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Abstract: Surface solar irradiance (SSI) is influenced by important factors such as total cloud cover and
aerosols. However, the influence of vegetation-runoff coupled system on SSI has not been investigated
yet. The present study aims to study this issue in tropical Africa within the framework of the regional
climate model (RegCM4) using two runoff schemes: (TOPMODEL; TOP and Variable Infiltration
Capacity; VIC). For the vegetation-runoff systems to be coupled, the Carbon-Nitrogen (CN) module
was enabled. The two simulations were designated as: CN-TOP and CN-VIC. Furthermore, the
RegCM4 was downscaled by NCEP/NCAR?2 reanalysis for a duration of 13 years and evaluated with
respect to a reliable reanalysis product. The results showed that the CN-VIC outperforms the CN-TOP
in all seasons particularly during the summer season. For instance, the CN-VIC underestimates the
SSI over the Northern Savannah region by 15 W m~2; while the CN-TOP underestimates the SSI
by 30-50 W-m~2. Over different sub-regions, the CN-VIC performs better than the CN-TOP over
Northern Savanna during the summer season and over the Congo basin during the winter season.
Moreover, the four parameters of the VIC surface dataset need to be recalibrated with respect in-situ
observation of tropical Africa, and additional sensitivity experiments are needed to ensure a better
performance of the CN-VIC.
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1. Introduction

Surface solar irradiance (SSI) is a key variable in the dynamic process that occurs
in the boundary layer. SSI plays an important role in different vital processes such as:
photosynthesis, energy generation, agriculture and water resources management. For
energy generation, the direct use of SSI requires solar energy technologies such as photo-
voltaic (PV) and Concentrated Solar Power technologies (CSP). PV technology and CSP
are clean, sustainable, and renewable energy conversion technology that can contribute
in meeting the energy demands of the world’s growing population, whilst reducing the
adverse anthropogenic impacts of fossil fuel use. Ref. [1] examined the current and future
potential of solar and wind energy over Africa using the RegCM4 within the framework of
the CORDEX-CORE ([2]-Coordinated Output for Regional Evaluations; CORE) ensemble.
They found that the RegCM4 model has a good capability in reproducing the spatial pattern
of the SSI against satellite products (SARAH-2).

Ref. [3] showed that runoff parameterization plays an important role in simulating
the surface climate, particularly in the June-July-August (JJA) season. However, this role
was not examined for the SSI. In addition, the vegetation status was static (i.e., vegetation
parameters were retrieved from the MODIS satellite product). Therefore, this study aims
to explore the potential role of the vegetation-runoff coupled system (in simulating the
SSI) within the framework of the regional climate model (RegCM4). Section 2 describes
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the study area, data and methodology, while Section 3 presents the study results and are
discussed in Section 4.

2. Materials and Methods

The model domain (Figure 1) and simulation design were customized following the
study conducted by [3]. With a special focus on the tropical region of Africa, version 4.5
of the RegCM model was used in this study (RegCM4; [4]). The community land model
version 4.5 (CLM45; [5]) provides all physical configurations for the vegetation-runoff
system to be fully coupled within the framework of the RegCM4 (i.e., CN module and
two runoff schemes: TOP and VIC). The vegetation-runoff system is coupled in the sense
that leaf area index (LAI) is predicted every time step [6], so vegetation transpiration
and relative humidity are affected by both LAI and soil moisture changes. Eventually,
the simulated SSI is affected by changes in the relative humidity. In this study, the Solar
Radiation Budget (SRB; [7,8]) reanalysis product was used to evaluate the SSI from the two
simulations. Only the period January 1998 to November 2007 was considered, in order to
make a compromise between the simulation length and availability of the SRB. SRB was
bilinearly interpolated onto the RegCM4-CLM45 as reported by [9,10]).
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Figure 1. This figure shows the model domain topography (in meters) including three sub-area
averages. The domain was customized with permission from Ref. [3].

3. Results
3.1. Seasonal Climatology of SSI

Figure 2 shows the seasonal climatology of the simulated SSI for the two coupled
vegetation-runoff systems with respect to the SRB for: winter (December-January-February;
DJF), spring (March-April-May; MAM), summer (June-July-August; JJA) and autumn
(September-October-November; SON). In general, the RegCM4 reproduces well the spatial
pattern of SSI in comparison with the SRB in all seasons. Furthermore, both simulations tend
to overestimate the SSI over large parts of the Sahara region with biases about 20-60 W m~2.
Over tropical Africa, the simulated biases vary across the seasons. For instance in the MAM
season; both CN-TOP and CN-VIC underestimate SSI by 20 W m~2 over the region of
(7-15° N) and underestimate by 40-50 W-m~2 over the Evergreen Forest (Congo basin;
5% N-5° 5, 10-40° E). Over the aforementioned regions, the CN-VIC underestimates the SSI
by 25 W m~2. In JJA and SON, both CN-TOP and CN-VIC show a similar performance
particularly over the Congo Basin. Over the region 15-30° S, 10-40° E, both coupled
systems overestimate the SSI (by 10-40 W m~2). In addition, the SSI simulated biases by
CN-VIC (in the DJF) were about 10 W m 2 lower than those found with the CN-TOP. In
comparison with a study conducted by [11], the difference between the two vegetation-
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runoff systems (CN-TOP and CN-VIC) is larger than the induced vegetation cover/fraction
changes. Therefore, vegetation-runoff systems play a more important role in the constraint
of the SSI of tropical Africa than if only vegetation cover/fraction changes are considered.
A simple flow chart explains the role of vegetation-runoff systems (in simulating the SSI) is
shown in Figure 3.
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Figure 2. This figure shows the Surface Solar Irradiance (SSI) over the period 1998-2007 (in W-m~2)
for: MAM season in the first row (a—f); JJA in the second (g-1); SON in the third (m-r), DJF in the
fourth (s—x). For each row, CN-TOP is on the left, followed by CN-VIC, SRB is in the third from
left, CN-TOP minus SRB, CN-VIC minus SRB and the difference between CN-VIC and CN-TOP.
Significant model bias is indicated in black dots using Student’s t-test with « equals 5%.



Eng. Proc. 2023, 31,15 40f7

TOP runoff scheme VIC runoff scheme

v A4

High Infiltration rate T.ow Infiltration rate
Ad v

High Soil Moisture Low Soil Moisture

. - v . . hd . -
High vegetation transpiration rate Low vegetation transpiration rate
A 4 v
High 2-m relative humidity TLow 2-m relative humidity
- v
Low SSI High SSI

Figure 3. The figure shows a simple chart describes the influence of the land-surface hydrology
scheme (TOP/VIC) on the simulated SSI.

3.2. Correlating the SSI with Hydrological Variables

To further emphasis the role of the coupled vegetation-runoff system in simulating the
SS1, a spatial correlation map (Figure 4) between the SSI, hydrological variables (infiltration
rate and soil moisture) and meteorological variables (relative humidity) is plotted. From
Figure 4, it can be observed that there is a high negative spatial correlation between the SSI,
hydrological (—0.4 to —0.8) and meteorological variables (—0.6 to —1) variables. Such high
negative spatial correlation confirms the inverse relationship between the SSI, hydrological
and meteorological variables as suggested by [12,13]. This result supports the fact that
the land-surface process (runoff in this study) plays a critical role in constraining the SSI
using a regional climate model. In addition, ref. [14] reported that there is a strong negative
correlation between SSI and gross primary production (GPP; correlation ranges from —0.6
to —1). This strong inverse relationship ensures the favorable conditions for maximizing
the GPP [15].
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Figure 4. The figure shows the average spatial correlation between SSI and different hydrological and
meteorological variables. (a) correlation between SSI and infiltration rate (QINFL_Corr), (b) correla-
tion between SSI and Soil moisture of depth 10 ecm (SM10_Corr), (c) correlation between SSI and 2-m
relative humidity (RH2M_Corr). Areas with black dots are statistically significant at 95% confidence
level of Student’s ¢-test.

The RegCM4 performance can be further quantified using a box-and-whisker plot
following [16]. From Figure 5, it can be noticed that the RegCM4 model performance varies
both spatially and temporarily. For instance, the CN-VIC is closer to the SRB than the CN-
TOP during the summer season of area 1. In the winter season, the CN-VIC overestimates
the SSI more than the CN-TOP in comparison with the SRB; such behaviour is in agreement
with the results reported in Section 3.1. Over area 2, the CN-VIC severely overestimates
the results more than the CN-TOP with respect to the SRB. In addition, the CN-VIC has a
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higher spread than the CN-TOP and SRB. On the other hand, the CN-VIC shows a better
agreement than the CN-TOP when it is compared with the SRB. Lastly over area 3, both
simulations are close to the SRB during the summer season, while both simulations severely
underestimate the SSI during the winter season.
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Figure 5. The figure shows a Box-and-whisker plot to show the simulated surface solar irradiance
(SSL; in W m~2) spread for the CN-TOP (in red) and CN-VIC (in green) with respect to the SRB
reanalysis product (in blue) for the winter (right column) and summer (left column) seasons over
three sub-area averages highlighted in Figure 1.

4. Summary and Conclusions

In this work, the potential role of two vegetation-runoff systems (in simulating the
SSI of Tropical Africa) was investigated within the framework of the RegCM4. The results
showed that the CN-VIC performs better than CN-TOP scheme, particularly in the JJA
season in agreement with the results reported by [17]. Quantitatively, the RegCM4 model
performance varies with space and time. For instance, the CN-VIC shows a better agreement
than the CN-TOP in area 1 during the summer/winter season. In addition, there is no
considerable difference between the two simulations over area 3.

Despite noted biases, the CN-VIC coupled system can be used in future studies
concerning the SSI over tropical Africa. However, the four parameters of the VIC surface
dataset need to be recalibrated in comparison with in-situ observations of Africa as reported
by [3,6,14] and additional sensitivity studies are needed to ensure a good performance of
the CN-VIC over tropical Africa. Additionally, the role of land-surface hydrology schemes
needs to be incorporated in high resolution RCMs to better constrain the SSI with respect to
reanalysis/satellite products and improve the simulated SSI in comparison with reanalysis
or satellite products and in-situ observations.

Possible effects of the simulated SSI on the surface energy balance, surface climate,
terrestrial carbon fluxes (e.g., gross primary production; GPP) and potential evapotranspi-
ration (PET) of tropical Africa were also discussed. For instance, ref. [6] reported that the
CN-VIC simulates more downward short and long wave radiation fluxes than the CN-TOP
against reanalysis product leading to high rate of heat emitted from the ground. Such
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behaviour can explain why the CN-VIC overestimates the sensible heat flux (SHF) more
than the CN-TOP particularly over the Congo basin. Furthermore, the low bias of the SSI
(as simulated by the CN-VIC) contributes to the high warm bias of the 2-m mean air tem-
perature (T2M) in comparison with the Climate Research Unit gridded product (CRU; [18]).
In addition, the SSI biases can be partially responsible for the positive/negative biases of
the GPP as reported by [6,14]. Also, ref. [6] reported that vegetation-runoff systems show
significant changes in the simulated SSI and T2M. Therefore, the simulated boreal summer
PET changes considerably between the two systems with respect to the CRU product as
reported by [16].
Future study will address the following points:

1.  The role of aerosols and various clouds cover schemes which notably affect the
simulated SSI.

2. Downscaling CMIP5 General Circulation Models (GCMs) participating in the CMIP5/
CMIP6 simulations (e.g., [19,20]) using the regional coupled RegCM4-CLM45-CN-VIC
model with enabling the dynamic vegetation (DV) module and LULCC to assess the
possible future changes in the simulated SSI under the moderate scenario (RCP4.5)
and extreme scenario (RCP8.5).

3. Examine the potential influence of the vegetation-runoff systems on the vertical
radiation profile.
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