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Abstract

Removal of atmospheric carbon dioxide is being considered a suitable option for reducing the recent global rise in atmos-
pheric temperature. The impact of the removal on some climate parameters—near-surface air temperature (TAS), maximum
near-surface air temperature (TASMAX), minimum near-surface air temperature (TASMIN) and surface temperature (TS)
over West Africa was assessed in this paper. We used CNRM-ESM1-C1 model simulation output consisting of 1%yr™! CO,
removal from the atmosphere which was compared with CRU observational dataset. Four climatological periods 1990-2019
(reference period), 2040-2069, 2070-2099 and 2100-2129 were considered, and hence the impacts levels in each of the two
West African regions, Sahel and Guinea, were estimated in each period with respect to the reference period. The comparison
with CRU demonstrated that CNRM-ESM1-C1 model captured temperature variations within major locations in Mauritania,
Mali, Niger, Burkina Faso and Senegal with an indication of an underestimation of temperature at locations above 18° N.
The value of each parameter was projected to decrease progressively the periods and much impacts were also projected in
the last period for the two regions. Time of retreat to 2 °C reduction target is projected a decade before the year 2100 and
will occur earlier with greater impact in the Guinea region than in Sahel region. The root mean square deviation of each
ensemble member was found at RMSD < 0.5 with respect to the model ensemble mean per parameter, although RMSD > 0.5
was found with GFDL-ESM4 model for TAS and TS.

1 Introduction

Efforts to reduce the concentration of carbon dioxide in the
atmosphere are being made by most world bodies in a bid
to tackle the menace of climate change. The Paris Agree-
ment on climate change is targeted at ensuring that the sur-
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hybrid cars and the implementation of carbon price policy.
Climate change mitigation scenarios are now integrated with
carbon dioxide removal options in consonance with the Paris
Agreement goals (Clarke et al. 2014; van Vuuren et al. 2013;
Fuss et al. 2014).

Afforestation and reforestation options are considered to
have great potential in carbon dioxide removal on a global
scale. A significant impact ranging from 4 to 12 Gt CO, per
year is estimated globally (Smith et al. 2016). According to
Griscom et al. (2017), the capacity estimate for afforestation
and reforestation stands at 28 Gt CO, per year. An estimate
between 1.8 and 3.3 Gt CO, per year has been made as car-
bon dioxide removal potential for biochar options (Woolf
et al. 2010). Wetlands are another carbon dioxide removal
option. Zedler and Kercher (2005) revealed that about
44-71% of the world’s terrestrial biological carbon pool are
stored up in peatlands and coastal wetlands. Proposals on
accelerated weathering option are also being considered. By
this, a huge chunk of carbon dioxide can be drawn from the
air and bound permanently (Lackner et al. 1995; Chiang
and Pan 2017).

Technically, direct air capture option has the potential
above 20 Gt CO, per year, but a significant amount of
between 2 and 5 Gt CO, should actually be expected per year
with global deployment (USNAS 2015). Carbon sequestra-
tion of about hundreds of billions to trillions of tons can
also be achieved through ocean alkalinity enhancement CO,
removal option (Renforth and Henderson 2017). An estimate
of 2-8 Gt CO, per year of carbon dioxide removal can be
achieved with the biomass energy with carbon capture and
storage (BECCS) option by 2050 (Kemper 2015; McLaren
2012; USNAS 2015).

By Keller et al. (2018), CDR options have the potential
to achieve the target of CO, removal from the atmosphere,
but the seeming drawbacks are (i) the slow acting of the
methods and the long actualization time for full development
and deployment at climatically relevant scales—that is, dec-
ades to centuries are needed before atmospheric CO, can be
reduced to some level of interest, (ii) the immaturity of the
few methods in terms of technology, which have the theoreti-
cal potential to rapidly remove more carbon dioxide. African
forests, which are predominantly in equatorial countries, are
currently carbon sinks. On balance, these forests remove
about 1.1 gigatons of carbon dioxide from the atmosphere
annually (Harris et al. 2021).

Climate projections over Africa for the twenty-first cen-
tury reveal that its land temperature will rise faster than
the global mean temperature, particularly in the more arid
regions (Niang et al. 2015). The increasing trend in tempera-
ture over West Africa under low, intermediate and very high
emission scenarios were projected to be 0.04 °C decade™!,
0.24 °C decade™! and 0.6 °C decade™’, respectively, with
projected warming values of 1.2 (1.3) °C, 1.4 (2.4) °C and
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1.7 (4.2) °C, respectively, for the near (long)-term period.
The projection of rising temperatures divides West Africa
into two zones. First, is the north of 12.5°N where the tem-
perature difference is 2 °C for the first 30 years, reaching
some 2.5 °C toward the end of the twenty-first century. Sec-
ond, is the south of 12.5°N where the temperature difference
is 1 °C during the period 2011-2040 and then reaches 2 °C
in 2071-2100 (Deme et al. 2017). In the same vein, Almaz-
roui et al. (2020) projected a continuous warming over West
Africa during the twenty-first century.

Temperature projections over West Africa for the end of
the twenty-first century (year 2100) from both the CMIP3
GCMs (SRES A2 and A1B scenarios) and CMIP5 GCMs
(RCP4.5 and RCP8.5) range between 3 °C and 6 °C above
the late twentieth century baseline (Meehl et al. 2007; Fon-
taine et al. 2011; Diallo et al. 2012; Monerie et al. 2012).
Regional downscalings produce a similar range of projected
change (Patricola and Cook 2010, 2011; Mariotti et al. 2011;
Vizy et al. 2013). Sahel and tropical West Africa were iden-
tified by Diffenbaugh and Giorgi (2012) as hotspots of cli-
mate change for both RCP4.5 and RCP8.5 pathways, while
Mora et al., (2013) projected unprecedented climates to
occur earliest (late 2030s to early 2040s) in these regions.
Since both RCP4.5 and RCP8.5 are emission scenarios rep-
resenting medium stabilization and a high baseline emission
scenarios respectively, it is obvious that the levels of impacts
stated above (that is, between 3 °C and 6 °C) are expected
over West Africa by the year 2100 without carbon dioxide
removal.

According to Niang et al. (2014), temperatures over West
Africa have increased over the last 50 years in line with an
increase in global temperatures; near-surface temperatures
(TAS) over West Africa and the Sahel have increased within
this period of years. The Earth’s average surface temperature
has already warmed by 1.09 °C since preindustrial times
(1850-1900). However, West Africa’s climate has warmed
even more than the global average in the past few decades
(IPCC 2021).

It has been scientifically established that global warming
is as a result of enhanced anthropogenic greenhouse gases
(GHGs) forcing on global climate (IPCC 2013), of which
carbon dioxide is a major contributor. MacDougall (2013)
used the University of Victoria Earth system-climate model
to study “reversing climate warming by artificial atmos-
pheric carbon-dioxide removal”. The result showed that
artificially removing CO, from the atmosphere will lead to a
return to a “safe” CO, concentration within this millennium.
In Switzerland, direct air capture has been used to remove
about 900 tons of CO, annually (Marshall 2017). Borch-
ers et al. (2022), in their work on “Scoping carbon diox-
ide removal options for Germany” found that CDR could
provide sufficient potential to counterbalance the residual
emissions. According to CRS (2022), carbon capture and
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sequestration in the USA was found to have the capacity
to remove approximately 4717 metric tons of CO, per day.

However, the study of the impacts of carbon dioxide
removal on the climate over West Africa is yet to receive
widespread attention. This paper is therefore targeted at
assessing the impacts of the removal of carbon dioxide from
the atmosphere on some temperature parameters—surface
temperature, near-surface air temperature, maximum near-
surface air temperature and minimum near-surface air tem-
perature over West Africa and investigating the possible time
of retreat to 2 °C level of reduction target.

2 Methodology
2.1 Area of study

West Africa is a 16-country region of Africa, 7,924,596
km? in area and composed of a broad band of semi-arid
terrain known as Western Sudan on the northern portion
with Atlantic Ocean on the west. It borders Sahara Desert on
the north and the Guinea Coast forests toward the southern
part. Within the north is a transitional zone known as Sahel,
while the south constitutes the Savanna grassland. While the
northern part receives an average rainfall of 250 mm, the
south receives an average of 1250 mm of rainfall. Typical

daily maximum temperature values over the Guinea Savanna
range from 26 to 35 °C, while over the Sahel, temperatures
range from about 38—44 °C (Fitzpatrick et al. 2020). Figure 1
represents the map of the study region.

2.2 Observational dataset (CRU 4.04)

The gridded Climatic Research Unit (CRU) Time Series
(TS) data version 4.04 data are month-by-month variations
in climate over the period 1901-2019, provided on high-
resolution (0.5 X 0.5 degree) grids, produced by CRU at the
University of East Anglia, UK (Harris et al. 2020). All CRU
output files are actual values and not anomalies. To test the
ability of models to represent the historical climate, simula-
tions of that historical past (for the same period as the data
available for CRU) are compared against CRU. To evalu-
ate the projected temperature and precipitation, the model’s
representation of the seasonal cycle (monthly values for key
variables) is additionally evaluated with respect to historic
values.

2.3 Experimental protocol
The data used are surface temperature (TS), near-surface

air temperature (TAS), minimum near-surface air tempera-
ture (TASMIN) and maximum near-surface air temperature
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(TASMAX), which are the Centre National de Recherches
Meteorologiques, Earth System Model-1 (CNRM-ESM1-
C1) simulation outputs acquired from the data archives of
Centre National de Recherches Météorologiques. These are
monthly C1 experiment data prepared for Carbon Dioxide
Removal Model Intercomparison Project (CDRMIP) with
1% per year CO, decrease up to preindustrial level (Keller
et al. 2018). The C1 experiment investigates the “reversibil-
ity” of the climate system by leveraging the prescribed 1%
per year CO, (1pctCO,) concentration increase experiment
that was done for prior CMIPs and is a key run for CMIP6
(Eyring et al. 2016). The 1pctCO, experiment branches from
the DECK piControl experiment, which should ideally rep-
resent a near-equilibrium state of the climate system under
imposed year 1850 conditions. Starting from year 1850 con-
ditions (piControl global mean atmospheric CO, should be
284.7 ppm), the 1pctCO, simulation prescribes a CO, con-
centration increase at a rate of 1%yr™" (i.e., exponentially).
The only externally imposed difference from the piControl
experiment is the change in CO,; i.e., all other forcing is
kept at that of year 1850. The simulation of CO, increase
continues until the CO, concentration reaches four times the
piControl (1138.8 ppm; a total of 140 years into the run).
Now at this point begins a restart of 1%yr~! removal of CO,
from the atmosphere (start removal at the beginning of the
140th year: 1 January) until the CO, concentration reaches
284.7 ppm. Also, as done in the 1%yr~' CO, increase, the
only externally imposed forcing should be the change in CO,
(all other forcing is kept at that of year 1850). The CO, con-
centration is then held at 284.7 ppm for as long as possible
(a minimum of 60 years is required), with no change in other
forcing (Keller et al. 2018). Figure 2 shows the simulated 1%
per year carbon dioxide increase (blue curve) and decrease
(orange curve) with our interest in this work in 1% per year
carbon dioxide decrease up to preindustrial level.

2.4 Statistical analysis

2.4.1 Performance of CNRM-ESM1-C1 model historical
dataset with CRU observational dataset

In a bid to determine how well the CNRM-ESM1-Cl1
model output will perform in making future projections,
we first regridded the CRU dataset to the grid size of
CNRM-ESM1-C1 historical temperature dataset. This was
done using the first order conservative remapping regrid-
ding method fit for Earth system modeling framework. The
CNRM-ESM1-C1 historical temperature dataset was com-
pared against CRU 4.04 observational temperature dataset
within the same period 1990-2019. The mean bias error
between the two datasets was calculated and the stand-
ard deviation of each of the two data outputs was also
compared. Equation 1 was used to estimate the mean bias
error (MBE). MBE is a statistical index used to assess the
mean difference between two data products and, therefore,
widely used to measure the over- and underestimation in
data products. MBE was calculated thus:

"X . —X .
MBE=Z—( n ””), ¢))
1

where X; 1 and Xo,i refer to ith simulated and observed data
respectively, and 7 is used to represent the number of data.
Smaller absolute MBE value indicates a better performance
of the model. Figure 3a, b shows the direct plots of CRU
observational temperature dataset and CNRM-ESM1-Cl1
historical temperature dataset for the period 1990-2019,
respectively. The mean bias error calculated by comparing
the two datasets was plotted as shown in Fig. 3c.
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Fig.3 Comparison between CRU observational dataset and CNRM-ESM1-C1 historical model simulation. a (Top left) is the plot of the CRU
temperature dataset, b (top middle) is the CNRM-ESM1-C1 model historical temperature dataset, ¢ (top right) is the bias between a and b

2.4.2 Analysis of CNRM-ESM1-C1 model simulation output

The CNRM-ESM1-C1 model simulation output over
West Africa was extracted from the global output. Two
sub-regions—Sahel (latitude 14° N-20° N; longitude
15° W-14° E) and Guinea coast (latitude 6.5° n—10° n; lon-
gitude 12° W-10° E), were considered for further analy-
sis. The data were divided into four climatological periods:
1990-2019, 2040-2069, 2070-2099 and 2100-2129. The
effect of CDR was assessed by calculating the difference
between the reference period (1990-2019) and each of the
future periods. The significance of the projected differences
or changes was established through Student’s ¢ test analysis
at 5% statistically significant level (at critical value of 1.96).
The maximum and minimum values of the parameters and
levels of maximum CO, removal impacts in the two regions
were also estimated for each of the periods per parameter.
The difference between the maximum value of a particular
period and that of the reference period gives the CO, level
of impact for that period (Tables 2 and 3). Time of retreat
(ToR) of the temperature to the 2.0 °C reduction target with
the deployment of carbon dioxide removal techniques over
West Africa was further investigated by considering two of
the parameters—TAS and TS—over the Sahel and Guinea
coast. The ToR is defined as the year in which the signal- (S)

to-noise (N) ratio, S/N, exceeds particular threshold values
(such as — 1 and —2) expressed using Eq. 2 by Hawkins and
Suttons (2011). Each of the parameters was first regressed
with its global mean component, assuming that the local
climate changes scale with global temperature. Shepard
(2019) posited that if the global mean temperature reaches
2 °C of global warming, it will cause significant changes
in the occurrence and intensity of temperature extremes in
all sub-Saharan regions. West and Central Africa will see
particularly large increases in the number of hot days at
both 1.5 °C and 2 °C. The regression coefficients, a and 8
between Tj,, and Ty, Were estimated according to Eq. 2,
with S expressed as

S =al()+p 2)

for each grid point. All estimates were made relative to
the reference period 1990-2019. Taking N to be the inter-
annual standard deviation of seasonal means, we calculated
the signal-to-noise ratio (S/N) for each grid point. The 50th
percentile for the grid points having S/N< —1 and S/N< -2
was as well estimated in each of the regions (Table 4). By
the 50th percentile, we mean a value in the estimated S/N
grid points such that almost 50% of the estimated grid points
are less than or equal to the value.
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2.4.3 Models ensemble mean

The most common approach to characterize multi-model
ensemble results is to calculate the arithmetic mean of the
individual model results, referred to as an unweighted multi-
model mean, which reveals how well each model has fared in
objective evaluation (Flato et al. 2013). Hence, the ensemble
mean and the ensemble spread (Fig. 3) of different models
outputs were estimated based on the available model outputs
per temperature parameter and further analyzed according to
Ziehmann (2000). Statistically, the consistency of the models
requires that the quantity, ensemble consistency (ENC),

{(o-7))

ENC = -1 3)
<$ ZZI <fl _J7>2>

should be equal to 2/(M — 1). The numerator of (3) is the
average squared forecast error of the ensemble mean, while
the denominator is the average variance of the ensemble
forecasts about the ensemble mean. M is the number of
ensemble member models. Values that are larger than 2/
(M — 1) show large bias, whereas lower ones show lower
bias in the models. Also, the lower the root mean square
deviation (RMSD) of each ensemble member with respect
to the ensemble mean, the better is the model performance.

3 Results and discussion
3.1 Model performance with CRU dataset

The result of the validation analysis of the model simulation
shows that there are no much variations between the CRU
observational dataset and CNRM-ESM1-C1 historical data.
The comparison demonstrates that CNRM-ESM1-C1 model
captures temperature variations within major locations in
Mauritania, Mali, Niger, Burkina Faso and Senegal, although
there is an indication of an underestimation of temperature at
locations a little above 18° N. These locations are within the
Sahel sub-region usually characterized with high temperature.
Overestimation of temperature was indicated at Cote D’Ivoire,
Liberia and Sierra Leone. Generally, the CNRM-ESM1-Cl1
model shows relatively good performance across all the loca-
tions (Fig. 3c). The standard deviations of 3.3011 and 3.3657
were calculated for CRU observational daraset and the histori-
cal model simulation, respectively.

3.2 The impacts of CDR protocol on the temperature
parameters

The seven-model carbon dioxide reduction ensemble
analysis revealed a low deviation of each of the ensemble
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members from the ensemble mean as can be seen in Fig. 4
and also indicated in Table 1. The CNRM-ESM1-C1 model
simulation has the lowest level of spread among the mod-
els, which theoretically implies high prediction or simula-
tion accuracy of the models result. The projected changes
are statistically significant at the 0.05 level. The projected
changes in temperature parameters with respect to the ref-
erence period are shown in Figs. 5, 6, 7 and 8 for TAS,
TASMAX, TASMIN and TS, respectively. The preindus-
trial control simulation temperatures are found to be, TAS
(22.3 °C), TASMAX (29.8 °C), TASMIN (17.5 °C) and TS
(23.2 °C), while the simulated temperature increase for all
the parameters at 1% per year CO, increase gradually started
in the 1870s.

A linear relationship exists between temperature and
the concentration of atmospheric carbon dioxide. Reduc-
tion in temperature is observed with increased reduction in
carbon dioxide concentration as shown in Fig. 9 (also refer
to Fig. 2).

TAS shows that for each period, its value was maxi-
mum in Mauritania and minimum in Niger. In the period
2040-2069 (Tables 2 and 3), an average level of 1.7 °C
reduction is expected in the Sahel and Guinea regions put
together with respect to the reference period. It further
decreased in the 2070-2099 period and much more in the
2100-2129 period, especially, within the northern part of
Mali, Ghana, Togo and Nigeria. There will be also a notable
decrease in the values of TAS in the northern part of Mali
and Niger in both the 2040-2069 and 2100-2129 periods
when compared with the previous period (Fig. Sc and d)
and, hence, reduced warming condition will be experienced
in these periods.

In Ghana, the near-surface air temperature showed that
a warming decrease of 2.8 °C was simulated for the period
2070-2099. Since some health-related issues observed in
Ghana are connected to temperature increases, it is expected
that the reduction in temperature will make a reasonable
impact in the country by minimizing heat-related sicknesses
such as cardiovascular diseases, stroke, respiratory and non-
communicable diseases, which already affect human life and
health in the country. Temperature in West African freshwa-
ter bodies was reported in IPCC AR6 (2021) to have risen by
0.1-0.4 °C per decade and by up to 0.6 °C in lake Volta in
Ghana. This simulated decrease, however, suggests that the
freshwater ecosystem, particularly, in Ghana will be posi-
tively impacted with atmospheric carbon dioxide removal.
Increases in temperature, among other factors, alter the phys-
ical and chemical properties of inland water bodies, affecting
water quality and productivity of algae, invertebrates and
fish IPCC 2021). On the contrary, the projected decrease
and moderate temperatures under atmospheric carbon diox-
ide removal will culminate in an enhanced productivity of
these organisms.
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Table 1 Deviation of each ensemble member from the ensemble mean
Variables  Periods CanESM5 CNRM-ESM1-C1 CNRM-ESM2 GFDLESM4 MIROC ES2L  ACCESS ESM1  CESM2
TAS 1990-2019  0.3781 0.0024 0.1303 0.4688 0.3500 0.3986 0.3986
2040-2069  0.4845 0.0048 0.1636 0.6033 0.1902 0.2854 0.2854
2070-2099  0.4543 0.0480 0.1170 0.5326 0.2251 0.3596 0.3596
2100-2129  0.5104 0.0044 0.0660 0.5566 0.2932 0.3642 0.3642
TS 1990-2019  0.1676 0.0007 0.2042 0.5853 0.5607 0.4144 0.0326
2040-2069  0.2791 0.0026 0.2236 0.7095 0.3909 0.2923 0.1665
2070-2099  0.2360 0.0028 0.1724 0.6320 0.4531 0.3833 0.1687
2100-2129  0.2787 0.0022 0.1073 0.6459 0.5143 0.3908 0.1740
TASMIN 1990-2019  0.0352 0.0072 0.2106 0.2845 0.5440 0.7183 N/A
2040-2069  0.1358 0.0055 0.1872 0.3928 0.3740 0.6745 N/A
2070-2099  0.0817 0.0060 0.2560 0.3198 0.4382 0.7867 N/A
2100-2129  0.1304 0.0065 0.3251 0.3624 0.4865 0.7780 N/A
TASMAX  1990-2019  0.4083 0.0074 0.0869 0.1545 0.4532 N/A N/A
2040-2069  0.5034 0.0088 0.0627 0.2996 0.2975 N/A N/A
2070-2099  0.4938 0.0091 0.0960 0.2415 0.3354 N/A N/A
2100-2129  0.5236 0.0077 0.1709 0.2269 0.4398 N/A N/A

N/A indicates that the models data for the variables TASMIN and TASMAX were not available
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Fig.5 The difference between
the reference period 1990-2019
of TAS and the periods
2040-2069, 2070-2099 and
2100-2129 under 1% per year
CO, decrease up to preindustrial
level. a Shows the reference
period. b—d Show the projected
differences, statistically signifi-
cant at 5% level and represented
by the long color bar

Fig.6 The difference between
the reference period (1990—
2019) of TASMAX and the
periods 2040-2069, 2070-2099
and 2100-2129 under 1%

per year CO, decrease up to
preindustrial level. a Shows the
reference period. b—d Show the
projected differences, statisti-
cally significant at 5% level and
represented by the long color
bar

There is a general decrease in value of TASMAX at the
periods with respect to the reference period in both the
Sahel and Guinea regions (Fig. 6). Warming in Mauritania
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within the lower Sahel region comprising the southern part
of Mali, southern part of Niger and northern parts of Benin
and Nigeria, warming will decrease by 1.5 °C on average.
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Fig.9 The relationship between temperature and CO, concentration

Table 2 Maximum and minimum values of the parameters, the levels of co, removal impacts in the Sahel region indicated by the box red box in

Fig. 10h
Parameters Periods Maximum (°C) Minimum (°C) Temperature
change due to
CDR (°C)
TAS 1990-2019 30.4 (16.5° N, 12° W, Mauritania) 22.8 (18.8° N, 9° E, Niger)
2040-2069 28.8 (17° N, 9° W, Mauritania) 21.2 (18.8° N, 9° E, Niger) -1.6
2070-2099 27.6 (16.5° N, 12° W, Mauritania) 20.0 (18.8° N, 9° E, Niger) -2.8
2100-2129 26.6 (15.1° N, 12° W, Mauritania) 18.6 (18.8° N, 9° E, Niger) -3.8
TASMAX 1990-2019 39.0 (16.5° N, 4° W, Mali) 34.4 (18.8° N, 9° E, Niger)
2040-2069 37.1 (17.5° N, 3° W, Mali) 32.9 (18.8° N, 9° E, Niger) -19
2070-2099 36.0 (17.5° N, 3° W, Mali) 31.8 (18.8° N, 9° E, Niger) -3.0
2100-2129 35.0 (17.5° N, 3° W, Mali) 30.5 (18° N, 9° E, Niger) -4.0
TASMIN 1990-2019 23.2 (15° N, 13° W, Senegal) 14.8 (18.8° N, 9° E, Niger)
2040-2069 21.4 (15° N, 13° W, Senegal) 13.0 (18.8°N,10°E, Niger) -1.8
2070-2099 20.6 (15° N, 13° W, Senegal) 11.8 (18.8° N, 10° E, Niger) -2.6
2100-2129 19.8 (15° N, 13° W, Senegal) 11.0 (18.8° N, 10° E, Niger) -3.4
TS 1990-2019 33.0 (15.5° N, 13° W, Senegal) 23.8 (18.8° N, 9° E, Niger)
2040-2069 31.0 (15.5° N, 13° W, Senegal) 22.2 (18.8° N, 9° E, Niger) -2.0
2070-2099 29.8 (15.5° N, 13° W, Senegal) 21.0 (18.8° N, 9° E, Niger) -32
2100-2129 28.6 (15° N, 13° W, Senegal) 20.1 (18.8° N, 9° E, Niger) -44
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Table 3 Maximum and

o Parameters Periods Maximum (°C) Minimum (°C) Temperature
minimum values of the change due to
parameters an'd the lev'els of CDR (°C)
CO, removal impacts in Guinea
coast region indicated by the TAS 19902019 29.6 (9° N, 1° W, Ghana)) 25.0 (9° N, 9° E, Nigeria)
white box in Fig. 10h 2040-2069 27.8 (9° N, 1° W, Ghana)  23.2 (9° N, 9° E, Nigeria) ~18

2070-2099 26.8 (9° N, 1° W, Ghana) 22.2 (9° N, 9° E, Nigeria) -2.8
2100-2129 25.5(9° N, 1° W, Ghana) 21.1 (9° N, 9° E, Ghana) -4.1
TASMAX  1990-2019 36.4 (9°N, 1° W, Ghana) 31.6 (7.8° N, 10° W, Liberia)
2040-2069 34.6 (9° N, 1° W, Ghana) 29.8 (7.8° N, 10° W, Liberia) - 1.8
2070-2099 33.8 (9° N, 1° W, Ghana) 29.0 (7.8° N, 10° W, Liberia) -2.6
2100-2129 32.8 (9°N, 1° W, Ghana) 28.5 (7.8° N, 10° W, Liberia) -3.6
TASMIN 1990-2019 23.9 (9°N, 1° W, Ghana)  20.1 (9° N, 9° E, Nigeria)
2040-2069 21.7 (9° N, 1° W, Ghana)  18.1 (9° N, 9° E, Nigeria) -2.2
2070-2099 20.6 (9° N, 1° W, Ghana) 17.0 (9° N, 9° E, Nigeria) -33
2100-2129 19.5 (9° N, 1° W, Ghana)  16.1 (9° N, 9° E, Nigeria) -44
TS 1990-2019 31.6 (9° N, 1° W, Ghana) 26.4 (9° N, 9° E, Nigeria)
2040-2069 29.2 (9° N, 1° W, Ghana) 24.4 (9° N, 9° E, Nigeria) -24
2070-2099 28.0 (9° N, 1° W, Ghana) 23.2 (9° N, 9° E, Nigeria) -3.6
2100-2129 26.8 (9° N, 1° W, Ghana)  22.5 (9° N, 9° E, Nigeria) -4.8

The Guinea coast comprising Liberia, Cote D’Ivoire,
Ghana, Togo, Benin, and southern part of Nigeria will record
an average of 3.2 °C level of reduction in the parameter.
In the period 2040-2069 (Fig. 6b), reduction of TASMAX
around Sahel to the tune of 2.2 °C has been projected with
respect to the reference period. TASMAX in the southern
part of Nigeria involving Bayelsa, Delta, Rivers, Cross Riv-
ers, Imo and Abia will be lowered by as much as 3.1 °C. The
lowest values in TASMAX were projected in the western
Sahel for the period, 2070-2099. The TASMIN will record
the highest values on the average difference of 2.3 °C in
the period, 2040-2069 (Fig. 7b). Much improvement in the
reduction of the values of this parameter in the Sahel regions
will be experienced during the 2070-2099 and 2100-2129
periods with much reduction level toward the northern part
of Mali.

Decrease in surface temperature decreases evaporation
and hence reduces dryness. According to UNHCR (2023),
temperature in the Sahel is projected to rise between 2.0 and
4.3 °C by 2080, compared to preindustrial levels, with higher
temperatures and more temperature extremes projected for
the northern part of the region. However, the finding in this
work show that with carbon dioxide removal, locations in
the northern part of Mali and Niger, in particular, where
higher decreases in temperature are projected will experi-
ence greater amount of wetness than other parts of Sahel
in general. Usually, most parts of Senegal, The Gambia,
Burkina Faso, southern part of Mali, Niger and the north-
ern part of Nigeria are known for semi-arid warm tropi-
cal climate. As temperature reduces due to carbon dioxide
removal, warming and heat waves are expected to reduce in

these locations. In Guigma et al. (2020), most of the regions
in the Sahel experience on average one or two heat waves
per year with a duration of 3—5d and severe magnitude, as
eastern Sahel experiences more frequent and longer events.
Heat advection and the greenhouse effect of moisture are the
main drivers of Sahelian heat waves. Heat waves are natural
disasters often associated with an increase in daytime and/
or nighttime temperatures (Ngoungue Langue et al. 2023).
Contrary to this projection on the heat waves in Sahel, the
simulated decrease in temperature is projected to have great
positive impact in ameliorating heat waves related issues
associated with eastern Sahel (Figs. 5d and 8d). Further-
more, improved temperature condition and wetness in Sahel
will reduce herders—farmers conflict which usually ensues
as herders migrate for animal grazing and home settlement
in the region. For centuries, pastoralists have crossed the
Sahel following seasonal patterns, which allowed them to
feed their herds. The scarcity of water, pasture and fertile
soil force people to migrate. Such displacement can lead
to conflicts over land and resources between herders and
farmers, which in turn further fuel displacement dynamics
(International Displacement Monitoring Center 2020).

TS recorded a maximum and minimum values of 31.0 °C
(in Senegal) and 22.2 °C (in Niger), respectively, for the
period, 2040-2069 within Sahel. Its maximum and mini-
mum values of 29.2 °C (in Ghana) and 24.4 °C (in Nigeria)
were, respectively, simulated for Guinea coast. Higher values
within this period are found from latitude 10° N and above
comprising the Sahel region while lower ones are below
the latitude, that is, the Guinea coast area. Subsequent peri-
0ds—2070-2099 and 2100-2129 decreased proportionately
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with the previous period to an average reduction of 3.5 °C
and 4.2 °C, respectively, in Sahel and 2.8 °C and 3.9 °C,
respectively, in the Guinea coast with respect to the refer-
ence period. As a major factor to indicate the degree of cli-
mate change, rise in TS induces warming. Therefore, loca-
tions with higher values of TS such as the Guinea locations
at lower latitude in the period 2040-2069 (Fig. 8b) will be
dry, but with a lower intensity compared with the intensity
at the reference period, while locations with lower values
will be slightly wetter than it was at the reference period.
Sub-humid-warm tropics are found in Guinea, the southern
part of Burkina Faso and Nigeria, while the southern parts
of Guinea and Nigeria have a humid-warm tropical climate.

According to IPCC (2021), global warming scenarios
over West Africa is projected at 1.5 °C, 1.5 °C and 1.4 °C
for the periods 2021-2040 (near term), 2041-2060 (medium
term) and 2081-2100 (long term), respectively, under a net
zero carbon dioxide emission by 2050. Under high emis-
sion scenarios, warming for the same periods is projected
at 1.6 °C, 2.4 °C and 4.4 °C, respectively. Comparatively,
carbon dioxide removal simulation projected an average of
2.2 °C, 3.4 °C and 4.6 °C reductions in warming for the
periods 2040-2069, 2070-2099 and 2100-2129, respec-
tively. West African ecosystems are very sensitive to climate
change and climate variability. This means that growth of
natural vegetation across Africa will improve while deserti-
fication, biodiversity loss and species extinction engendered
by warming climate are expected to recuperate. Lack of
water availability is a serious issue in West Africa. Declin-
ing rainfall and increasing temperature, drought frequency
and water demand have been identified as major causes of
drying water bodies. Decrease in temperature with CO,
removal will improve water availability for sustainable agri-
cultural practices and hydropower purposes and reduce wild
fire occurrence and land degradation. Decreased tempera-
tures over West Africa due to atmospheric carbon dioxide
removal has the potential to reduce the rate of occurrence
of drought and its intensity. This minimizes the risk of dis-
ruption associated with wetlands and riverine systems with
a resultant improvement in structural changes in plant and
animal populations.

3.3 Time of retreat

The analysis of time of retreat (ToR as demonstrated in
Figs. 10, 11, 12) to 2 °C level of reduction shows that, with
TAS, under the threshold of signal-to-noise ratio S/N < —1,
the retreat was projected by the year 2095 during autumn
with a reduction of up to 2.2 °C (Table 4) in Sahel region,
while it was captured in Guinea coast region by the year
2089 during summer with a reduction of up to 2.4 °C. There-
fore, under the threshold of S/N < — 1, ToR is simulated by
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TAS from the year 2095 (autumn season) to 2107 (winter
season) in Sahel and from the year 2089 (summer) to 2099
(winter season) in Guinea coast. In Sahel, with the thresh-
old value of S/N< —2, ToR is expected in the year 2114
during autumn with an impact of —2.7 °C while in Guinea
region, it is expected earlier in the year 2107 during autumn
with maximum reduction 2.8 °C. Under the threshold of
S/N < —2, ToR is simulated by TAS from the year 2114
(autumn season) to 2119 (winter season) in Sahel and from
the year 2107 (autumn) to the year 2116 (winter season) in
Guinea coast.

With TS, under the threshold of S/N < — 1, the retreat was
simulated by the year 2095 during autumn with a reduction
of up to 2.1 °C in the Sahel region, while it was projected
in the Guinea coast region by the year 2091 during sum-
mer with a reduction of up to 2.2 °C. Under this threshold,
ToR is simulated by TS from the year 2095 (autumn season)
to 2107 (winter season) in Sahel and from the year 2091
(autumn season) to the year 2109 (winter season) in Guinea
coast. In Sahel, with the threshold value of S/N < —2, ToR
is expected in the year 2115 during autumn with an impact
of —2.6 °C, while in the Guinea region, it is expected earlier
in the year 2111 during autumn with maximum reduction
of 2.7 °C. Therefore, under this threshold, ToR is simulated
by TS from the year 2115 (autumn season) to the year 2119
(winter season) in Sahel and from the year 2111 (autumn) to
the year 2116 (winter season) in Guinea coast.

4 Conclusion

Over West Africa, temperature projection with CDRMIP
declined toward the last period 2100-2129. Improvement
in the level of wetness is expected with a significant reduc-
tion in temperature within the Sahel region before the end
of the year 2100. Time of retreat to 2.0 °C reduction target
is expected to occur much earlier during autumn and later
during winter seasons. Furthermore, the time of retreat is
simulated to occur earlier in the Guinea coast region with
greater levels of impact than in the Sahel region and will
occur mostly during the autumn season in both regions. Gen-
erally, the temperature of the atmosphere over West Africa is
projected to reduce by at least 1.0 °C in 2040-2069 period,
1.7 °C in 2070-2099 period and 2.8 °C in the 2100-2129
period. Further work is therefore recommended to be done
to study the impact of carbon dioxide removal in agriculture,
heat stress and fire index over West Africa.
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Fig.10 Median ToR for TAS.
Column 1: a winter season
(DJF), ¢ spring season (MAM),
e summer season (JJA) and g
autumn season (SON) when
temperature is expected to
retreat to preindustrial level
under a threshold value

ToR < —1. Column 2: b winter
season (DJF), d spring season
(MAM), f summer season (JJA)
and h autumn season (SON)
when temperature is expected
to retreat to preindustrial

level under a threshold value
ToR <-2. The regions indicated
by the red and white boxes are
used in Fig. 12

TAS DJF MEDIAN ToR<-1

-20 0 20
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Fig. 11 Median ToR for TS.
Column 1: a Winter Season

(DJF), ¢ Spring Season (MAM),

e Summer Season (JJA) and g
Autumn Season (SON) when
temperature is expected to
retreat to preindustrial level
under a threshold value ToR

< — 1. Column 2: b Winter
Season (DJF), d Spring Season
(MAM), f Summer Season
(JJA) and h Autumn Season
(SON) when temperature is
expected to retreat to prein-
dustrial level under a threshold
value ToR < —2
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Fig. 12 Histograms represent-
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ing the number of S/N < -2 30 30
temperature threshold in each
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Table 4 Time of retreat under SAHEL GUINEA
threshold values S/N< —1 and
S/N < —2 for the two regions Seasons Time of Time of Time of Time of
indicated by the red and white retreat<— 1 (°C) retreat<—2 (°C) retreat<—1(°C) retreat<-—2
boxes in Fig. 10h O
TAS Winter (DJF) 2107 (- 1.9) 2119 (-2.4) 2099 (- 2.0) 2116 (- 2.6)
Spring (MAM) 2096 (- 1.9) 2118 (-2.6) 2090 (- 2.1) 2112 (-2.7)
Summer (JJA) 2096 (- 2.1) 2116 (- 2.6) 2089 (—2.4) 2107 (- 2.8)
Autumn (SON) 2095 (-2.2) 2114 (-2.7) 2090 (—2.4) 2107 (- 2.8)
TS Winter (DJF) 2107 (- 1.8) 2119 (- 2.5) 2102 (- 1.9) 2116 (- 2.5)
Spring (MAM) 2097 (- 1.9) 2118 (- 2.5) 2093 (-2.1) 2115 (- 2.6)
Summer (JJA) 2096 (- 2.1) 2117 (- 2.6) 2091 (-2.2) 2112 (-2.7)
Autumn (SON) 2095 (-2.1) 2115 (- 2.6) 2091 (-2.2) 2111 (-2.7)

Numbers in parenthesis indicate the levels of impact for the corresponding year of retreat
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