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Abstract

Variations in total solar irradiance (TSI) are known to affect the climate, but the extent at specific locations on the globe is not
known. This paper uses the version 4.7 of the regional climate model (RegCM4.7) developed at the International Centre for
Theoretical Physics to simulate the influence of +5 W m~2 changes in TSI on the precipitation, temperature, evapotranspira-
tion, water availability for plant, and heat stress over West Africa. In general, the 5 W m~2 increase in TSI results in increase
in precipitation, temperature, evapotranspiration, water availability for plants, and heat stress, while reduction of 5 W m™>
in TSI reduces the magnitude of the variables. It results in increase in irrigation water need. However, the induced changes
are latitudinal. Latitudes 15-25°N stand out in the TSI+5 W m™2 experiments for contrary-induced changes in near-surface
air temperature with respect to the induced changes in the whole domain. This is attributed to the cooling associated with

evaporation increase due to TSI increase and vice versa.
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1 Introduction

Every natural activity on earth derives its energy from
the sun; plants would not undergo photosynthesis unless
a substantial energy is received from the sun (Montheith
and Unsworth 2013; Adeniyi et al. 2012). The subsequent
energy derived from photosynthesis has important implica-
tions for food productivity, species, and life sustenance in
general (Bassham and Hans 2018). The economy of some
West African countries depends on the energy from photo-
synthesis in form of fossil fuels (Bassham and Hans 2018).
The atmospheric circulation is also powered by the sun
(Adeniyi and Oyekola 2017; Guo et al. 2018). Greenhouse
gases have played a major role in the on-going warming
of the global atmosphere (Zhang et al. 2013; Zaehle et al.
2011). However, greenhouse gases have no job without the
short-wave solar irradiance which warms the earth before
the subsequent release of the energy in the infrared region
into the atmosphere and absorption by greenhouse gases.
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Changes in total solar irradiance (TSI) during total solar
eclipse have been shown to affect the weather (Nymphas
et al. 2009); such a change is almost a power shutdown from
the sun for only a few minutes. This affects other meteoro-
logical parameters on the day of solar eclipse occurrence.
This type of change is abrupt and does not occur often in a
particular location; however, about two-to-four solar eclipses
occur in a year (Lithman and Espenak 2017; Espenak 1989)
and are seen in some places around the globe.

The TSI varies (Yeo et al. 2014; Kopp 2016), and it
has varied from 1360 to 1375 W m™~2 within the period
1978-2013 depending on the satellite data (Yeo et al. 2014;
Kopp 2016). This is a difference of about 15 W m~2. How-
ever, the changes are not usually abrupt, but follow a cycle.
It is clear that changes in the solar constant will affect the
climate (Wild 2009), but the extent and nature of the effect
in specific locations is not known. Regional climate models
usually replicate observations better due to their relatively
fine resolution and topographical representation of the sur-
face (Gao et al. 2016), so they have been used extensively in
regional climate studies (Miguez-Macho et al. 2005; Rojas
2006; Giorgi et al. 2012; Adeniyi 2014; Coppola et al. 2014;
Gao et al. 2016; Adeniyi 2017). This paper uses the version
4.7 of the regional climate model (RegCM4.7.0) developed
at International Centre for Theoretical Physics to examine
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how the climate would be affected with +5 W m~2 changes
in TSI based on an idealised concept. The previous versions
of RegCM4 have been used to simulate the climate over
West Africa (Giorgi et al. 2012; Adeniyi 2014, 2017; Cop-
pola et al. 2014) with moderate skill.

2 Model Setup

Three sets of simulations are done using the hydrostatic core
of RegCM4.7.0 developed at the International Centre for
Theoretical Physics, Trieste, Italy. One served as the control
simulation with TSI value of 1367 W m~2, while the other
two use TSI of 136745 W m™* and 1367 —5 W m™~2 The
three experiments use the same set of model physics and
parameterizations. The simulations are done on 0.5 X% 0.5
degree grids with 23 vertical levels over West Africa. The
domain has 120 x 120 grid points centred on longitude 0°E
and latitude 20°N. The domain cartographic projection,
model physics, and parameterization schemes used in this
study are similar to the ones used in Adeniyi (2017) with a
few exceptions which are listed in Table 1. All the simula-
tions start from 01 Jan 2004 and end at 01 Jan 2009, and
the last 4 years are analysed to allow for spin-up time and
model stability.

3 Data and Methodology
3.1 Evaluation Data

The ability of Tiedtke CPPS on land and Kain—Fritsch CPPS
on ocean in RegCM4.7.0 to simulate diurnal and monthly
precipitation is evaluated using Tropical Rainfall Measuring
Mission (TRMM_3B42) 3 hourly precipitation data (Huft-
man et al. 2007), University of Delaware Precipitation and
Air Temperature v4.01 (UDEL, Legates and Willmott 1990;
Willmott and Matsuura 1995, 2001), and Climate Research
Unit (CRU TS3.24.01) monthly precipitation data (Har-
ris et al. 2014). Temperature simulation in RegCM4.7 is
also compared with UDEL and CRU monthly temperature
observations.

The TRMM_3B42 on 0.25 X% 0.25 degrees grid is an opti-
mally adjusted infrared brightness temperature estimates
based on combined 2B-31, 2A-12, SSMI, AMSR, and
AMSU satellite estimated precipitation data. The calibra-
tion algorithm is described in detail in http://trmm.gsfc.nasa.
gov/3b42.html.

CRU time series are gridded data on 0.5 0.5 degrees
grid developed from station data (Harris et al. 2014). The
UDEL data are also station-based (Legates and Willmott
1990; Willmott and Matsuura 1995, 2001).

3.2 Vertically Integrated Meridional Moisture Flux

Vertically integrated meridional moisture flux is calculated
for each grid in the simulation domain based on Eq. (1)
(Soares and Marengo 2009; Tsukernik and Lynch 2013):

Vertically integrated meridional moisture flux
p2

_ _/ (hus; va) « dp, (1

pl

where hus is the mean seasonal specific humidity, va is the
mean seasonal meridional wind speed, p1 =1000, p2 =300,
and dp=300-1000.

3.3 Discomfort Index

The discomfort index (DI) is computed based on Kibler
(1964) formulation used in Adeniyi (2009) given by Eq. (2).
The index uses temperature and relative humidity:

DI = (1.8 x tas) + 32 — ((1 — hurs) X (tas — 14.3)), )
where tas is the mean seasonal near-surface temperature and
hurs is the mean seasonal near-surface relative humidity as
a fraction.

Temperature humidity index (THI) of Kibler (1964)
is old, but the relationship between heat stress, tempera-
ture, and relative humidity remains valid. This index was
developed at Missouri in USA. Thom (1959) THI was also
developed in USA at the Office of Climatology, US Weather

Table 1 Additional

parameterizations and boundary

condition used in this study
(CPPS) on land
CPPS on ocean

Lake model

Initial and lateral boundary condition

Oceanic boundary condition

Soil moisture initialization

Quasimonotonic semilagragian scheme

Bermejo and Staniforth (1992)

Convective precipitation parameterization scheme

Tiedtke (1996)

Kain and Fritsch (1990) and Kain (2004)

Hostetler et al. (1993)

Era interim reanalysis (ERAIN75) (Dee et al. 2011)
ERAIN75

European Space Agency—climate change initiative
(ESA-CCI) data
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Bureau. Thom (1959) and Kibler (1964) THI usually give
almost the same index values with correlation of 1.0 (Okpara
et al. 2002; Adeniyi 2009). The index has been widely used;
it was applied in Tunisia (Ben Salem and Bouraoui 2009),
Southern Africa (Du Preez et al. 1990), Mediterranean in
Croatia (Gantner et al. 2011), and in West Africa (Okpara
et al. 2002). Okpara et al. (2002) applied Thom (1959) and
Kibler (1964) THI to study heat stress impact on people at
Akure.

The scale for significance of THI is adopted from Thom
(1959) and validated using response of cattle milk yield to
heat stress in Nigeria based on the published milk yield in
Chafa (2015). When DI value is greater than 80, the weather
is uncomfortable to all animals and man, when 75 < DI
< 80; half of the population is uncomfortable because of
high humidity and hot weather. With 65 < DI < 75, the
whole population is comfortable. With 60 < DI < 65, half
of the population is partially comfortable, while the remain-
ing halves are uncomfortable due to low humidity and cold.
When DI value is less than 60, the whole population is
uncomfortable due to unbearable cold and dry weather.

4 Results and Discussion
4.1 Simulation of Diurnal Precipitation

The domain of simulation is shown in Fig. 1. It comprises
of West Africa and extends to northern Africa, Mediterra-
nean sea, southern Spain, southern Italy, and Greece. The
five boxes within the domain are predefined regions of pre-
cipitation in Adeniyi (2016). Their area averages for diurnal

precipitation and monthly precipitation and temperature
observation climatology are compared with simulation for
model evaluation.

Area average of mean 3 hourly precipitation from 2005 to
2008 over each region of precipitation in simulation is com-
pared with TRMM observation for the same period in Fig. 2.
At WWA, between midnight 00 and 09 h (before noon),
RegCM4.7 underestimates the diurnal rainfall rate (mm hh
and overestimates it between 09 and 18 h (Fig. 2a). The diur-
nal trend is fairly captured between noon and 18 h. However,
there is bias with a maximum value of 0.14 mm h™'. The
diurnal trend is fairly captured at CGC also with bias ranging
from 0.1 t0 0.19 mm h™! (Fig. 2b). At EGC, the diurnal trend
is moderately captured with large biases from 15 to 06 h
(Fig. 2c). The diurnal peaks at ES are not well simulated
by RegCM4.7, but the bias is low from 06 to 18 h (Fig. 2d).
From 00 to 18 h, the trend of diurnal precipitation at LES
is well captured with bias ranging from 0 to 0.12 mm h™"

4.2 Simulation of Monthly Precipitation

The two observational data sets agree on the peak periods
and intra-annual variations with small variance except at
EGC and ES where there is more bias. Monthly precipita-
tion is well simulated at WWA with little overestimation
and the peak period is well captured (Fig. 3a). The peak
period is well simulated at ES but with high negative bias
(Fig. 3d) throughout the year with the exception of March
and April when there is overestimation. The two observa-
tional data only agree on the peak period and rainfall peak
value in this region (ES), they are at variance from May to
July and from September to November. At LES, two peaks

Fig. 1 Topography of the simu-
lation domain and predefined
regions of precipitation over
West Africa (Adeniyi 2016)
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Fig.2 Mean JJAS diurnal precipitation from TRMM observation and control simulation in five precipitation regions over West Africa

are simulated against only one peak in observation with
overestimation from January to May. The second peak in
August matches with the only peak in observation with
negative bias (Fig. 3d). At CGC and EGC, the two peaks in
observation are simulated at little variance to observation
with negative bias between July and September at CGC
and between August and October at EGC. Overestimation
of mean monthly precipitation prevails in the remaining
months of the year. The observed little dry season at CGC
in August (Akisanola et al. 2016) is captured by both CRU
and UDEL. At EGC, the little dry season is observed in
July; the model simulates the little dry season from June
to September. The model has the best performance in
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simulating intra-annual precipitation variations at WWA
followed by EGC and CGC. The model performance at the
Sahel is not so good.

4.3 Simulation of Intra-annual Temperature
Variation

Figure 4 compares intra-annual temperature variations
in observations and simulation in five regions over West
Africa. CRU and UDEL observations agree on intra-annual
temperature variations in all the regions considered except
for higher bias in August and October at ES. RegCM4.7
underestimates temperature in all the regions with least bias
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Fig. 3 Monthly climatology of precipitation from observations (CRU and UDEL) and control simulation in five precipitation regions over West

Africa

at EGC, followed by CGC, ES, LES, and WWA. However,
the peak periods are well simulated in all the regions. The
previous versions of RegCM4 have been reported to under-
estimate temperature (Adeniyi 2014, 2017).

4.4 Induced Changes in Mean Seasonal
Precipitation

Figure 5 shows the simulated induced changes in mean
seasonal (June—September, JJAS) precipitation in response
to +5 W m~2 changes in TSI over the domain of simu-
lation. With +5 W m™2 change, it is expected that tem-
perature and precipitation should increase everywhere in
the domain, all things being equal. Due to the expected

increase in evaporation and convection, that should
increase rainfall amount on the long run. Figure 5d reveals
little or no change beyond latitude 15°N on land with the
exception of Morocco. The southern countries in the
domain show some precipitation increase as expected. On
the ocean, there is little or no change which tends towards
precipitation reduction. For 5 W m~2 reduction in TSI,
precipitation reduces with noticeable changes only at the
southern countries in the domain (Fig. 5e). The increase
in precipitation with increase in TSI can be attributed to
increase in evaporation and transpiration at the surface of
water bodies and vegetation due to increased solar irradi-
ance which can support convection and cloud development
that can precipitate on the land areas. On the other hand,
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Fig.4 Monthly climatology of temperature from observations (CRU and UDEL) and control simulation in five precipitation regions over West

Africa

reduction in TSI reduces the input for evaporation that
can aid cloud development and subsequent rainfall over
the domain.

4.5 Induced Changes in Mean Seasonal
Temperature

Changes in near-surface air temperature based on TSI
changes are shown in Fig. 6. Temperature changes in
response to +5 W m™ changes in TSI over the domain
of simulation are latitudinal-dependent. Increase in
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temperature is expected all over the simulation domain based
on +5 W m~2 TSI increase, since solar irradiance should
increase. Figure 6d shows a general increase in temperature
over both ocean and land except for the latitudes 15-25°N
where cooling prevails. The cooling is probably due to the
evaporation increase (Philander 1998) in the area due to
increased TSI which eventually leads to cooling in the area.
Some southern countries also show some degree of cooling.
In response to 5 W m™~2 TSI reduction, Fig. 6e shows a gen-
eral reduction in near-surface air temperature over the ocean
and south eastern part of the domain. Patches of temperature
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Fig.5 Induced changes in precipitation based on increase or reduc-
tion of 5 W m™2 in solar constant. a Mean JJAS precipitation from
control simulation, b mean JJAS precipitation from 5 W m~2 increase

reduction are located at the northern countries. However,
there is pronounced warming between 15 and 25°N over
Mali and Niger where cooling prevails in the TSI+5 W m™2
experiment. The warming here instead of general cooling
could be explained based on reduced evaporation that fol-
lows reduction in TSI. Instead of cooling, the resultant con-
sequence is warming in the area.
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25°W 15°W 5°W 5°E 15°E 25°E

in solar constant simulation, ¢ mean JJAS precipitation from 5 W m™>
reduction in solar constant simulation, d difference between (b) and
(a), and e difference between (c¢) and (a)

4.6 Induced Changes in Integrated Meridional
Moisture Flux and Evapotranspiration

Figure 7 shows vertically integrated meridional mois-
ture flux from 1000 to 300 hPa. Vertically integrated
meridional moisture flux generally increases on land in
response to TSI increase, except for some few locations
at the north (Fig. 7d). In the TSI—5 W m~2 experiment,
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Fig.6 Induced changes in near-surface air temperature based on
increase or reduction of 5 W m™2 in solar constant. a Mean JJAS
temperature from control simulation, b mean JJAS temperature from

moisture flux reduces over land with the exception of a
few locations at the north (Fig. 7e). There exists a dipole
of induced changes in moisture flux with negative pole at
the north (centred 15°N) and positive pole at the south
(centred 5°N) based on the TSI+5 W m™ experiment
and vice versa (Fig. 7d, e). The moisture flux increase in
the TSI +5 W m™2 experiment can be explained based
on evaporation and transpiration increase which increases
the moisture in the atmosphere. The reverse is the case
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5 W m~2 increase in solar constant simulation, ¢ mean JJAS tempera-
ture from 5 W m~2 reduction in solar constant simulation, d differ-
ence between (b) and (a), and e difference between (c¢) and (a)

with the TSIT —5 W m~2 experiment. The dipole change
structure of vertically integrated meridional moisture flux
reverses direction based on moisture availability through
the effect of TSI changes (Fig. 7d, e). Figure 8 shows
simulated evaporation in the three experiments and the
difference between TSI+5 W m~2 and control experi-
ments. Evaporation is normally high on the ocean and
southern part of the simulation domain due to the pres-
ence of water bodies and vegetation. Evapotranspiration
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Fig.7 Mean JJAS integrated meridional moisture flux from 1000 to 300 hpa in a control simulation, b TSI+5 W m™>
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increases generally with TSI increase over the ocean and
strongly between 15 and 20°N on land, while it reduces on
the ocean and strongly between 15 and 25°N on land with
the TSI—5 W m~2 experiment. However, there are patches
of opposite induced changes (Fig. 8d, e). The evapotran-
spiration increase with TSI increase supports the increase
in moisture flux in TSI+ 5 W m~2 experiment and vice
versa (Figs. 7d, e, 8d, e). Figure 9 shows the simulated
difference between potential evapotranspiration (PET) and
actual evapotranspiration (ET) (PETET) and the changes

induced by TSI+5 W m™2. This parameter is an indication
of excess water requirement by vegetation which should
be supplied in form of irrigation. Normally, the need for
irrigation at the southern countries is very low, while it is
high at the northern countries (Fig. 9a). Increase in TSI
generally increases moisture flux (Fig. 7d), evapotranspi-
ration (Fig. 8d), and precipitation (Fig. 5d), especially at
the south. It has little effect on PETET at the south, but
reduces PETET noticeably between 15 and 25°N. How-
ever, there are patches of increased PETET between 25
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Fig.8 Mean JJAS actual evapotranspiration in a control simulation, b TSI+5 W m™~2 experiment, ¢ TSI—5 W m™2 experiment, d difference

between (b) and (a), and e difference between (c¢) and (a)

and 30°N. Reduction in TSI has little effect on PETET at
the southern area of the simulation domain, but leads to
noticeable increase in PETET at the north from latitude
15°N and above. However, there exist patches of reduced
PETET probably due to the presence of small water bodies
in those areas. This is because opposite induced effects of
TSI changes on PETET are associated with land and ocean
(Fig. 94, e).
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4.7 Induced Changes in Mean Seasonal Comfort
Index Based on Changes in TSI

Simulated mean seasonal comfort index and induced changes
in the index associated with TSI+5 W m~2 changes are
shown in Fig. 10. The DI on land is generally above 72 with
the exception of a few locations where it is between 68 and
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Fig.9 Mean JJAS difference between potential evapotranspiration and actual evapotranspiration in a control simulation, b TST+5 W m~2 exper-
iment, ¢ TSI—=5 W m™2 experiment, d difference between (b) and (a), and e difference between (c) and (a)

72 (Fig. 10a). No cold-related discomfort is simulated on
land with control TSI. The whole population in the simula-
tion domain is generally comfortable in most places on land
except for 12-30°N at the west and some locations at the east
and central parts where DI is greater than 75. With increase in
TSI, DI slightly increases generally and vice versa except for
a few locations (eastern Niger and surroundings) (Fig. 10d,

e). The reduction/increase in DI at Niger and its environs is
attributable to the evaporative cooling in the area with TSI
increase and vice versa (Fig. 8d, e). The border DI values have
the potential to reach uncomfortable level with TSI increase,
but, with TSI reduction, the normal comfortable level could
be maintained.
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Fig. 10 Mean JJAS discomfort index in a control simulation, b TSI+5 W m~2 experiment, ¢ TSI-5 W m~2 experiment, d difference between

(b) and (a), and e difference between (¢) and (a)

5 Conclusion

RegCM4.7 fairly captures the diurnal precipitation trend,
intra-annual variations of precipitation, and temperature
over West Africa. However, there are biases which are
predominantly negative except at WWA. The effect of vari-
ations in TSI on the climate of West Africa depends on
latitude, presence of vegetation, and water bodies. Increase
in TSI generally increases evaporation, moisture flux, and
precipitation except for reduction in some places. It also
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increases temperature except at latitudes 15-25°N, where
temperature reduces strongly, probably due to evaporative
cooling. TSI reduction results in exactly opposite effect.
A dipole change structure in moisture flux with positive
centred at~7°N and negative ~ 15°N is simulated in TSI
+5 W m~2 experiment. A similar dipole with reversed sign
is found with the TSI—5 W m~2 experiment. The lower
southwestern area of the simulation domain (Guinea,
Sierra Leone, and Liberia) show contrary temperature
changes for both TSI increase and reduction. This can be
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attributed to the location of positive and negative poles
of integrated meridional moisture flux at the area in the
TSI+5 W m~2 and TSI —5 W m~2 experiment, respec-
tively. The positive pole with increased moisture flux
reduces temperature, while the negative flux with reduced
moisture flux results in increased temperature at the area.
Demand for irrigation is simulated to reduce in
the TSI+5 W m™2 experiment, while it increases in
TSI—5 W m~2 experiment. Latitudes 21-30°N in
TSI+5 W m™? experiment show the patches of con-
tradictory response compared to other areas. There are
also patches of contrary response in the TSI—5 W m~2
experiment. The contrary response is attributed to pres-
ence of some water bodies in those locations. In general,
irrigation needs increase and decrease on the ocean for
the TSI+5 W m~2 and TSI—5 W m™2, respectively.
Normally irrigation is not considered over ocean, but it
explains the contrary response on lands that have some
water bodies located on them. Discomfort index increases
with increased TSI, while it reduces with reduced TSI.
The number of uncomfortable people will increase with
increased TSI, while reduced TSI is not going to change
the comfort level of the population. Significant TSI varia-
tions coupled with some other changes that affect climate
such as increase in the levels of greenhouse gases may
have serious implication on water resources, agricultural
productivity, and health of the West African population.
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