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Abstract
Near-surface air temperature (NST) plays a critical role in the weather and climate systems.
Understanding its variability and the associated in�uencing factors is extremely important due to its
dynamic variations in space and time at global, continental, regional, and local scales. In this study, we
�rst investigate the long-term changes of NST from 1981 to 2020 in Ghana by examining their Spatio-
temporal characteristics using Climatic Research Unit (CRU) and Climate Prediction Centre (CPC)
datasets. The two datasets showed increasing trends in the annual mean NST from 1981 to 2020, with
the strongest warming ranging from 0.1 to 0.9 oC found over the last two decades. The Pruned exact
linear-time algorithm is used to assess where the mean temperature experienced a signi�cant change.
The potential causes and implications of this shift are investigated by assessing changes in other
climatic factors before and after the breakpoint of NST warming. The increases were characterized by
abrupt NST changes in the linear trends when we compared warming in the current period (1998–2020)
with the recent past (1981–1997), suggesting a clear shift in climate conditions. The mechanisms
in�uencing the shifts in NST changes showed a strong relationship with land surface temperature (r = 
0.81 and 0.82 for annual and the seasons) and the 500 hPa geopotential height (r = 0.67 0.74, and 0.72)
for the annual, February to March (FMAM) and June to September (JJAS) seasons respectively.
Suggesting recent changes in the atmosphere and land may be connected to NST variation in Ghana.

1. Introduction
Global warming and the structural changes experienced across the globe are critical environmental
problems of contemporary human society. Since the pre-industrial period, the earth has warmed by 1.2 ± 
0.1°C. Surface air temperature is the most used gauge to track global warming due to its continuous and
dependable observational records (Song et al. 2022; WMO 2020). Average surface temperatures have
been steadily rising since the mid-twentieth century (IPCC 2021; Li et al. 2021), increasing the occurrence
and severity of high-temperature across the globe, especially in Africa (Iyakaremye et al. 2021b).
According to the Intergovernmental Panel on Climate Change (IPCC) 2021 report and Li et al. (2021), the
global climate has undergone signi�cant changes over the past century. The report demonstrated the
anthropogenic impact of global warming on the atmosphere and oceans, the associated loss of snow
and ice, and the rising sea level. Due to the sheer potential consequences on human activities such as
agriculture, interannual and interdecadal mean temperature �uctuations are key subjects of signi�cant
interest to humanity (IPCC 2021). Concerted debates continue across stakeholders whether the recent
�uctuation is part of short- or long-term global or regional climate change, with corresponding
implications on biospheric and socioeconomic systems (Smith et al. 2001). The surface air temperature
heavily in�uences weather systems; thus, studying its behavior is crucial for understanding climate
variability due to its highly dynamic variations in space and time at the global, continental, regional, and
local scales.

Previous studies in Africa have revealed apparent warming on the continental and national scales with
little knowledge of the local factors and mechanisms in�uencing the warming at the local levels (Hegerl
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et al. 2019; Iyakaremye et al. 2021a). Africa experienced its fourth hottest year (tied with 2015) in the 111-
year record, with an annual continental average temperature of 1.19°C (2.14°F) above average, according
to the NOAA (2021). The report expounded that Africa's ten warmest years occurred since 2005, with the
�ve warmest periods occurring since 2010. The 2010 and 2016 eras marked two periods that projected
Africa's warmest years at 1.44°C (2.59°F) above average Since 1910, Africa's annual temperature has
risen at an average of 0.13°C (0.23°F) every decade; however, since 1981, it has more than doubled to
0.30°C (0.54°F). (NOAA, 2021). In addition, the IPCC (2021) a�rmed that the mean temperature over
Africa supersedes the global average temperature. Conversely, the change in near-surface air temperature
has not been homogenous across all regions (Risbey et al. 2018). The following studies report increasing
temperatures over the continent with variations within countries (Sylla et al. 2009; Moron et al. 2016;
Oueslati et al. 2017; Dosio 2017; Klutse et al. 2020; Ayugi et al. 2021; Quenum et al. 2021). The authors
separately found a signi�cant rising trend in temperature. Gebrechorkos et al. (2019) detailed an
increasing trend in maximum and minimum temperatures over Kenya, Tanzania, and Ethiopia. Engdaw et
al. (2022) also found an increasing trend in monthly mean temperatures across different sub-regions in
Africa.

West Africa is particularly vulnerable to climate change, global warming, and climatic variability due to its
geographical position and unique and distinctive climatic zones. (Yaro and Hesselberg 2016). The sub-
region has the Sahara desert, a transition zone of the Sahel region, and the Guinea Coast in the south.
These distinct climatic zones have been identi�ed to play a major role in global, regional, and local
climate change discussions (Buontempo 2010; USAID 2018). In West Africa, studies (Yaro and
Hesselberg 2016; Christopher H. Trisos et al. 2022) observed an increase in the mean annual and
seasonal temperatures between 0.3-3 oC since the mid-1970s. The temperature has increased
signi�cantly in Ghana, mainly in the northern and southwestern parts (Abbam et al. 2018). Using over 24
CMIP6 and CRU datasets over Ghana, Oduro et al. (2021) revealed the rate of increase of near-surface air
temperature has been higher in the country's northern regions (0.5oC) than in the south (0.3–0.4oC) in
recent decades. Although many previous studies have investigated the increasing trend of temperature in
Ghana (Djomou et al. 2014; Asare-Nuamah and Botchway 2019; Klutse et al. 2020; Wemegah et al. 2020;
Oduro et al. 2021b), there is a dearth of literature on the mechanisms in�uencing the changes in climate
in Ghana.

Currently, there is a dearth of comprehensive studies evaluating the possible relationships between
climate factors and temperature rise, especially at the local level in Africa. The impact of global warming
is obvious in the least economically developed regions. In Ghana, different studies have analyzed long-
term variability and surface temperature trends without investigating the potential causes of variabilities.
Unfortunately, a comprehensive assessment of the potential physical mechanisms associated with the
past four decades' temperature increase is still lacking. Therefore, investigating possible mechanisms
associated with surface temperature increase at the local level will greatly bene�t Ghana and other
countries in the West African sub-region.
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This paper examines the Spatio-temporal characteristics of mean near-surface temperature (NST) trends
between 1981 and 2020, derived from two gridded observational datasets (CRU and CPC). These two
products are associated with different uncertainties, i.e., algorithms, model structures, and forcing data.
Therefore, a high level of consistency among these trends will increase the con�dence level for assessing
NST changes from 1981 to 2020. The study will investigate whether the annual mean temperature has
exhibited a clear shift towards higher values in the recent climate than in previous trends. This will be
linked with potential changes in other climate factors over the region. The standpoints of this study
would explicitly enrich basic datasets that propel further studies at the regional and local levels. Again, it
facilitates the need for regional observations and applications that focus on local estimates of NST,
among other atmospheric processes. Findings are important to agriculture, public health, land use
processes, hydrology, and other �elds.

2 Study Area, Data, And Methods

2.1 Study Area
As shown in Fig. 1, the study area stretches approximately between longitude 3.5oW to 1.5oE and latitude
4.5oN to 11.5oN in West Africa. Ghana is bordered in the west by Côte d'Ivoire, east by Togo, north by
Burkina Faso, and south by the Gulf of Guinea. The country has a total land surface area of 239,460 km2

and a water coverage area of 8520 km2. The highest elevation in Ghana, Mount Afadjato in the Akwapim-
Togo Ranges, rises 878m above sea level. The 2021 Population and Housing Census indicates that
Ghana's total population currently stands at 30.8 million (Ghana Statistical Service 2021). The mean
annual temperature varies from 26.1°C on the southwest coast of the Western region to 28.9°C at the
northeast border of the Upper East region, further-reaching 40°C in the northeast region (MoFA 2016).
Following Oduro et al. (2021), the country has two seasons, February to May (FMAM) as hot and June to
September (JJAS) as cold seasons. Sudan Savannah Zone, Guinea Savannah Zone, Transition Zone,
Semideciduous Forest Zone, Rain Forest Zone, and Coastal Savannah Zone are six agroecological zones
in Ghana. Approximately 57% of Ghana's total land area is used for agriculture, with 55% under
cultivation (MoFA 2016).

2.2 Data
The monthly gridded surface temperature data (CRU TS v.4.05) from the Climatic Research Unit (CRU),
University of East Anglia, is used in the present research. The CRU TS4.05 is a monthly dataset spanning
1901 to 2020 with a horizontal resolution of 0.5o x 0.5o. For this study, the temporal span from 1981 to
2020 was used since the irreversible global warming is well attributed to the periods after the 1970s.
There are over 4000 ground weather stations globally participating in the production of the CRU datasets.
Out of the 24 stations in the Ghana meteorological agency, 18 of these stations participate in the CRU,
and these stations are evenly distributed across the country (
https://www.ncei.noaa.gov/pub/data/ghcn/daily/ghcnd-stations.txt). It should be considered that
changing data coverage in CRU can cause trend artifacts; according to Harris et al. (2020), subsequently,
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it is important to avoid them. However, the trend artifacts have been reported mainly on rainfall due to its
high variability and short correlation decay distance (450km) (Harris et al. 2020). We also utilized the
gridded temperature dataset from the Climate Prediction Centre (CPC) and CRU to assess the consistency
of the trends and the shift in mean temperature over the study region. The CPC is available on a daily
scale but was converted to monthly for further analysis. We calculated the mean temperature from the
available maximum and minimum temperature data sets to be consistent with the CRU. The CPC is also
global in-situ-based observations collected from World Global Telecommunication Systems (GTS) and
then interpolated into 0.5o x 0.5o using the Shepard algorithm. This dataset has been widely used in
previous climate-related studies (Pan et al. 2019; Iyakaremye et al. 2021a; Babaousmail et al. 2022) and
has successfully represented regional climate characteristics.

Moreover, the European Centre for Medium-Range Weather Forecasts (ECMWF) �fth generation of
atmospheric reanalysis (ERA5) datasets, ERA5-Land skin surface temperature, and sea surface
temperature were employed. The dataset has been widely used in previous climate-related studies over
West Africa (Danso et al. 2019; Matthew et al. 2021; Muñoz-Sabater et al. 2021). In addition to the
observational datasets, National Center for Environmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) reanalysis datasets(Kalnay et al. 1996) available at 2.5 resolution were
used in this study. These datasets investigate the possible relationship between atmospheric circulation
and the irrevocable change in the mean temperatures.

The reanalysis parameters used are downward shortwave radiation �ux (DSWRF), geopotential height
(HGT) at 500 hPa, upward longwave radiation �ux (ULWRF) at the top of the atmosphere, relative
humidity (RHUM) at 850 hPa, vertical velocity (VWND) at 500 hPa, and total cloud cover (TCDC).
Numerous studies(Loikith and Broccoli 2012; Rai et al. 2012; Lee and Lee 2016; Zhao et al. 2021) have
previously used these datasets to investigate the characteristics of atmospheric circulation. The
reanalysis datasets were converted to 0.5° data via bilinear interpolation from their original resolutions to
enable a direct spatial comparison. All the data sets used are summarised in Table 1.
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Table 1
The datasets used in the present study and their respective features include the variable name, data

source, horizontal grid resolution, temporal resolution, and references.
Variable Source Spatial

resolution
Period
used

Reference

Near-surface air temperature
(NST)

Climatic Research Unit 0.5 x
0.5/monthly

1981–
2020

(Harris et al.
2020)

Near-surface air temperature
(NST)

Climate Prediction
Centre (CPC)

0.5 x
0.5/monthly

1981–
2020

(Fan et al.
2008)

Land surface temperature
(LST)

Fifth-generation
ECMWF reanalysis

0.25 x
0.25/monthly

1981–
2020

(Hersbach et
al. 2020)

Sea surface temperature
(SST)

Fifth-generation
ECMWF reanalysis

0.25 x
0.25/monthly

1981–
2020

(Hersbach et
al. 2020)

Geopotential height (HGT) NCEP/NCAR
Reanalysis

2.5 ×
2.5/monthly

1981–
2020

(Kalnay et al.
1996)

Downward shortwave
radiation �ux (DSWRF)

NCEP/NCAR
Reanalysis

2.5 ×
2.5/monthly

1981–
2020

(Kalnay et al.
1996)

Upward longwave radiation
�ux (ULWRF)

NCEP/NCAR
Reanalysis

2.5 ×
2.5/monthly

1981–
2020

(Kalnay et al.
1996)

Relative humidity (RHUM) NCEP/NCAR
Reanalysis

2.5 ×
2.5/monthly

1981–
2020

(Kalnay et al.
1996)

Total cloud cover (TCDC) NCEP/NCAR
Reanalysis

2.5 ×
2.5/monthly

1981–
2020

(Kalnay et al.
1996)

Vertical wind velocity (VWND) NCEP/NCAR
Reanalysis

2.5 ×
2.5/monthly

1981–
2020

(Kalnay et al.
1996)

2.3 Methodology
Analysis of interannual variability of the mean temperature over the study area was conducted using
anomalies of the entire study period (1981–2020). The interannual variability was conducted using
datasets from CRU and CPC, and the linear trend analysis method was used. The temporal anomalies are
analyzed to demonstrate temperature variability over the study duration and to check the variability's
consistency.

Apart from trends analysis, decadal climatological mean anomalies were conducted to determine the
changes in NST during the study period. As a result, it was observed that out of the four decades
analyzed, the last two decades (2001–2020) were warmer than the previous decades (1981–2000). This
prompted the need to investigate if the average temperature over the case study area might have
experienced a clear shift in the mean. Therefore, the breakpoint change detection method was employed,
which identi�es years when the average temperature's statistical properties (mean, standard deviation,
and root-mean-square) changed abruptly. We used the changepoint package built-in R-Studio based on
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the Pruned exact linear-time algorithm (https://www.rstudio.com/products/rstudio) used in previous
studies (Lavielle 2005; Killick et al. 2012). A similar approach has been used to detect the breakpoint in
temperature trends over Africa (Iyakaremye et al., 2021).

Furthermore, to estimate the differences in temperature properties prior to-and-after the breakpoint, the
probability density function is calculated using the average temperature anomalies before (i.e.,1981–
1997) and after (i.e.,1998–2020) the breakpoint change year. We utilized the Kolmogorov–Smirnov (K–S)
test statistic (Alexander et al. 2006; Mazdiyasni et al. 2017), which tests for differences in two samples,
given the cumulative probability distribution. Contextually, we were interested in estimating the difference
in empirical cumulative distribution functions of temperature before and after an abrupt change. This test
is de�ned as:

D = maxx F̂1(x) − F̂2(x) (1)

Where (x) and (x) are the empirical cumulative distribution functions of temperature before and
after an abrupt change. The null hypothesis (Ho) here assumes that the two samples originate from
identical distribution, while the alternative (Ha) states that those samples come from a different
distribution. If K–S = 1, Ho is rejected at the 95% con�dence level, leading to the acceptance of the
alternative hypothesis. An in�uential change point in 1997 was noticed. To conduct the statistical test,
the study period is coded as follows: the RP represents the recent past (i.e., 1981 to 1997; hereafter RP),
and the current period (CP) represents the period from 1998 to 2020. Climatological mean differences are
computed to assess how the land and the atmospheric circulations differ between RP and CP. A student's
t-test for unequal variances is applied to evaluate their statistical signi�cance. Linear correlation was
used to analyze the trends of NST and the relationship between atmospheric parameters and changes in
mean temperature. It was assumed that the correlation was statistically signi�cant at α ≤ 0.05. Many
studies have widely used this method (Freiwan and Kadioǧlu 2008; Benesty et al. 2009; Liu et al. 2021;
Kejna et al. 2021).

3 Results

3.1 Interannual Variability in the mean Temperature
Figure 2 compares the time series of interannual variation between CRU and CPC over the study period
(1981–2020). Despite the differences in the magnitudes of trends, both CPC ( 0.02557 ± 0.0036) and CRU
(0.01637 ± 0.00302) both show increasing mean temperature trends from 1981 to 2020 and elucidate
signi�cant cooling and warming in the �rst and last two decades, respectively. The CRU had anomalies
between − 0.6 and 0.3 oC, while CPC indicated anomalies between − 0.7 and 0.3 oC. Their temporal trend
appears similar, with higher values from the CPC than the CRU. Anomalies increased from − 0.1 to 0.7o C
for CRU and CPC. Overall, the highest trends are found over the last two decades for the two data sets
(0.6 oC, 0.7 oC), CRU, and CPC, respectively. The lowest trends were experienced in the �rst two decades

( | | )
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(-0.6 oC, -0.7 oC). The results con�rm an increase in mean temperature over the study area during the
study period.

3.2 Decadal Anomalies
Figure 3 shows the spatial decadal anomalies of the mean temperature from 1981 to 2020, as indicated
by the CPC dataset. The anomalies were computed using the entire study period to avoid multi-decadal
natural climate �uctuations. The initial two decades experienced a relatively cooler average temperature
anomaly between − 0.9 to 0 oC in almost the entire area of the study region, with spatial variation across
the country (Fig. 3a, b). The CRU dataset also experienced a similar spatial pattern, with the �rst two
decades experiencing cooler average temperature anomalies (0.6 to 0) shown in (S1). Interestingly, the
country experienced a cooler temperature anomaly in the northern region (-0.9 to -0.2) for the initial two
decades (Figs. 3a,b) than in the southern sector. Generally, the �rst two decades give an impression of a
cooling pattern in the anomalies for the entire study domain.

Contrarily, the last two decades (2011–2020) depict a spatial warming pattern between (0-0.9 o C) above
the mean for both CPC and CRU data sets shown in (Figs. 3c,d) and ( S1 c,d). Though the last decades
give a warming impression, there are signi�cant spatial variations. For example, the forested zone on the
southwestern and the west-central side experienced relatively cooler anomalies (0 to 0.1o C), especially
from (1991 to 2000) for both data sets (Fig. 3c and S1, c). However, from 2011 to 2020, the whole country
experienced warm anomalies ranging from (0.2 to 0.9 o C) geographically with �uctuations. Overall, there
have been increasing warming temperature patterns with different spatial variations. The last decade
(2011–2020) is the warmest (Fig. 3d). The results from the two data sets con�rmed the warming
consistency across the study area, especially the spatial distinction between the �rst two and the last two
decades.

3.3 Probability distribution of mean temperature and
breakpoint change detection
Decadal climatological mean anomalies were conducted to examine which decades were warmer than
the other. As per the results, it was observed that the last two decades (2001–2020) were warmer than the
previous decades (1981–2000), as indicated in Fig. 3. This prompted the need to investigate if the
average temperature over the case study area might have experienced a clear shift in the mean. The
change point detection method indicated a change point year of 1997 to be more in�uential. The
probability distribution of mean temperature anomaly during the RP and CP averaged over the entire
country is shown in Fig. 4. Figure 4 shows the three-moment statistics for the position, scale, and shape
parameters: mean, variance, and skewness, respectively. The data demonstrates a 0.41o C shift in the
mean, increasing high temperatures in the CP (1998–2020) compared to the RP (1981–1997). Since
there has been a substantial shift in the Probability Density Function (PDF) of the mean temperatures in
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the past decades, analyzing the in�uence of land and atmospheric drivers over the study area will help
scientists understand the relationship between these variables at the local scale.

3.4 In�uence of climatic factors on the observed near-
surface air temperature
To evaluate the possible in�uences of land and atmospheric factors on the changes in NST, the present
study used the climatological mean differences of both the annual and seasons between the climatic
drivers before and after the breakpoint. Furthermore, the regression technique was used to assess the
relationship between atmospheric conditions and NST. The spatial distributions of the climatological
mean difference between the current period (1998–2020) and the recent past (1981–1997) in annual
DSWRF, HGT, LST, RHUM, TCDC, ULWRF, and VWND during the 1981–2020 period are presented in
Fig. 5a-g. The results show a signi�cant positive trajectory between CP and RP in the HGT, LST, RHUM,
and TCDC. The positive climatological difference between CP and RP of HGT increases latitudinally from
the coastal area through to the northern part of the country from 7.55 to 8.15 (hPa). This indicates the
positive difference in the HGT at the upper level leads to an upsurge in near-surface temperature. The
phenomena then establish a low-pressure center, causing an increase in near-surface air temperature. A
similar pattern could be seen in relative humidity, increasing from 0 to 10 above the mean average from
the coastal belt to the northern belt.

Generally, the climatological mean difference between CP and RP experienced an increasing land surface
temperature in the central belt and more pronounced in the northern belt, with differences ranging from
0.50 to 1o C. The positive anomalies of land surface temperature (0.35-1 o C) indicate that they have
experienced an upward increase in the current period (1998–2020) compared to recent past years (1981–
1997). Generally, the northern belt experienced an increase in LST between (0.70-1 o C), while a relatively
cooler LST was experienced at the Volta Lake basin (0.30 o C) and the southwestern belt of the country
(0.35 oC). However, this increase was not evenly distributed across the country. For example, there is
strong evidence of a reduction in the magnitude of NST in the current period (0.34–0.4 oC) in the
southwestern part of the country compared to the recent past period. In contrast, the south-eastern and
northwestern parts of the country observed an increase in NST in the current period (0.4 to 0.5 oC)
compared to the recent past.

In addition, the results prove that the climatological mean difference of DSWRF, ULWRF, and VWND
between CP and RP has reduced throughout the country. The reduction in downward shortwave radiation
indicates that less solar radiation could penetrate the atmosphere during the current period (CP). This
could be associated with the positive anomalies of total cloud cover experienced. The increase in cloud
cover absorbs more of the downward shortwave radiation from the sun. Inversely, the decrease is not
spatially distributed across the country, though the southwestern part experienced a reduction of
downward shortwave radiation in the current period. There was, however, an increasing pattern observed
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during the recent past period. A similar tendency was also experienced in the upward longwave radiation
and vertical wind velocity.

Moreover, there is also a reduction in the climatological mean of the upward longwave radiation �ux
(ULWRF) between CP and RP in the study region. The reduction of the ULWRF anomalies has a good
relationship with the minimization of the DSWRF. A reduction in solar radiation will lead to a reduction in
longwave radiation �ux.

3.5 Seasonal variations of atmospheric drivers associated
with near-surface air temperature
Figures 6 and 7 are spatial plots of the seasonal climatological mean difference between CP and RP of
the atmospheric drivers for FMAM and JJAS seasons over the study domain. As the country warms
overall, average temperatures increase throughout the year (see Figs. 2 and 3), but the increases may be
higher in certain seasons than others. Therefore, there was a need to examine the seasonal variations of
the various atmospheric drivers. The results elucidate signi�cant positive changes in the mean surface
temperature (NST) of the FMAM season across the country (Fig. 6a), especially in the northwestern part.
The entire country experienced a warming pattern between (0.34–0.58 o C) with a spatial climatological
increase from southwestern to northwestern. The climatological difference between the CP and RP
indicates a higher warming tendency of the FMAM season, more pronounced in the northern belt. This
indicates FMAM season has experienced higher warming in the CP at the northern belt (0.50–0.58 o C)
than in the country's southern belt (0.34–0.44 o C).

In contrast, the JJAS season experienced positive changes in the climatological mean differences
between CP and RP (Fig. 7a). Conversely, the difference is more pronounced in the southern belt (0.34–
0.42 o C) than in the country's northern belt (0.26–0.32 o C). In addition, the climatological mean
difference of surface downward shortwave radiation �ux shows a signi�cant positive increase in the
southern belt between (2 to 12 Wm− 2) with a negative declension in the northern belt (-2 to -12 Wm− 2).
The mean climatological difference in geopotential height for both seasons was positive (Figs. 6a and
7a). The two seasons showed a contrasting spatial pattern for the northern and southern belts of the
country. HGT decreased spatially towards the south in the FMAM season while amplifying towards the
southern belt in the JJAS season. Our results indicate the seasonality of geopotential height within the
study area. Compared with other parameters, the land surface temperature experienced a consistent
increase in the climatological mean difference between CP and RP in both seasons, coupled with spatial
variations. The climatological mean difference of 0.4 to 2.0 oC was experienced in the FMAM season,
increasing spatially from the southwestern and spreading towards the northern belt. The Lake Volta basin
experienced the lowest annual mean difference of around 0.3 oC. A similar pattern was observed for the
JJAS season, which experienced a mean climatological difference between 0.1 and 0.7o C. The
differences in the seasons are expected because FMAM is dry with high temperatures, while JJAS is a
wet season with lower temperatures.
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Figure 8 displays how the various atmospheric drivers correlate with the temperature anomalies of the RP
(blue dots) and CP (red dots) periods of the country. To understand the relationship between the
atmospheric drivers and temperature, the standardized anomalies of atmospheric drivers are regressed
against the temperature anomalies of the two periods. The geopotential height, relative humidity, land
surface temperature, and sea surface temperatures are signi�cantly correlated (0.67,0.59,0.81, and 0.52),
respectively, with the upward pattern of temperature anomalies, as shown in Fig. 8. The implication of the
results indicates an increase in HGT, RHUM, LST, and SST are associated with an increase in the mean
temperature over the study domain. A signi�cant correlation of -0.53 exists between downward shortwave
radiation and temperature increase (Fig. 8). DSWRF increased from 1981 to 1997(RP) while the average
temperature reduced. Over the current period, the inverse was witnessed, where temperature ampli�es
steadily with DSWRF decreasing. Also, a decrease in upward longwave radiation over the current period is
associated with temperature ampli�cation; a correlation coe�cient of -0.43 exists between ULWRF and
temperature.

Figures 9 and 10 display the seasonal relationship between atmospheric parameters and the mean
temperature for FMAM and JJAS seasons. The correlation coe�cient between downward surface
radiation and the temperature was negative between the two periods of RP and CP for both seasons. A
negative correlation coe�cient of -0.23 and − 0.37 existed between DSWRF and NST for the two seasons.
It implies the intensity of the downward surface radiation is reduced in the current period for both
seasons. There was a strong correlation of 0.74 and 0.72 between geopotential height and near-surface
temperature for both seasons. Near-surface temperature and HGT have increased in the current period
compared to the recent past period for both FMAM and JJAS seasons. Another weak positive correlation
of 0.47 and 0.15 existed between relative humidity and NST for FMAM and JJAS seasons. The
correlation between total cloud cover and the near-surface temperature was negative in the dry season
(FMAM) (-0.05) but positive (0.36) for the wet season (JJAS). Another weak positive ( 0.13 ) and negative
(-0.35) correlation existed for FMAM and JJAS seasons for the upward longwave radiation. Vertical wind
velocity correlated negatively with near-surface air temperature for both seasons, with a correlation of
-0.08 and − 0.37 for FMAM and JJAS seasons, respectively. There was a strong positive correlation
between land surface temperature and near-surface air temperature for both seasons. A correlation of
0.82 and 0.82 existed for both seasons. Also noteworthy are the correlations between sea surface
temperature and near-surface air temperature. There existed a positive correlation of 0.40 and 0.33 for
both FMAM and JJAS seasons. Most of the correlation coe�cients were statistically signi�cant (p < 
0.05).

3.6 Changes between the recent past and the current period
Figure 11 compares the interannual changes of the various atmospheric drivers and NST between the
recent past (RP) and current period (CP) from 1981 to 2020. The �gures show the various drivers'
intensity before and after the breakpoint. As shown in the �gure, there are numerous variations in the
intensity of the variables between the two periods. For example, NST, HGT, LST, RHUM, and SST
experienced relatively lower intensity in the past but a higher intensity during the current period. This is
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con�rmed by their various interannual time series (S2). In contrast, other variables like DSWRF, ULWRF,
and VWND experienced a higher intensity during the recent past but a decreased intensity during the
current period, as depicted by Figures (11 and S2). Turning now into the seasons, Figs. 12 and 13 show
the interannual seasonal intensity of the various atmospheric drivers and NST for FMAM and JJAS
seasons.

In an almost similar pattern to the annual �gures, the two seasons experienced variations in the intensity
of the NST and the other atmospheric variables. For example, in both seasons, NST varied in lower
intensity for RP with little increase in intensity in 1983 and 1987. However, the CP showed a relatively
consistent higher intensity (Figs. 12 and 13). Other atmospheric parameters like HGT, LST, RHUM, SST,
and TCDC experienced lower intensity during their recent past but a high increase in intensity during the
current period for both seasons. It is worth noticing that DSWRF, ULWRF, and VWND experienced relatively
higher intensity in the past but a lower intensity in the current period.

4 Discussion
A variety of factors in�uence the ampli�cation of NST, taking into account parameters such as the
geographical location and atmospheric circulations. Both linear and non-linear processes exert massive
in�uence on the near-surface air temperature of a particular location. This study examined the
relationship between atmospheric and land drivers, such as the shortwave radiation from the sun, the
longwave radiation, total cloud cover, relative humidity, sea surface temperature, vertical wind, and
geopotential height at 500 hPa, well as land surface temperature and near-surface air temperature
change.

4.1 NST Trends and Decadal Warming
The study analyzed long-term trends in the near-surface air temperature over the study domain using two
ground-based observational data sets from 1981 to 2020. According to the CRU and CPC datasets, the
results show that the country has experienced a warming of about 0.5 o C and 0.9 oC in the recent
decade. This result is consistent with other studies in the West African sub-region. For instance, studies
observed an increase in the mean annual and seasonal temperatures between 0.3-3 oC for the entire West
African region since the mid-1970s (Yaro and Hesselberg 2016; Christopher H. Trisos et al. 2022).
Similarly, Oduro et al. (2021) used CMIP6 datasets over Ghana and revealed warming between 0.3 and
0.5 oC, consistent with previous studies (Aryee et al. 2019; Klutse et al. 2020; Oduro et al. 2021; Quenum
et al. 2021). This implies that variations in mean temperature across space and time can signi�cantly
in�uence productivity levels, which could substantially affect food security (through scarcity and
increasing demand for products, thereby �aring prices of goods and services) and household income, as
reported by Abbam et al., (2018). Indeed, the West African sub-region is particularly vulnerable to climate
change due to high variability, reliance on rain-fed agriculture, and limited economic and institutional
capacity to respond to climate variability and change (Sultan and Gaetani 2016; Defrance et al. 2020). In
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Ghana, Asare-Nuamah & Botchway (2019) cautioned that the continuous temperature rise has serious
implications for the vulnerable agricultural economy of the country.

The decadal climatological mean of both CRU and CPC datasets indicates a large positive deviation from
the mean for the last two decades. This research demonstrated a clearer indication of the shift in the
mean temperature, and the change point detection method con�rmed 1997/98 as the more in�uential
change point year. Previous studies identi�ed the same year as the breakpoint year (Hu and Huang 2020;
Iyakaremye et al. 2021a) in the northern hemisphere and Africa. The change point year prompted a
further division of the study period into two separate periods. The period before the change point was
called the recent past (RP) years (1981–1997), and the period after the change point year was known as
the current period (CP) years (1998–2020). The probability distribution showed a notable change in the
location and scale parameters of the monthly mean temperature before and after the breakpoint.

4.2 Links to Climatic Factors
Consequently, the spatial trend of cooling and warming in the RP and the CP is investigated to
understand the characteristics of these changes. Studies by Iyakaremye et al. 2021, con�rmed a possible
relationship between atmospheric drivers and extremely hot temperatures in Africa. The in�uence of land
and atmospheric drivers on the near-surface temperature in Ghana was analyzed on both annual and
seasonal levels.

Strong evidence of a positive relationship was found between NST and LST. NST positively corrected
land surface temperature (LST) (r = 0.81 and 0.82) for annual and the two seasons, respectively.
Changing conditions on the surface of the land have profound effects on surface temperatures, as
documented by Betts et al. (2007) and Liu et al. (2021). Land surface processes are essential in driving
turbulent heat �uxes and longwave radiation exchanges, which eventually in�uence local and regional
surface temperatures (Khorchani et al. 2018). LST is one of the vital variables responsible for high NST
change in Ghana, especially in the northern region where there is minimal rainfall. Studies by Koster et al.
(2006) con�rmed that the control of land surface temperature over air temperature is larger than its
control over precipitation. The local energy balance enables positive feedback from land as soil moisture
de�cit increases due to the high demand for water as evaporative cooling decreases leading to a further
rise in NST.

The study observed positive geopotential height anomalies at 500 hPa across the country for annual and
the seasons. HGT directly relates to the NST at the annual and seasonal scales. These correlations
coe�cients suggest that the linear relationship between temperature and pressure heights is stronger
during the current period (1998–2020) than during the RP period (1981–1997). In general, a positive HGT
difference in the upper air causes a rise in near-surface temperature, resulting in the formation of a low-
pressure center and an increase in the frequency of warming. Moron et al. (2016) and Xoplaki et al.
(2021) attributed large-scale circulation as a vital variable responsible for the high-temperature change in
Tropical Africa and the Mediterranean region. Our results show a high association between upper-level
pressure heights and near-surface temperature. These results are in close agreement with other similar
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studies in Africa and across the globe (Loikith and Broccoli 2012; Hu and Huang 2020; Iyakaremye et al.
2021a; Hu & Huang, 2020; Loikith & Broccoli, 2012). Our results further con�rmed that upper-level
conditions strongly correlate with near-surface temperatures in Ghana. However, this association was
stronger during the FMAM and JJAS seasons than during the annual period.

In addition, the annual spatial mean difference of relative humidity and the total cloud cover before and
after the breakpoint year indicates a positive change over the study area. However, DSWRF and ULWRF
experienced a negative change. Their correlation with NST was statistically signi�cant and weak,
respectively. Studies have established a relationship between cloudiness and shortwave solar radiation
and their impact on warming. For example, Kejna & Uscka-Kowalkowska (2018) reported that clouds and
aerosols affect the amount of solar energy reaching the earth's surface and longwave radiation balance.
Therefore, the in�uence of cloudiness has a signi�cant impact on other atmospheric circulation, thereby
affecting surface air temperature. An increase in TCDC and RHUM means that the amount of solar
radiation coming in will be reduced, and the amount of longwave radiation to the sky will also be trapped
by the water moisture in the air, increasing NST.

In contrast, the two seasons experienced signi�cant differences in the relationship between the shortwave
radiation from the sun, longwave radiation �ux, total cloud cover, and relative humidity compared to the
annual. A weak negative correlation between DSWRF and NST for both seasons indicates that shortwave
radiation �ux had no major relationship with the increase of NST in the current period. Although solar
radiation ampli�cation affects land-atmospheric �uxes, which subsequently regulate variations in
surface air temperature (Khorchani et al. 2018; Zhang and Liang 2018), our studies found no signi�cant
relationship between DSWRF and NST increase.

However, the existing studies have established a positive feedback relationship between the warming
trend and the geopotential height �eld at 500 hPa. There is also a negative connection between the total
cloudiness and temperature increase, and vice versa. This study con�rms Iyakaremye et al. (2021), who
reported a possible relationship between atmospheric drivers and extremely hot temperatures in Africa.

5 Summary And Conclusion
Using gridded observation-based mean temperature datasets of CRU and CPC, the present study
investigated the consistency of trends of the mean monthly temperature of NST in Ghana from 1981 to
2020. The study also investigated the possible link between the increasing warm mean NST and climatic
factors. The two datasets showed an increasing trend in the annual mean temperature of NST from 1981
to 2020, with the strongest increase observed over the last two decades. Findings proved that the last two
decades had experienced spatial warming ranging from 0.1 to 0.9 OC for CRU and CPC.

Further analysis over the study area related to establishing a relationship between the increasing mean
temperature showed a shift in the mean speci�cally from 1997. Thus, we used the climatological mean
difference between the climatic drivers before and after the breakpoint to assess the relationship between
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climatic conditions and the NST warming. The study a�rmed a positive correlation between NST and
geopotential height (HGT) at 500 hPa, and Pearson's linear correlation coe�cient (r) reached 0.67 for
annual, 0.74, and 0.72 for FMAM and JJAS seasons, respectively. Also, NST positively corrected land
surface temperature (LST) (r = 0.81 and 0.82) for annual and the seasons, respectively. Changing
conditions on the surface of the land have profound effects on surface temperatures, as documented by
several studies (Betts et al. 2007; Hagan et al. 2020; Liu et al. 2021). In addition, land surface processes
are essential in driving turbulent heat �uxes and longwave radiation exchanges, which eventually
in�uence both local and regional surface temperatures (Khorchani et al. 2018). In the last two decades,
the high warming at the annual and seasonal scale in the study area for mean NST has a robust
relationship with changes in HGT and LST. Other drivers like the relative humidity experienced a positive
correlation of 0.59 and 0.47 during the annual and FMAM season, respectively, with virtually no
correlation (0.15) with the JJAS season.

The results from the study create the urgent need for the government and key stakeholders, such as the
Ministry of Food and Agriculture (MOFA), to intensify the implementation of strategies capable of
minimizing the adverse impact of changing climate on agriculture, which is the backbone of the
Ghanaian and West African economy but highly vulnerable and sensitive to climate change. Such
strategies should focus on scaling up climate-resilient and climate-smart agriculture practices that have
the potential to mitigate climate change, increase yields, and improve the adaptive capacity of
smallholder farmers who are highly vulnerable to climate change.

The present study's positions contribute to existing knowledge by providing detailed information that
supports climatological and hydrological studies at the regional and local levels. The application value of
this study draws on interdisciplinary means that bring all stakeholders on board to establish a link
between technical knowledge and societal understanding or applicability. Inferences could be made to
tailor strategic policies that impact forests, agriculture (i.e., soil-vegetation-atmospheric processes),
energy, hydrology, and other climate-sensitive sectors in the least developed countries. The signi�cance of
conducting studies on NST and atmospheric drivers at different scales is credibly gaining the needed
recognition and interest among different scholars. These are targeted to develop novel approaches and
con�dence in methodologies that quantify speci�c parameters from space.
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Figure 1

(a) The elevation map of Ghana and (b) shows the location of Ghana in West Africa. The digital elevation
model (DEM) datasets were obtained from shuttle radar topography mission (SRTM) 90 m spatial
resolution. The lowest elevation is deep blue in the southern and the highest in red.
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Figure 2

Interannual variability of mean temperature over Ghana from 1981 to 2020 (unit: oC) based on CRU and
CPC.
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Figure 3

Decadal mean anomalies of mean temperature (a–d) from 1981 to 2020. Anomalies are computed for
the whole study period (1981–2020) from CPC.
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Figure 4

Probability distribution of monthly mean temperature (areal averaged over Ghana) during the recent past
(1981-1997) and current period (1998-2020).
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Figure 5

Annual climatological mean differences between CP and RP of (NST) temperature at two meters,
(DSWRF) surface downward shortwave radiation �ux (%), (HGT) geopotential height at 500 hPa,(LST)
land surface temperature, (RHUM) relative humidity at 850 hPa, (TCDC) total cloud cover(%), (ULWRF)
upward longwave radiation �ux (Wm–2)and (VWND) vertical wind speed (ms–1).
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Figure 6

Climatological mean differences between CP and RP of FMAM season (NST) temperature at two metres,
(DSWRF) surface downward shortwave radiation �ux (Wm−2), (HGT) geopotential height at 500 hPa,
(LST) land surface temperature, (RHUM) relative humidity at 850 hPa, (TCDC) total cloud cover (%),
(ULWRF) upward longwave radiation �ux (Wm−2) and (VWND) vertical wind speed (ms-1).
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Figure 7

Climatological mean differences between CP and RP of JJAS season (NST) temperature at two metres,
(DSWRF) surface downward shortwave radiation �ux (Wm−2), (HGT) geopotential height at 500 hPa,
(LST) land surface temperature, (RHUM), relative humidity at 850 hPa, (TCDC) total cloud cover(%),
(ULWRF) upward longwave radiation �ux (Wm−2)and (VWND) vertical wind speed (ms-1).

Figure 8

Annual relationship between atmospheric parameters and changes in mean temperature over Ghana.
Scatter plot of the mean temperature anomalies versus the standardized mean anomalies of (a)
downward shortwave radiation �ux (DSWRF), (b) geopotential height at 500 hPa, (c) relative humidity at
850 level (RHUM), (d) total cloud cover (TCDC) (e) upward longwave radiation (ULWRF) and (f) vertical
wind velocity at 500 hPa,(VWND). The value inside each panel plot represents the correlation coe�cient,
and the * symbolizes a signi�cant correlation at a 95% con�dence level. The blue and red circles
represent scatter in the RP (1981–1997) and CP (1998–2020). 
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Figure 9

Relationship between atmospheric parameters and changes in mean temperature over Ghana during the
FMAM season. Scatter plot of the mean temperature anomalies versus the standardized mean anomalies
of (a) downward shortwave radiation �ux (DSWRF), (b) geopotential height at 500 hPa, (c) relative
humidity at 850 level (RHUM), (d) total cloud cover (TCDC) (e) upward longwave radiation (ULWRF) and
(f) vertical wind velocity at 500 hPa, (VWND). The value inside each panel plot represents the correlation
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coe�cient, and the * symbolizes a signi�cant correlation at a 95% con�dence level. The blue and red
circles represent scatter in the RP (1981–1997) and CP (1998–2020).

Figure 10

Relationship between atmospheric parameters and changes in mean temperature over Ghana during the
JJAS season. Scatter plot of the mean temperature anomalies versus the standardized mean anomalies
of (a) downward shortwave radiation �ux (DSWRF), (b) geopotential height at 500 hPa, (c) relative
humidity at 850 level (RHUM), (d) total cloud cover (TCDC) (e) upward longwave radiation (ULWRF) and
(f) vertical wind velocity at 500 hPa, (VWND). The value inside each panel plot represents the correlation
coe�cient, and the * symbolizes a signi�cant correlation at a 95% con�dence level. The blue and red
circles represent scatter in the RP (1981–1997) and CP (1998–2020). 

Figure 11

Annual heatmap map shows the intensity difference between RP and CP.
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Figure 12

FMAM season heatmap map shows the intensity difference between RP and CP. 

Figure 13

JJAS season heatmap map showing the difference in intensity between RP and CP
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