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ABSTRACT

The aim of this study was to assess the historical and projected climate trend analysis in the
Upper East Region, Ghana, using time series and modelled climate data under shared socio-
economic pathways scenarios. Due to the climate data scarcity challenge in Ghana, there is
a need to rely on high-resolution satellite-based climate products for climate change studies.
Accordingly, temperature and precipitation data of six stations were obtained from Ghana
meteorological stations; in addition, precipitation data of five satellite stations were obtained
from CHIRPS data with 0.05’ (5 km) resolution to complement the in-situ datasets; and the
temperature data for the satellite station obtained from the NASA power project were
extracted. Modelled climate data were obtained from five GCMs in the CMIP data portal on
the WCRP website. R software was used to extract NetCDF-format GCM data to Excel format
and CMhyd was used for downscaling GCM data. The variance scaling method and local
intensity scaling methods were used for temperature and precipitation bias correction, respec-
tively. The Mann-Kendall (MK) method was used to determine the statistical significance of
a change and identify trends in temperature and precipitation. The results of historical
temperatures were significantly increased, while historical precipitation was significantly
decreased. The projected mean annual temperature will increase significantly, peaking at
1.80°C by 2065, precipitation will, conversely, show significant spatial variability and seasonal
dependency. For instance, by 2065, precipitation is projected to decrease between 10.05% and
12.66%. The results concluded by recommending policymakers develop climate change adap-
tation strategies guided by future climate scenarios.
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1. Introduction . .
countries that rely solely on rainfall (Klutse et al.,

Climate change is defined as a statistically significant
change in the average climatic conditions or variability
that persists for several decades or longer (Milentijevic
et al.,, 2022). Temperature changes are notable mani-
festations of climate change (Kwawuvi et al.,, 2023). The
average temperature of our planet might rise by 1.1 to
5.40C (2-9.7 F) by the end of the 21st century, accord-
ing to simulations from numerous climate models
(IPCC, 2022). The demand for long-term climate per-
spectives has grown due to worries about global cli-
mate change (Norrgard, 2015). Because of this,
historical records have significantly augmented and
enhanced our knowledge of historical climatic varia-
bility (Norrgard, 2014). Advances in historical climatol-
ogy have drawn attention to the widespread use of
documentary materials like weather diaries, private
correspondence, trip journals, ship logs, and official
and missionary records (Andrijevic et al., 2020).
Increases in global temperature are predicted to sig-
nificantly affect several countries, with disastrous con-
sequences for agriculture systems in developing

2020a). Temperature variability may lead to a rise in
the frequency, magnitude, and seasonality of extreme
events that are likely to happen in the future
(Frimpong et al., 2022).

Scientists have agreed that by 2050 the global tem-
perature, on average, will be 2°C higher than the figure
before the Industrial Revolution and that the 2°C
higher temperatures would result in more extreme
weather conditions (Deser et al., 2020). Climate change
is a global issue, but the impact is not globally even
(IPCC, 2022), due to the adaptive capacity. Adaptive
capacity is low in underdeveloped nations, particularly
in Sub-Saharan Africa (SSA). Since, their key economic
sectors, such as agriculture, power generation, and
industry, strongly depend on the climate, of which
seasonal precipitation forms a key component (Atiah
et al., 2023). At the same time, there is limited informa-
tion flow, which is one of the necessary ingredients for
climate adaptation decision-making (Portner et al.,
2022). In the case of West Africa, the projections are
that the sub-region will be warmer than the global
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average temperature of 1.5°C by 2100 (Klutse et al.,
2020a).

Ghana faces significant challenges of the negative
impacts of LULC and climate change which directly or
indirectly affects ecology, economy, and society (Larbi
et al, 2021). The Ghanaian government predicts an
annual increase in the average temperature of up to
0.80 C by 2020 and 5.40 C by 2080 in all agroecological
zones (Kosoe & Ahmed, 2022). The forecasted tempera-
tures also show a large regional variance, with upper
East Ghana expected to rise faster than the nation’s
coastal regions (Dutta & Bhattacharjya, 2022). As
a result, Upper East Ghana is expected to experience
the negative consequences of climate change than the
rest of the country (MESTI, 2015).

To improve climate change knowledge and detect
the effect of changes in the past, present, and future,
global climate models (GCMs) under the supervision of
the Coupled Model Intercomparison Project (CMIP)
were established by modelling groups globally (Atiah
et al., 2023). Climate model data are accessible through
the World Climate Research Program (WCRP), which
supervises the various phases of the CMIP (Calvin
et al., 2017). The Coupled Model Inter comparison
Project (CMIP) was created as a cooperative climatol-
ogy framework to better understand climate change
(Meehl et al., 2000). The CMIP uses several models to
better understand past, current, and future climate
changes brought on by changes in radiative forcing
or natural, unforced variability (Déscher et al,, 2022). In
comparing other new models and earlier models, the
climate research community evaluates how well the
models perform (Kharin et al, 2013). The model
ensemble results also support several studies and pro-
grams on the impacts of and adaptations to climate
change and public outreach and education (Harcourt
et al, 2019). To address the CMIP5’s remaining scien-
tific gaps and new problems in climate modelling, the
CMIP6 was launched in 2014 (Eyring et al., 2015).
CMIP6 models have improved dynamic processes and
higher resolution. They are, therefore, more accurate
than earlier iterations (Laube et al., 2012). By integrat-
ing RCPs into SSPs, CMIP6 improves the robustness of
climate projections and better supports climate poli-
cies by considering how socioeconomic variables (such
as population and economy) affect greenhouse gas
emissions (Mohammed et al., 2021). The current sce-
nario iteration adopted for CMIP6 (2016-2021) and
integrated into the Assessment Report of IPCC Six
(AR6) of 2021 is premised on a program of shared
socioeconomic pathways (SSPs) (Maharana et al,
2021). The SSP-based scenarios are regarded as the
most advanced, taking into consideration mitigation
to current emissions growth (Masson-Delmotte et al.,
2021). Five SSPs were created, each depending on
a unique set of human development propositions,
including those related to population, education,

urbanisation, GDP, economic growth, rate of technolo-
gical advancement, emissions of greenhouse gases
(GHG), aerosols, energy supply and demand, and
changes in land use (Bauer et al., 2017; Chaturvedi
et al., 2020; O'Neill, 2016). A modernised version of
the RCPs was intended to be used with the SSPs
(Riahi et al., 2017).

The variability of temperature and precipitation
indices over West Africa is being assessed using 21
CMIP6 models (Jacob et al., 2020). The potential
impacts of future rainfall and temperature changes
on streamflow and evapotranspiration in the Tano
River basin of Ghana from 2021 to 2050 was stu-
died by (Larbi et al, 2022) by using GCMs
(CanESM5, MPI-ESM1-2-LR, MIROC6, and IPSL-
CM6A) under RCP 4.5 emission scenarios
(Gbangou et al., 2019). Conclusively, these studies
opine a lack of forecast data on temperature
changes and precipitation, making that ecological
zone more susceptible to the ravages of extreme
weather conditions. Aiming to fill the research gap,
this article uses the Coupled Model
Intercomparison Project Phase Six (CMIP6) model
data to project temperature and precipitation
trends from 2025 to 2065 for the Upper East
Region of Ghana. Significantly, this article contri-
butes to the literature by highlighting the practical
implications of future climate change and the need
to develop strategies and policies for long-term
environmental management. The article s
expected to guide local governments and policy-
makers in developing and implementing effective
and appropriate response strategies to mitigate
the negative effects of climate change.

2. Methodology
2.1. Study region

The Upper East Region (Figure 1) is located on the
northeastern corner of Ghana between latitudes 10°
30’ to 11°00’ north and longitudes 0° to 1°30’ west. The
region covers a land surface area of 8842 km2 with
a population density of 103 persons/km2. It has two
international boundaries with the Republics of Burkina
Faso to the north and Togo to the east. The other
boundaries are Northern Region and Upper West
Region to the south and west, respectively (Larbi
et al., 2021). The regions’ soil is shallow and low in
soil fertility, weak with low organic matter content,
and predominantly coarse textured. The region has
a tropical continental or interior savanna climate,
mostly influenced by the tropical continental air
mass. While the movement of the air masses results
in two rainy seasons in the southern part of the coun-
try, the Upper East Region experiences only one, last-
ing from May to October (Frimpong et al., 2014).
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Figure 1. Map of the study region.

Table 1. Meteorological station locations in the study region.

ID Station Name Latitude Longitude Elevation
1 Bolgatanga 10.8 —-0.867 290

2 Vea 10.867 —-0.85 200

3 Navirongo 10.89 1.09 196.12
4 Manduri 10.75 -0.75 252

5 Bawku 11.05 0.23 232.05
6 Garu 10.85 0.18 228

Annual average precipitation is about 1000 mm.
About 85% of the region falls within the White
Volta Basin, with a network of tributaries, mainly,
the White, Red, and Black Voltas and the Sissile
River. Also, the Kulpawn River which has its catch-
ment to the southwest of the region is joined by
the Sissile just before its confluence with the White
Volta. About 80% of the economically active popu-
lation engages in agriculture (Mostafa et al., 2022).
The main produce is millet, guinea corn, maize,
groundnut, beans, sorghum, and dry season toma-
toes and onions. Livestock and poultry production
are also important. There are two main irrigation
projects, the Vea Project in Bolgatanga covering
850 ha and the Tono Project in Navrongo covering
2490 ha. Altogether they provide employment to
about 6000 small-scale farmers. Also, dotted in
many parts of the region are dams and dugouts
which provide water for both domestic and agricul-
tural purposes (Gbangou et al., 2019).

2.2. Data source

2.2.1. Observed climate data source

Some of the Observed daily rainfall, maximum and
minimum temperature covering the period from 1982
to 2022 provided by Ghana Meteorological Agency
(Table 1). Due to the sparse distribution of in situ cli-
mate stations throughout the region, additional daily
values of rainfall for gridded sites were extracted from
the Climate Hazards Group Infrared Precipitation with
Station (CHIRPS) data with 0.05" (5km) resolution to
complement the in-situ datasets (Table 2). The tem-
perature data from the NASA POWER project are
extracted from Modern Era Retrospective-Analysis for
Research and Applications (MERRA-2) assimilation
model products and GEOS 5.12.4 near-real-time pro-
ducts (Agbo et al.,, 2022) (Table 3). These two satellite
products have been selected based on their ability to
accurately reproduce the climatology in the upper east
region of Ghana (Larbi et al., 2022). Data quality control



4 (&) G.F.ARFASAETAL.

Table 2. Climate hazards group infrared precipitation with Station (CHIRPS) and nasa
power for temperature locations for the study region.

ID Station Name Latitude Longitude Elevation
1 Kasena Nankana East 10.88 1.09 179
2 Kasena Nankana West 10.97 -1.10 229
3 Tolensi 10.75 -0.75 165
4 Builso North 10.70 —0.98 160
5 Builso South 10.45 0.23 156
Table 3. Data source/website for observed climate data from 1982 to 2022.
S/IN Data Source Website/Office/ Measurements
1 NASA https://power.larc.nasa.gov/data-access-viewer/ oC/day for Temperature
2 CHIRPS https://data.chc.ucsb.edu/products/CHIRPS-2.0/ mm/day for precipitation
3 GMet Ghana Meteorological Agency oC/day for Temperature

mm/day for Precipitation

Source: Adopted from (Manski et al., 2021).

Table 4. Gecms used in the previous studies conducted in West Africa, Ghana.

Horizontal
Model Institution Resolution (lon.x lat.) Vertical Resolution Reference
CNRM-CM6-1 CMCC 362 x 294 75 (Frimpong et al., 2022)
IPSL-CM6A-LR IPSL 144 x 143 79 (Gbangou et al., 2019)
CanESM5 ESM 288 x 192 72 (Bauer et al., 2017)
MPI-ESM1-2-LR MPI 384 x 192 95 (Klutse et al., 2020b)
NorESM2-LM NCC 144 x 96 32 (Larbi et al., 2021)
MRI-ESM2-0 MRI 320 x 160 80 (Gbangou et al., 2019)
GISS-E2-1G NASA GISS 144 x 90 40 (Larbi et al., 2022)
MPI-ESM-1-2-HAM MPI 192 X 96 46 (O’'Neill et al., 2016)
MIROC6 MIR 144 x 143 30 (Larbi et al., 2022)

Sources: https://pcmdi.linl.gov/cmip6/dataportal.html, [3224].

in terms of missing data checks for the six climate
stations were performed. Less than 10% missing data
records for rainfall and temperature were found for
each of the six climate stations.

2.2.2. Global climate models (GCMs) data source
Climate model evaluation presents a crucial pathway
into the investigation of the simulation of future cli-
mate (Meehl et al., 2014). GCMs outputs in CMIP6 are
produced by various institutions across the globe due
to the high temporal resolutions are within the
required domain that is needed for the determination
of the features/processes in this study. Some of the
models used in west Africa, particularly in Ghana by
different Authors are as follows.

In this study, five GCM models from the CMIP6 were
used for future climate change projections and assess-
ments under shared socio-economic path ways for the
region. Table 1 shows GCMs models: CanESM5, CNRM-
CMé6-1, IPSL-CM6A-ATM-HR, MIROC6, and MPI-ESM1
-2-LR were selected based on previous studies

conducted in the Volta basin and Tono basin of
upper east region (Larbi et al., 2021; O'Neill et al.,
2017) (Table 4). Future time precipitation, and tem-
perature data for the SSP 2.6, SSP 4.5, SSP 7.0 and
SSP 8.5 emission scenarios were downloaded using
the CMIP6 model from (https://pcmdi.linl.gov/mips/
cmip6/dataportal.html//) node portal of the IPCC data-
base distribution centre). The list of the GCM model
and resolution s are listed in Table 5.

2.3. Downscaling GCM data

The most popular method for predicting how the cli-
mate will change in the future is to utilise Global
climate models (Taylor et al., 2012). The CMIP uses
several models to better understand past, current,
and future climate changes brought on by changes in
radiative forcing or natural, unforced variability
(Doscher et al., 2022). In comparing other new models
and earlier models, the climate research community
evaluates how well the models perform. The model

Table 5. Models to download CMIP6 climate data for the study region.

Horizontal resolution

No CMIP6 model name Country (long. by lat. in degrees) Variant label
1 CanESM5 Canada 2.8° % 2.8° r1ilp1fl
2 MPI-ESM1-2-LR Germany 1.9° % 1.9° r1ilp1f1
3 IPSL-CM6A France 2.5°% 1.3° r1ilp1fl
4 MIROC6 Japan 14°x 1.4° r1ilp1f1
5 CNRM-CM6 Germany 0.9° x 0.9° r1i1p1f1

Sources: https://pcmdi.linl.gov/cmip6/dataportal.html (Larbi et al., 2022).
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ensemble results also support several studies and pro-
grams on the impacts of and adaptations to climate
change and public outreach and education (Harcourt
et al,, 2019). To address the CMIP5’s remaining scien-
tific gaps and new problems in climate modelling, the
CMIP6 was launched in 2014 (Eyring et al., 2016).
CMIP6 models have improved dynamic processes and
higher resolution. They are, therefore, more accurate
than earlier iterations (Nuhu & Matsui, 2022). By inte-
grating RCPs into SSPs, CMIP6 improves the robustness
of climate projections and better support climate poli-
cies by considering how socioeconomic variables (such
as population and economy) affect greenhouse gas
emissions (Vaittinada Ayar et al., 2021).

Climate projections for the future are typically gen-
erated through the use of global climate models
(GCMs) (Hewitt et al., 2021). GCMs are scientific tools
that replicate the complete climate system of the
Earth, encompassing the oceans, atmosphere, and
land (Van Vuuren et al., 2017). They are designed to
depict large-scale climate patterns across continents
and have been proven to accurately represent general
patterns as observed in meteorological datasets from
the 20th century (Manski et al., 2021). These GCM:s offer
well-configured environments for examining the
impact of various future greenhouse gas emissions
on the climate of the Earth. The downscaled model
output is more realistic than the GCM output for direct
application as regional-scale study of climate change
(Orkodjo et al., 2022). R software Version 4.6.2. was
used for extracting GCM data from NetCDF format to
Excel format and CMhyd was used for downscaling
GCM to Specific to the study area. Downscaling from
GCMs to RCMs is necessary before using GCM model
data as input for the future projections (Dessu &
Melesse, 2013).

2.4. Bias correction of climate data projections

Prior to using climatic data for future projection,
biases  typically need to be corrected
(Hosseinzadehtalaei et al., 2021). Because, GCM
model output data usually has a significant bias,
which necessitates correlation to analyse data bias
reduction, improve data quality, and increase data
reliability (Hewitt et al., 2021). Hydrological modelling
software (CMhyd) climate model data were utilised in
this study to correct bias and remove bias from
future climate daily temperature and precipitation
data (Willkofer et al., 2018). For this study, we down-
loaded CMhyd software from https://swat.tamu.edu/
software/. The variance scaling bias-correction
method was used to correct both the mean and
variance of the temperature time series. This meth-
ods perfectly match the monthly mean of the cor-
rected values with that of observed data (Eyring
et al., 2015). The local intensity scaling (LOCI) method
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of precipitation bias correction. This method can
adjust mean as well as both wet-day frequencies
and wet-day intensities (Somorin, 2010). The bias-
corrected rainfall and temperature-simulated data
(GCM) were used to assess the projected changes in
rainfall and temperature at the region under the
SSP2.6, SSP 4.5, SSP 7.0 and SSP8.5 scenarios. The
change analysis was conducted for the period
2025-2065 relative to the 1982-2022 reference
period.

2.5. Mann-kendall (M.K.) trend test

Mann-Kendall's tests was used for the trend test. The
nonparametric Mann-Kendall test checks for trends in
time series without determining whether they are linear
or non-linear, making it less vulnerable to outliers (Alves
et al,, 2022). The Z test statistics S figure is presumed to
be zero, meaning no trend exists (Agbo et al., 2022).
The S is increased by one if a data value from a later
period is discovered to be higher than a data value
from an earlier period (Wong et al.,, 2017). Contrary, if
the data from the later period is less than the first
period, the Z test statistics S is lessened by one. In this
case, the result of all pluses and minuses gives the final
S value between —1 and + 1. The null hypothesis of the
Z test shows no trend. While the alternative hypothesis
of the Z test means there is a trend. The following will
be the Mann-Kendall test statistics:

n—1 n
5= k=1 Zj:k+1 sgn(Xj — Xi) (m

S = any integer between —n ("5!) and n("3'), X; and X
are sequential time series values, n is the amount of data
in the set, sgn (X; —Xy is the sign function and is given as:

1if (X; — X¢) >0
sgn(X; — Xk) = ¢ 0if (X, — Xi) =0 )
—1if (X; — X¢) <0

It is also assumed that for n =8, the S test statistics is
normally distributed, with a mean value
zero and variance calculated using equation (3)

o — n(n — 11)é2n +5) 3)

Under this situation, the standardised test statistics
Z will be:

S-1if§>0
Z={ 0ifS=0 (@)
SH1ifS<0

The choice to accept or reject the null hypothesis is
determined by comparing the calculated Z-value with
the critical value at a selected significance level.
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3. Result and discussion

3.1. Evaluation of historical precipitation and
trend analysis

Trends between 1982 and 2022 were statistically sig-
nificant, according to a 40-year analysis of annual and
seasonal variations in precipitation. An evaluation of
the 40-year record of annual total rainfall data from the
representative stations revealed a coefficient of varia-
tion from 20% to 89%. A single rainy season in the
Upper East Region occurs from May to October. For the
historical period of change in precipitation trend for
the region, six (6) precipitation measurement stations
and five (5) Gridded stations from CHRIPS data were
examined. For the five (5) grid stations and six (6)
meteorological measuring stations the annual precipi-
tation data trends of the time series showed seasonal
variation trends. All stations in (Figures 2 and 3) dis-
played monotonic trend changes in annual precipita-
tion that were statistically significant, according to the
trend detection test.

1300 -

Sen’s slope estimator was used to analyse the
time-series data from 1982 to 2022. Across all sce-
narios, rainfall exhibits a noticeable and consistent
declining trend. The outcomes of the Mann-Kendall
test for trend assessment are displayed in Figure 3,
indicating a declining trend in precipitation within
the area. The results of the M.K. test for annual
precipitation data demonstrate a statistically sig-
nificant decrease in trend, with a significance
level of 1%. Significant statistical trends have
been observed for rainfall, with the results remain-
ing statistically significant at a 99% confidence
level from 1982 to 2022. It is imperative to observe
that the 99% confidence limit was determined
based on the ‘Z’ score value. These findings align
with the results reported by (Klutse et al.,, 2020a)
indicating a reducing trend in rainfall levels and
highlighting the significance of seasonal distribu-
tion within the Region at a 1% significance level.
Figure 3 shows the MK test and trends that are
statistically significant.

Station Name
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2 800 1 v . V\ Garu
% —Kasena N. East
;d 700 - ——Kasena N. West
600 ——Tolensi
500 4 —Bu%lso North
— Builso South
T O X0V O AT O XOANTITOOOANIT O 0OAN
RIS
Al B B B i B B o B o B o\ BN o\ BN o\ B o\ B o B o B o B o\ B o\ B Q\)
Year
Figure 2. Trend analysis of average annual precipitation, 1982-2022.
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Figure 3. Mann-Kendall trend test for annual precipitation, 1982-2022.
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Figure 4. Average annual temperature trend analysis from 1982 to 2022.

3.2. Evaluation of historical average temperature
and trend analysis

The findings of the trend test showed statistically sig-
nificant positive increasing trend. The results indicated
a consistent rise in temperature across all seasons, with
significant effects observed in the last four decades at
both yearly and seasonal levels. The findings revealed
a significantly positive increase trend at six meteorolo-
gical gauging stations and five grid stations (Figure 4).
The average maximum and minimum temperature
increase ranged from 0.6 to 1.5 during the study period.
Specifically, the annual maximum and minimum tem-
perature displayed a noteworthy upward trend, and
a significant increase was observed as shown in Figure 5.

The highest temperature during the detected time
exhibited a subtle warming or upward trend, with
Sen’s slope ranging from 0.01 to 0.02. These findings
align with the literature; for example, research by
(Constantinidou et al., 2020; Derbile et al., 2022;
Stanturf et al., 2011) which also reported increasing

Builso South
Builso Nourth
Tolensi
Kasena N. West
Kasena N. East
Garu

Bawku
Manduri
Navirongo
Vea
Bolgatanga

trends. Notably, these studies indicated that increasing
tendencies of the minimum temperature were more
pronounced than the maximum temperature.

The analysis based on MK test (Figure 5) displays the
results of the statistical monotonicity test for the annual
temperature trend, which revealed that all stations had
a statistically significant positive trend that was increas-
ing. The maximum and minimum temperatures were
examined using the MK test on monthly and annual
mean time series data spanning 40 years from 1982 to
2022. The MK statistics and corresponding P-values at
5% and 1% significance levels. The analysis revealed
significant change in annual temperature throughout
the period from 1982 to 2022. As anticipated, both
maximum temperature variables exhibited a consistent
linear increase since the 1980s. Overall, the trend test
results showed that the region has a statistically signifi-
cant trend of increasing temperature (Figure 5).

The study shows a general increase in annual tem-
perature. Overall, the upper east region is hotter than
other regions in Ghana. The average annual

m P-value
Z-Value

1

1.5 2.5

Figure 5. Average annual temperature MK. trend test for 1982-2022.
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Figure 6. Projected average annual precipitation, 2025-2065.

temperature is 32.56°C (90.61°F) and it is 3.7% higher
than Ghana's averages. These findings align with pre-
vious research conducted by (Frimpong et al., 2014)
and (Klutse et al.,, 2020b) who also observed higher
increasing trends in the minimum temperature and the
maximum temperature series in the northern region of
Ghana.

3.3. Projection of annual precipitation and trend
analysis

Projected future precipitation in the Region shows
a significant decreasing trend, which results in a change
in cropping times and frequent extreme events like
drought and flooding. The results (Figure 6) show the
predicted precipitation trend for the Upper East Region
was evaluated for 40 years from 2025 to 2065 compared
to the reference period. The models outcomes revealed
that the general trend of precipitation will decrease in the
future compared to the reference period.

The study analysed the anticipated changes in aver-
age monthly rainfall over 40 years using Sen’s slope
estimator. Sen’s slope estimator was applied to time-
series data from 2025 to 2065. The results indicate
a significant decreasing trend in precipitation across all
scenarios. Furthermore, a significant relationship was
observed between the four scenarios based on the
linear regression analysis, with R2 values of 0.81, 0.86,
0.71, and 0.81 for SSP1-2.6; SSP2-4.5; SSP3-7.0 and
SSP5-8.5 w/m2 (Table 6). To project future rainfall, the
average outcomes of the models were adopted to com-
pute annual and annual average precipitation. The aver-
age outcomes of the GCMs under the SSP1-2.6, SSP2-
4.5, SSP3-7.0 and SSP5-8.5 emission scenarios indicate
a declining trend in precipitation over the next 40 years.

The MK test was employed to analyse the monthly
and annual means of precipitation, using a 40-year
time series from 2025 to 2065. Table 6 presents MK
test results and corresponding P-values at 5% and 1%

Table 6. Projected slope of average annual precipitation,
2025-2065.

CMIP6 GHG emission scenarios Slope

SSP1 2.6 Y=0.0237x + 32.899 R?=0.81
SSP2 4.5 Y=0.0059x +33.703 R*>=10.71
SSP3 7.0 Y=0.0367x + 32.727 R®>=10.71
SSP5 8.5 Y=0.002x + 34696 R®>=0.81

significance levels. The annual precipitation shows sig-
nificant change between 2025 and 2065. The nonpara-
metric MK method assessed whether the monotonic
trend was upward or downward. The results presented
in Table 7 indicate the presence of a trend in the
precipitation pattern within the studied region.
Specifically, SSP 2.6 and SSP 7.0 show statistical signifi-
cance at 99% confidence. This suggests that precipita-
tion is projected to decline during the future 40-year
period compared to the reference period.

Figure 7 illustrates the trend of average annual pre-
cipitation during these 40 years. The Future precipita-
tion shows a negative trend under SSP 2.6. The trend
result demonstrated a statistically significant trend of
decreasing precipitation.

The characteristics of precipitation variability in
the region were temporally and spatially examined
using rainfall data from the Ghana Meteorological
Agency from 1982 to 2022. It was observed that the
region experienced its highest levels of precipita-
tion in the central area, with an average annual
precipitation ranging from 1000 to 1050 mm. The
distribution of monthly precipitation across the
region displayed a north-to-south spatial gradient,
with a declining trend in quantity. The decrease in
rainfall could accelerate the incidence of drought in
the Upper East Region. Rivers, dams, and dugouts
would dry up and dry season farming would be
hampered. Also, crop yield could reduce in the
region because farming is rain dependent.
However, low crop yield could be averted if storm
water is harvested in controlled dams for irrigation
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Table 7. MK trend analysis of future precipitation (2025-2065).

Scenarios Z-value Sen'’s slope S Var(s) P-value Tau
SSP 2.6 —2.482 -0.023 -2.220 7.92266 0.013 -0.270
SSP 4.5 0314 0.003 2.900 7.92566 0.75 0.035
SSP 7.0 3.258 0.034 29100 7.9216 0.001 0.354
SSP 8.5 0314 0.003 2.900 7.92100 0.753 0.035
SSP 8.5 L
SSP 7.0 P-value
W Z-value
SSP 4.5 =
S5P 2.6 —
r T T T T T T 1
-3 -2 -1 0 1 2 3 4
Figure 7. Mann-Kendall trend test for projected annual (2025-2065).
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Figure 8. Projected maximum temperature over periods of 40 years from 2025-2065.

because rain amount does not necessarily mean
uniform distribution of water. Incidence of climate-
related diseases such as cerebrospinal meningitis
would increase, and the cost of drugs and food
needed for mitigation would increase. This is
because global temperature increases combined
with increasing food demand as population grows
and would pose large risks and increase cost to
food security globally, regionally, and locally. The
highest rainfall was observed in the central and
northwestern areas of the region. This finding
Supports the finding of (Acheampong et al., 2014;
Zhu et al., 2021) prediction of a decrease in pre-
cipitation over northern Ghana between 12% and
14% by the end of the 2100th century.

3.4. Projected minimum and maximum
temperatures and trend analysis

Figure 8 shows the projected maximum temperature
will increase by approximately 2°C above current levels
by 2065 under the SSP5-8.5 scenario. However, under

the scenario of SSP1-2.6, the temperature rise will be
less than 1°C. Overall, temperatures in the region were
warmer than initially predicted by the SSP-2.6 scenario
but lower than those projected by the SSP5-8.5 sce-
nario until 2065. Nevertheless, by 2065, the maximum
temperature in the SSP5-8.5 scenario is anticipated to
higher than that of the SSP1-2.6 scenario. Similarly
(Kosoe & Ahmed, 2022), observed a rise in tempera-
tures of 0.075°C per year in the Bawku East District of
upper east region between 1961 and 2012. This rate is
higher than Ghana’s average of 0.021°C annually,
which aligns with the findings of this study.
Additionally, the rate at which the minimum tem-
perature is warming is projected to outpace that of the
maximum temperature, and this trend is expected to
persist until 2065. Consequently, daytime and night-
time temperatures will likely rise, but the increase in
night-time temperatures will be more rapid. This indi-
cates a rise in residual heat during the daytime.
Under the SSP1-2.6; SSP2-4.5; SSP3-7.0, and SSP5-
8.5 scenarios, the maximum temperature is projected
to experience an upward trend with annual increases
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of 0.818, 0.97, 0.98, and 0.84 degrees Celsius respec-
tively (Table 8). The findings from the study are in
similar with a previous study by (Gbangou et al.,
2019) that reported an increasing trend in mean tem-
perature over a specific area within the Upper East
Region from 1931 to 1990.

Table 9 presents the MK test results and correspond-
ing P-values at 5% and 1% significance levels. It was
observed that the annual temperature depicts significant
change between 2025 and 2065. As anticipated, both the
maximum temperature variables displayed a consistent
linear increase since 1982. The nonparametric MK test
result shows the downward trend was monotonic in the
variable over time of SSP 2.6. (Figure 9).

In line with the trends observed in minimum tem-
peratures, the projected minimum temperature experi-
ence greater warming by 2065, as depicted in
Figure 10. The mean annual temperature was expected
to increase with changes expected to be more pro-
nounced in the regions based on the ensemble mean
result of five global climate models. The results indi-
cated that temperature will increase with a reduction
in the number of cool nights and an increase in the
number of hot days. Other contributing factors that
would increase the severity of decreasing precipitation

Table 8. Projected slope of maximum temperature from 2025
to 2065.

CMIP6 GHG emission scenarios Slope

SSP1 2.6 Y=0.0148x + 23.709 R? =0.81
SSP2 4.5 Y=0.0318x +23.776 R®> =097
SSP3 7.0 Y=0.0441x + 23.613 R*>=0.98
SSP5 8.5 Y=0.0539x + 23.619 R>=0.84

amount and increasing deforestation and desertifica-
tion as a result in change in land use and increase fuel
wood consumption. These findings support the pre-
dictions made by Eby et al., (2013) which indicate that
global temperatures have risen by approximately 1oC
over the last century. The IPCC further suggests that
this warming trend is expected to speed up in the next
50years, potentially resulting in a temperature
increase of 1.5-3 oC due to rapid land use change.

Sen’s slope estimator indicates a strong upward
trend in minimum temperature across all scenarios.
Table 10 shows the linear regression analysis confirms
a significant relationship among the four scenarios, as
evidenced by the high coefficient of determination (R?)
values. Specifically, R2 values of 0.76, 0.97, 0.97, and
0.97 were observed under SSP1-2.6; SSP2-4.5; SSP3 7.0
and SSP5-8.5 w/m2, respectively. These high R? values
indicate a strong correlation between the scenarios
and the observed increase in minimum temperature.

Projections indicate that the warming rate of the
minimum temperature will outpace that of the max-
imum temperature, and this trend is anticipated to
persist until 2065. Under the SSP5-8.5 scenario, the
upper east Region is projected to experience the
most rapid warming rate of the minimum temperature,
with an estimated increase of 0.041 °C per year
(Table 11).

As shown in Figure 11, the minimum temperature
from 2025 to 2065 shows decreasing trend under SSP
4.5 and SSP7.0. On the other hand, SSP 2.6 and SSP 8.5
shows a statistically significant increasing trend of
minimum temperature.

Table 9. Analysis of M.K. trend for future minimum temperature from 2025 to 2065.

Scenarios Z-value Sen'’s slope S Var(s) P-value Tau
SSP 2.6 —2.205 0.014 6.4200 79139 0.010 0.782
SSP 4.5 3.362 0.031 7.4500 7.91633 0.020 0.908
SSP 7.0 2516 0.044 7.5900 7.92166 0.051 0.925
SSP 8.5 3.808 0.054 7.8500 7920.9 0.031 0.957
SSP 2.6 SSP 4.5 SSP 7.0 SSP 8.5
5 -
1 4
3 -
2 -
m Z-value
1 - P-value
0 T T L} 1
-1 4
.2 -
3 4

Figure 9. Mann-Kendall trend test for projected minimum precipitation from 2025-2065.
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Figure 10. Projected minimum temperature over periods of 40 years from 2025-2065.
Table 10. Projected slope of maximum temperature over 40 years from 2025 to
2065.
CMIP6 GHG emission scenarios Slope
SSP1 2.6 Y=0.0156x + 36.022 R = 0.767
SSP2 4.5 Y= 0.0321x +35.502 R? = 0.970
SSP3 7.0 Y=0.0374x + 35.02 R? = 0.971
SSP5 8.5 Y= 0.0493x + 35.368 R? = 0.978
Table 11. M.K. trend analysis of future minimum temperature over 40 years (2025-2065).
Scenarios Z-value Sen'’s slope S Var(s) P-value Tau
SSP 2.6 1.001 0.015 6.240 7.91733 0.025 0.760
SSP 4.5 —-2.606 0.031 7.6700 7.92166 0.07 0.935
SSP 7.0 -3.212 0.037 7.320 7.92206 0.021 0.892
SSP 8.5 2673 0.049 7.730 7.9216 0.041 0.942
5P 8.5 _
SSP7.0 |
i P-value
SSP 4.5 m Z-value
: —|
SSp2.6 |

o
[N
N
w

Figure 11. Mann-Kendall trend test for minimum temperature from 2025-2065.

4. Conclusions

This study utilised five CMIP6 models to examine the
projected rainfall and temperature changes from 2025
to 2065. The projection and trend evaluation were
conducted under four commonly used socioeconomic
scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-
8.5). Initially, the performance of the CMIP6 models
was evaluated based on data from 1982 to 2022
using bias correction method. The Mann-Kendall
trend test was used to determine whether a change
is statistically significant and to detect trends of the
baseline line period and future periods of projected
temperature and precipitation. Over the study period,

the estimated and expected annual, and monthly tem-
perature changes increased significantly and the
expected annual, and monthly precipitation decreased
significantly.

The annual temperature projections show
a statistically significant upward trend. The results
showed that the CMIP6 ensemble accurately repro-
duced the observed temperature distribution within
a range of 0.01°C to 0.031°C (or 0.021°C to 0.075°C)
when compared to the historical dataset across the
entire study area. Similarly, the projected precipitation
distribution was effectively replicated within a range of
10.05% to 12.66% relative to the historical dataset over
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a significant portion of the study area. However, the
models predicted higher seasonal precipitation in the
region. Under the four future scenarios, the study
investigated the projected temperature and precipita-
tion changes from 2025 to 2065, compared to the
historical period of 1982 to 2022. Notably, the Upper-
East Region of Ghana experienced a more pronounced
temperature increase. Specifically, temperatures in the
of the study area are projected to rise by up to 1.80
C by the mid-twentieth century under the SSP5-8.5
scenario. Regarding rainfall, a decrease is expected.
Minimum and maximum temperatures are anticipated
to rise significantly across the Region in the twenty-first
century under each of the four scenarios. From the four
different scenarios, the risk of maximum temperature is
projected to be 0.020C per decade. Rainfall and tem-
perature projections for the upper east Region remain
uncertain. We conclude by recommending policy-
makers develop climate change adaptation strategies
guided by these future climate scenarios. If climate-
smart management policies and practices are not vig-
orously pursued, the region may lose its ecology and
economic significance.
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