. Furthermore, in addition to Ra schemes, 
the selection of LSM also plays an important role in the 
amount of LWRAD as shown in Fig. 9. The figure shows 
that RUC LSM and RRTMG simulated larger LWRAD than 
other parameterization schemes of WRF considered in this 
study, while the CAM radiation scheme under-simulated 
LWRAD across the entire study domain. The discrepancy 

Fig. 8   Difference between NCEP reanalysis data and WRF`s simulated annual mean LWRAD (W.m−2) over the Nile river basin for different 
combinations of MP, CU and PBL schemes, fixed RRTM, Dudhia Ra schemes and NOAH LSM

Fig. 9   Differences between annual mean LWRAD (W.m−2) of NCEP 
reanalysis data and that simulated by WRF over the Nile river basin 
for different combinations of (a) Ra and MP, with fixed MYJ and KF 

schemes, and NOAH LSM, and (b) Ra with fixed WSM3, MYJ, KF 
schemes, and RUC LSM
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between WRF’s simulated LWRAD and that of NCEP rea-
nalysis data under different combinations of parameteriza-
tion schemes can range from −60 to 30 W.m−2, and with a 
mean bias ranging from −25 to 3 W.m−2, a RMSE ranging 
from 6.4 to 29.9 W.m−2, and a standard deviation from 26.7 
to 33.53 W.m−2.

Figure 10 shows that in comparison to the NCEP data, 
the mean monthly, areally averaged LWRAD for the BNR 
basin simulated by WRF for all test cases suffers a system-
atic under-simulation, especially under the CAM radiation 
scheme. As shown in the Taylor diagram in Fig. 14c, the 
RMSE between the LWRAD of WRF and that of NCEP 
ranges from 25 to 134 W.m−2, but their correlation is above 
0.95, which demonstrates that the LWRAD simulated by 
WRF for the BNR basin with an acceptable uncertainty.

4.4 � Downward shortwave radiation at the surface 
(SWRAD)

The downward shortwave radiation flux is dependent on the 
solar zenith angle which affects the path length. Further, 
while penetrating through the atmosphere, the SWRAD is 
attenuated by cloud covers, scattered by aerosols and dust 
particles, and also absorbed by atmospheric water-vapour. 
Besides SWRAD, the atmospheric cloud cover plays a criti-
cal role in the simulation of rainfall and LWRAD which 
are interconnected to each other. For example, more cloud 
cover means more rainfall but less SWRAD passing through 
the cloud which emits more LWRAD to the surface. There-
fore, as shown in the figures, when LWRAD is under-simu-
lated, rainfall is also expected to be under-simulated while 
SWRAD over-simulated, and vice versa, but this will also 

depend on the cloud type and size, and the composition of 
water droplets and/or ice particles that form the cloud.

Biases in the mean annual SWRAD simulated by WRF 
with respect to the NCEP data are shown in Figs. 11 and 12. 
The annual rainfall of the Equatorial area, where SWRAD 
is mostly over-simulated by WRF, is higher than surround-
ing regions. Under the Dudhia shortwave radiation scheme, 
the simulation of SWRAD is less sensitive to Cu, PBL 
scheme and LSM, but very sensitive to the MP scheme. The 
higher the rainfall, the lesser will be the SWRAD simulated 
because of a higher absorption by cloud or water particles 
in the atmosphere. Compared with other MP schemes, the 
Morrison scheme is associated with over-simulated rainfall 
(Sect. 4.1) but the SWRAD simulated agrees better with the 
NCEP reanalysis data, while Lin and WSM3 MP schemes 
are associated with more bias in the SWRAD simulated. In 
terms of the radiation schemes, RRTMG and CAM generally 
simulate higher amount of SWRAD than the Dudhia scheme 
as shown in Fig. 12. On the other hand, in contrary with 
the Dudhia shortwave radiation scheme (shown in Fig. 11), 
under CAM and RRTMG radiation schemes, the effect of 
MP schemes on the simulation of SWRAD is relatively mar-
ginal. Compared with the NCEP reanalysis data, WRF gen-
erally shows more over than under-simulation of SWRAD, 
with a discrepancy ranging from −120 to 160 W.m−2; and 
a mean bias ranging from 3.9 to 45.53 W.m−2. Between 
WRF’s simulation and the NCEP data, the RMSE ranges 
from 19.3 to 51.8 W.m−2 and the standard deviation from 
25.2 to 44.6 W.m−2. From the mean monthly surface down-
ward shortwave radiation average over BNR basin shown in 
Fig. 13, there is a systematic over-simulation of SWRAD 
over the BNR except when WRF was under the Morrison or 
the WSM5 microphysics schemes combined with the KF, 

Fig. 10   Comparison of mean monthly LWRAD (W.m−2) simulated by WRF for Blue Nile River with NCEP reanalysis data
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RRTM, and YSU schemes. The Taylor diagram of Fig. 14d 
shows that the correlation between WRF’s simulation and 
the NCEP reanalysis data ranges from 0.45 to 0.9, and the 
RMSE from 22 to 60 W.m−2.

4.5 � Multi‑year regional climate simulation of WRF

From the above analysis of results, it seems that WRF can 
achieve modeling more representative regional climate of 
NRB by using the WSM3 microphysics, KF cumulus, MYJ 
PBL, RRTM longwave radiation, and Dudhia shortwave 
radiation schemes and coupled to the Noah LSM than other 
schemes coupled to Noah or other land surface schemes. 

The above configuration of WRF calibrated from using the 
1999–2001 data was further tested to see if WRF-Noah can 
simulate representative, long-term regional climate of NRB 
over 1980–2001 which include a combination of wet and 
dry years. The mean annual difference between observed 
and WRF simulated rainfall, temperature, long- and short-
wave radiation are shown in Fig. 15. The results confirm 
that the configured WRF-Noah can simulate the climate 
of NRB accurately, with a RMSE between simulated and 
observed data of 1.1 mm day−1, 2.4 °C, 13.2 and 40.7 W.
m−2; and a mean error of 0.27 mm day−1, −2 °C, −10.5 and 
31.3 W.m−2; and the spatial correlation of 0.89, 0.92, 0.97 
and 0.61 for rainfall, temperature, longwave and shortwave 

Fig. 11   Differences between NCEP reanalysis data and WRF`s simulated annual mean SWRAD (W.m−2) over the Nile river basin under differ-
ent combinations of Cu, MP and PBL, fixed RRTM, Dudhia Ra schemes and NOAH LSM

Fig. 12   Differences between NCEP reanalysis data and WRF’s simu-
lated annual mean SWRAD (W.m−2) over the Nile river basin under 
different combination of (a) Ra and MP, with fixed MYJ and KF 

schemes, and NOAH LSM, and (b) Ra with fixed WSM3, MYJ, KF 
schemes, and RUC LSM
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radiation, respectively. Similar to results obtained for the 
1999–2001 calibration experience, WRF over-simulated the 
rainfall in the Congo basin, under-simulated the temperature 
in the Sahara Desert, under-simulated the longwave radiation 
and over-simulated the shortwave radiation in NRB mar-
ginally. The long-term simulation of WRF was compared 
against NCEP reanalysis data for long- and shortwave radia-
tion, and GPCC and CRU data for rainfall and temperature, 
respectively.

Figure 16 shows that the mean monthly, areally averaged 
rainfall, 2 m air temperature, long-, and shortwave radiation 
of BNR basin simulated by WRF for 1980–2001 generally 
captured the observed climate variables of BNR reasonably 
well, even though the rainfall of BNR was over-simulated 
during rainy season, and WRF consistently over- and under 
simulated the short- and longwave radiation of BNR, respec-
tively. Comparing the rainfall, temperature, longwave and 
shortwave radiation simulated by WRF for BNR with the 
observed data, the correlations are 0.94, 0.91, 0.97, and 0.73; 
the RMSE are 1.14 mm day−1, 1.13 °C, 21.4 and 61.5 W.
m−2; and the mean error are 0.29 mm day−1, −0.82 °C, 
−20.4 and 58.3 W.m−2, respectively. The above statistics 
between WRF’s simulation with the observed climate data 
over the 1980–2001 period show that the configuration 
chosen for WRF coupled to the Noah LSM can reasonably 
simulate the long-term regional climate of BNR over both 
dry and wet years.

5 � Summary and conclusions

In this study, WRF model was carefully configured to select 
the best optimal combination of parameterization schemes 

to simulate representative, 1999–2001 climate of the NRB 
using ERA interim data as the boundary condition. As 
expected, no one parameterization scheme is consistently 
superior over other schemes under different evaluation cri-
teria. In most RCM studies, the configuration and param-
eterization of a RCM is evaluated in terms of the accuracy 
of precipitation and temperature simulated only, which has 
its drawback because the results could be good even though 
the model configuration chosen may not be optimal for mod-
eling a climatic regime. In this study using WRF as the RCM 
to model the regional climate of the NRB, the performance 
of WRF was also evaluated in terms of energy fluxes simu-
lated, which should be more comprehensive than just evalu-
ating WRF in terms of only precipitation and temperature 
simulated.

Overall, with reference to NCEP reanalysis and CRU cli-
mate data, the T2 and LWRAD simulated are generally more 
accurate than precipitation and SWRAD data for all WRF 
parameterization schemes tested in this study. The simula-
tion of rainfall is more sensitive to the choice of PBL, Cu and 
MP schemes than other schemes of WRF. For example, com-
bining the KF convective scheme with the YSU PBL scheme 
tends to simulate rainfall with significant bias over the NRB, 
while by combining KF with the MYJ PBL scheme, WRF 
simulated better rainfall than all other combinations of Cu 
and PBL schemes. T2 is more sensitive to LSM and Ra than 
to Cu, PBL and MP schemes selected for NRB. The surface 
air temperature simulated using Noah as the LSM agrees 
better with observed data (e.g., small negative bias) than 
that simulated using RUC as the LSM which has a high 
positive bias. From testing several radiation schemes with 
Noah as the LSM, the simulated T2 tends to have a negative 
bias with CAM as the radiation scheme, a positive bias with 

Fig. 13   Comparison of mean monthly SWRAD (W.m−2) simulated by WRF for Blue Nile River with NCEP reanalysis data
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Fig. 14   Taylor diagram showing correlation coefficient and standard deviation of (a) mean monthly rainfall, (b) surface air temperature, (c) 
longwave radiation, and (d) shortwave radiation relative to observed and reanalysis data for the 31 WRF simulations over Blue Nile river basin

Fig. 15   Differences between observed GPCC, CRU, reanalysis NCEP data and WRF’s simulated mean annual (1980–2001) rainfall, tempera-
ture, longwave and shortwave radiation over the Nile river basin
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RRTMG as the radiation scheme, and has a negative bias 
over the Sahara Desert while using other radiation schemes. 
The SWRAD simulated by WRF is generally more depend-
ent on MP and Ra schemes than Cu, LSM and PBL schemes. 
While most SWRAD simulated by WRF tends to have a 
positive bias, SWRAD simulated from combining the Mor-
rison MP scheme with the Dudhia radiation scheme tends to 
be more accurate than other combination of schemes, e.g., 
SWRAD simulated from CAM and RRTMG schemes have 
more positive bias than that simulated using the Dudhia 
scheme. Finally, LWRAD simulated by WRF is highly sen-
sitive to LSM, Ra and PBL schemes, but less sensitivity to 
Cu and MP schemes. On a whole, RUC, RRTMG and YSU 
schemes tend to result in simulating LWRAD with a positive 
bias than other schemes. Furthermore, with a strong positive 
bias in SWRAD, WRF tends to simulate low rainfall and 
low longwave radiation, and vice versa. Therefore, a careful 
selection of the configuration and physical parameterization 
schemes for WRF is essential to simulate representative key 
climate variables such as T2, precipitation, SWRAD and 
LWRAD. From a tedious effort calibrating WRF with the 
objective of simulating representative regional climate of 
NRB, we found the following combination of schemes to 
be more comprising than other schemes: the Single-moment 
WSM3 microphysics, KF cumulus, MYJ PBL, RRTM long-
wave radiation scheme, Dudhia shortwave radiation scheme, 
and Noah LSM. In addition, these selected schemes are also 
efficient in terms of computation time as compared with 
other WRF parameterization schemes tested in this study. 

Lastly, the above configuration of WRF coupled to the Noah 
LSM has been shown to simulate representative regional 
climate of NRB over 1980–2001 which include a combina-
tion of wet and dry years of the NRB.
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