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Abstract
This study reports on projected temperature increases and their likely implication on smallholder farming systems across 
the northern regions of Ghana. Aggregated climate data from 1961 to 2000 show that the mean annual temperature 
across Ghana rose by 1.0 ℃, with the greatest rate of change in the northern–eastern part of the country. For the develop-
ment of the downscaled climate projection, five regional climate models (RCMs) forced with three global climate models 
(GCMs) were used from CORDEX and CMIP5, respectively. Eight stations spatially spread across the study locations were 
selected for the study based on the quality and completeness of data. The study used daily, minimum and maximum 
temperature station data from 1980 to 2014 obtained from the Ghana Meteorological Agency. The downscaling was 
done for the emission scenarios pathways—Representative Concentration Pathways (RCP) 2.6 and 8.5—from the selected 
RCMs using the station data. Time series of minimum and maximum temperatures averaged for the eight stations was 
analysed from 1961 to 2080. Results indicate temperatures are likely to increase over northern Ghana with minimum 
air temperature increasing by 0.5 °C under RCP 2.6 and 2.5 °C under RCP 8.5. Maximum air temperatures are likely to 
increase by 1 °C under RCP 2.6 and 2 °C under RCP 8.5 by the year 2080. Warming rates per year for the stations reveal 
that minimum temperatures are warming faster than maximum temperatures. The 99th percentile, which is a measure 
of heat waves, shows a close relationship between the minimum temperatures for the RCP 2.6 and RCP 8.5 pathways in 
all the stations except for Wenchi and Bolgatanga. Each pathway has a variation between 22.5 °C and 30 °C. The lowest 
projected value of the 99th percentile maximum temperature is 35 °C in Wenchi, and the highest projected is above 
43 °C in Navrongo. Smallholder food crop farming systems are likely to be negatively impacted, with direct risks of low 
crop yield unless measures like irrigation and careful crop selection are implemented.
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1 Introduction

A key outcome of the 2015 Paris Agreement was the 
objective of “holding the increase in the global average 
temperature to well below 2 °C above pre-industrial lev-
els and pursuing efforts to limit the temperature increase 
to 1.5 °C” [47]. This effort is a recognition that the current 
and projected elevation of atmospheric carbon means 

global temperature will continue to rise. Global tempera-
ture increases are expected to significantly impact various 
regions of the world [18], and the effect will be devastat-
ing for rainfed agriculture systems [9–11] which dominates 
the developing world mostly in the low-latitude tropical 
regions [19]. The high reliance of smallholder farmers on 
rainfed agriculture makes them prone to climate-related 
shocks and stresses [7, 9, 15]. Among the numerous threats 
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faced by smallholder farmers, exposure to extreme heat 
is one of the most serious health risks that can potentially 
inhibit their work and consequentially affect their produc-
tivity [21]. Given the fact that developing countries, espe-
cially those in Sub-Saharan Africa (SSA), have low adaptive 
capacity, there is often poor or lack of the needed infor-
mation that forms the basis for climate decision-making 
including adaptation [23, 34, 37, 44]. With global warming, 
West Africa is projected to have a continuous and stronger 
warming (up to 6.5 °C), higher than the projected average 
global temperature of 1.5° C by the year 2100 [45].

In Ghana, climate projections are in line with global 
assessments and tend to agree that temperatures will con-
tinue to rise [6, 26]. The projections by Stanturf et al. [43] 
were that mean temperature increases in the dry season 
between 1.5 °C and about 3.0 °C by 2080 in most agro-eco-
logical zones. Similarly, the Government of Ghana projects 
an increase in average annual temperature of up to 0.8 °C 
by 2020 and 5.4 °C by 2080, across all agro-ecological 
zones [27, 30]. There is also a strong spatial variation in the 
projected temperatures with the northern Ghana (above 
8°N) expected to experience a greater rate of warming 
than the coastal areas of the country [5, 29, 48].

According to Ghana’s Third National Communication, 
the northern half of Ghana will continue to be more vul-
nerable to climate change impacts [26]. The northern half 
of Ghana has been found by numerous studies to be the 
most vulnerable and exposed to climate change impacts 
due to factors such as lack of information about impend-
ing natural disasters, fluctuations in precipitation and 
temperature, poverty and illiteracy among others which 
increase the region’s sensitivity to climatic extremes [1, 40, 
50]. MESTI [26] reported the observed changes in a decade 
for minimum temperatures to be 20% and the maximum 
temperature to be 29.6% for the northern parts of Ghana.

At the local scale, it is important to estimate the magni-
tude of future warming using regional downscaling meth-
ods to aid in adaptation planning. Downscaling meth-
odology usually from GCMs is a necessary approach for 
obtaining high-resolution and detailed climate simulations 
that can be used in the development of effective adapta-
tion strategies at regional and sub-regional scale. In this 
approach, we assume that large-scale weather strongly 
influences the local-scale weather but not the reverse [17, 
3]. In this paper, the Coordinated Regional Climate Down-
scaling Experiment (CORDEX) that produces dynamically 
downscaled climate simulations for all continents has 
been adopted for analysis of future climate projections. 
CORDEX is also filling the gap of the lack of local capac-
ity in many regions, especially in Africa (CORDEX-Africa; 
[33]. It is hoped that the downscaling process will have 
minimal uncertainties to be useful for adaptation plan-
ning. This study sought to assess the likely temperature 

increases over northern Ghana using CORDEX-Africa mod-
els. The aim is to provide finer climate information to aid 
adaptation planning for smallholder agriculture produc-
tion in climate change vulnerable landscapes of northern 
Ghana. The vast majority of the world’s farming popula-
tion is smallholder farmers, comprising 70% of farms 
worldwide [46]. In the context of this study, smallholder 
farmers are those farmers with less than two hectares of 
land whose predominant objective is to use the proceeds 
from their farming activities for household consumption 
[8, 16]. Smallholder farmers make up around half of the 
world’s population classified as hungry and three-quarters 
of persons who are hungry in Africa [10, 41]. The current 
situation is expected to directly hamper the achievement 
of sustainable development goals 1 (no poverty) and 2 
(zero hunger).

2  Materials and methods

2.1  Study area

The northern half of Ghana which is the focus of this study 
lies roughly between latitudes 8°N and 11°N and longi-
tudes 2.5°W and 0.5°E as used in Owusu and Klutse [38]. 
Northern Ghana’s rainfall is characterized by a long dry 
period of about seven months from October/November 
to April/May called the dry season with no appreciable 
rainfall level and a rainy season from May to October with 
adequate levels of rainfall for agricultural production. 
Temperatures are high and range between 32 °C and 38 °C 
(Ghana Meteorological Agency-GMet [14]. According to 
the GMet, evapotranspiration is very high and restricts 
agricultural production, which is almost entirely rainfed 
to one season a year. Additional increases in temperature 
with minimal improvement or reduction in rainfall will 
have a significant impact on crop production in the region.

2.2  Observed data and quality control

The study used daily minimum and maximum temperature 
data obtained from the GMet covering 33 years of records 
from 1980 to 2014. The data had missing values from 2001 
to 2005 when obtained. Eight stations (Atebubu, Bole, Bol-
gatanga, Navrongo, Tamale, Wa, Wenchi and Yendi) were 
selected for the study based on the quality and complete-
ness of data. The selected stations, although few, are a 
good representation of the study area because of their 
distribution and the fact that the rainfall mechanism is 
the same [36]. All the other gauge stations in the north-
ern half of Ghana had large data gaps. The stations with 
at least 80% data availability were selected for the study. 
The stations, which did not meet minimum criteria for all 
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the relevant variables, were eliminated after being sub-
jected to rigorous quality control checks using RClimdex 
to eliminate influences in the data other than the climate 
[51]. RClimdex is a local package in R programme used 
to conduct simple quality control on the input daily data 
[51]. All missing values (− 99.9), daily maximum tempera-
ture less than daily minimum temperature, and outliers 
in daily maximum and minimum temperature in the data 
were replaced with not available (NA).

2.3  Statistical downscaling of global climate 
models

For the development of the climate change scenarios, 
three regional climate models (RCMs), namely Swedish 
Meteorological and Hydrological Institute (SMHI), CLM-
com and REMO from the CORDEX-Africa domain datasets 
emanating from five global climate models (GCMs), were 
used in the study. These model data have been used in a 
number of research studies over West Africa due to their 
performance over the region (e.g. [22, 32]). The climate 
change projections were produced by downscaling the 
simulations of the five GCMs from CMIP5 global climate 
projections, namely the Max Plank Institute MPI-ESM-LR, 
National Centre for Meteorological research CNRM-CM5, 
GFDL-ESM2G of NOAA, CM5A-LR of REMO and MIROC5 
of SMHI. The simulations were done for the emission sce-
narios pathways—Representative Concentration Path-
ways (RCP) 2.6 and RCP 8.5—for the selected RCMs. The 
simulated temperature (minimum and maximum) of GCM/
RCMs combination was extracted for each of the eight 
selected locations in the study area for analysis.

The downscaled RCMs for the selected stations in the 
study area were transformed such that the magnitude and 
distribution of the transformed variable come as close to 
the gauged points [25]. The quantile–quantile statistical 
technique was applied to make the statistical distribution 
of the downscaled variables as close as possible to the 
statistical distribution of historical observations. Further 
to the quantile–quantile technique, transformation was 
done for the removal of the residual bias. A delta change 
correction was applied to allow the downscaled data and 
the gauge data to have the same mean on the historical 
period. Time series of minimum and maximum tempera-
tures averaged for the eight (8) stations in the study area 
was analysed from 1961 to 2080.

2.4  Results and discussion

2.4.1  Projected mean temperature scenarios

Figures 1 and 2 show boxplots representing the distri-
bution of the baseline observation data and the model 

ensemble data for minimum and maximum temperatures 
for each station. Even though the model ensemble has a 
wider temperature distribution and a bigger interquartile 
range for all the stations, ensemble mean and that of the 
baseline observation show less deviation. The minimum 
values of the maximum temperature for model and base-
line data are about the same for all stations except for 
Atebubu, but the maximum values differ for all stations. 
Maximum temperature at Atebubu and Wenchi shows 
outliers for the baseline. Unlike the maximum tempera-
ture, the minimum temperatures for all station baseline 
have outliers. Beside the outliers, the minimum tempera-
ture baseline distribution also lies within the distribution 
of the model for all stations. Overall, the observed tem-
perature baseline spread lies within the model spread 
for almost all stations. This implies that the downscaled 
model dataset generally fits well the minimum and maxi-
mum temperature trends of the observed. The models 
project increases in warm trends for both maximum and 
minimum temperatures averaged over each station, with 
similar, though slightly weaker in magnitude towards the 
end of the twenty-first century. 

2.4.2  Minimum temperature

For minimum temperatures, almost an increase of 2.5 °C 
above that of the present day is projected under RCP 8.5 
for all stations, but under RCP 2.6, a projected increase of 
about 0.5 °C is expected by the year 2080 (Fig. 3). In terms 
of spatial patterns, by 2050, the minimum temperature 
is projected to increase steadily from south-west of the 
study area to the northeast under RCP 8.5 (Fig. 4). From 
Fig. 4, the peak in the northeast spreads to the west and 
descends in the east down to Tamale under RCP 2.6. The 
spatial trends projected are consistent with historical tem-
perature trends across the study area [20, 26]. For Tamale 
and the south-western part, warmer temperatures are 
projected under RCP 2.6 than RCP 8.5 in the present day 
and the future until 2050 where temperature from RCP 8.5 
is warmer (Figs. 3, 4). The result agrees with the general 
increase in minimum temperature over Ghana. According 
to MESTI [26], the mean monthly minimum temperature 
is likely to increase by 1.4 °C by 2040, 2.5° C by 2060 and 
3 °C by 2080.

2.4.3  Maximum temperature

For maximum temperature (Fig. 5), projected increases of 
about 2° C above the present day are projected under RCP 
8.5 by 2080 in all stations but are constrained to less than 
1° C under RCP 2.6. For Tamale and Wenchi, warmer tem-
peratures are projected under RCP 2.6 than RCP 8.5 until 
2050. However, towards 2080, maximum temperature is 
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Fig. 1  Minimum temperature of observed baseline and model ensemble data distribution
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Fig. 2  Maximum temperature of observed baseline and model ensemble data distribution
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projected to be warmer in RCP 8.5 than RCP 2.6. Consist-
ent with the minimum temperatures, the north-eastern 
corner of the country is projected to experience greater 
warming by 2080 (Fig. 6). The results agree with IPCC [18] 

that temperature has risen by almost a degree over the 
last century and is projected to accelerate over the next 
50 years, resulting in an increase of further 1.5–3 °C of 
warming. MESTI [26] also reports that the mean monthly 

Fig. 3  Time series of averaged minimum temperature between 
1961 and 2080 over stations in the study area for the RCP2.6 
(orange) and RCP8.5 (purple). Dashed lines represent the bound-

ary between the present day and future trends. The rate of change 
(plots in supplementary materials) is indicated on the upper left 
corner of the figure. Colours refer to the pathways
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maximum temperature is most likely to record an increase 
of  1o C by the year 2040, 1.9 °C by 2060 and 2.5 °C by the 
year 2080. 

2.5  Projected warming rate of minimum 
and maximum temperatures

All stations showed positive rate of change projected 
per year for minimum and maximum temperatures 
(Figs.  3 and 5). The stations have a different rate of 
change under different emission pathways, but some 
stations have same rate of change under the same sce-
nario. For example, minimum temperature under RCP 
2.6 shows that Bole, Yendi and Navrongo have the same 
rate of change of an average value of 0.021 °C per year. 
The lowest warming rate is 0.018° C at Wenchi, and the 
highest warming rate is 0.024 °C at Bolgatanga. For each 

station, RCP 8.5 presents a higher rate of warming than 
the RCP 2.6. Wenchi is likely to have the lowest warming 
rate of minimum temperature at a rate of 0.025 °C under 
the RCP 8.5. The highest warming rate of minimum tem-
perature will likely be at Navrongo and Bolgatanga with 
each station projecting 0.035 °C per year under RCP 8.5. 
The warming rate of maximum temperature is likely to 
be in the range from 0.014 °C to 0.016 °C per year under 
RCP 2.6 and 0.025 °C to 0.029 °C per year under RCP 
8.5. The increasing trend of temperature over a part of 
the study area was reported by Kranjac-Berisavljevic 
[24] study, which did a comparative analysis of mean 
temperature from the period 1931-1990 in the Upper 
East Region. Similarly, Frimpong et al. [13] reported that 
Bawku East district of the Upper East Region of Ghana 
has had an increased temperature rate of 0.075° C per 
year for the period 1961 to 2012 which is above the 

Fig. 4  Averaged minimum temperature for 2030 and 2050 in the study area for the RCP2.6 and RCP8.5 scenarios
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national average of 0.021 °C per year and is consistent 
with our results. The warming rate of minimum tem-
perature is projected to be higher than the warming 
rate of maximum temperature, and this is consistent 
across all the stations towards 2080. This suggests that 

both day and night temperatures are likely to increase, 
but faster warming is likely to be experienced during 
the night time. This is an indication that residual heat 
of the day is increasing.

Fig. 5  Same as Fig. 3 but for maximum temperature
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2.6  Extreme temperatures

Ninety-ninth (99%) percentiles of the minimum and maxi-
mum air temperatures have been computed for the period 
1961–2080 and are shown in Figs. 7 and 8. The 99th per-
centiles represent extreme events such as heat waves. 
Generally, for the 99th percentile of minimum tempera-
ture for the stations (Fig. 7), each pathway has a variation 
between 22.5 °C and 30 °C. Wenchi and Atebubu have 
the lowest value of the 99th percentile of minimum tem-
peratures. There is a close relationship between the 99th 
percentiles of the minimum temperature for the RCP 2.6 
and RCP 8.5 pathways in all the stations except for Wenchi, 
which shows a difference of about 1 °C from 1961 until 
2060, and for Bolgatanga, which shows a difference of 1 °C 
between the two pathways from 1961 to 2000 and after 
2040.

For the 99th percentile of maximum temperatures for 
the stations (Fig. 8), all stations except Wenchi, Tamale 
and Bolgatanga start closely and show bigger differ-
ences from 2060 to 2080. Though close, these three sta-
tions show a difference of about 1 °C from 1961 to about 
2060 where Bolgatanga and Wenchi show differences 
of about 2 °C. The lowest projected value of the 99th 
percentile maximum temperature is 35° C in Wenchi 
and the highest projected above 43 °C in Navrongo. All 
other stations have values within the lowest in Wenchi 
and the highest in Navrongo. These show possibility of 
heat waves over the study area. Previous studies show 
that extreme events impact farming systems greatly [28, 
39]. The high exposure to the heat during the day can 
undermine farm returns and overall productivity [12, 28, 
39], more so given the fact that agriculture in the study 
area is mainly rain dependent. The exposure can also 

Fig. 6  Averaged maximum temperature for 2030 and 2050 in the study area on of Ghana for the RCP2.6 and RCP8.5 scenarios
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be detrimental to the health of farmers; for instance, 
chronic dehydration can increase chronic kidney dis-
ease [4]. The sustainability of farm practices and activi-
ties including seed bed preparation, sowing, weeding 

and inter-cultivation as well as harvesting among small-
holder farmers which is usually done manually is also 
under threat by extreme heat exposure.

Fig. 7  99th percentile of minimum temperatures
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2.7  Implications of temperature increases 
on smallholder crop farming systems

Consistent with other projections over Ghana, the rate 

of warming is most rapid in the northern inland regions 
than in the coastal regions [48]; this study shows that 
temperatures in the region will continue to increase into 
the future. Crops grown in northern Ghana are essentially 

Fig. 8  99th percentile of maximum temperature over the stations
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for sustaining food supply and food security across the 
country [31] but could be under threat of increased crop 
failures due to increased  CO2 levels and subsequent tem-
perature increases. Projected extreme temperature is also 
likely to affect the health of farmer and increase the pos-
sibility of heat stress. The effects of temperature increase 
on crop productivity among smallholder farming sys-
tems although many uncertainties remain are expected 
to be negative. Widely cultivated food crops such as sor-
ghum, maize, millet, cowpeas, yam and groundnuts are all 
expected to be negatively affected with increasing pro-
jected heat waves. Based on the study area’s noted vul-
nerability to climate change due to existing geographical 
and socioeconomic conditions, food insecurity situation 
is expected to worsen with temperature increases under 
RCPs 2.6 and RCP 8.5. Studies by Barrios et al. [2], and 
Schlenker and Lobell [42] explicitly state that decreases in 
future yield of cereal crops such as maize, millet and rice 
due to temperature increases should be expected across 
sub-Sahara Africa.

The present challenge to agricultural development 
(which employs over 70% of the rural population) in the 
study area is water scarcity and drought, which is likely to 
be aggravated by increased evapotranspiration. Frimpong 
et al. [13] concluded that the agricultural sector with its 
high rainfed dependency will be characterized by low crop 
productivity as a result of increased temperatures in the 
absence of irrigation. Like rainfall, temperature changes 
are a major determinant of crop yield as it affects evapo-
transpiration and soil moisture content. [35] mentioned 
that crop production is more likely to be affected by high 
temperatures, especially with the limited moisture avail-
ability due to low amounts of rainfall. Additionally, they 
concluded that there was a negative relationship between 
temperature and cereal yield of smallholder farmers, which 
could be attributed to high temperatures across an entire 
growing season.

Given the low level of irrigation in Ghana and the study 
area specifically, increase in temperature will aggravate the 
already water-stressed situation and likely result in crop 
failures. Implicitly, the accompanying drought could cause 
soils to dry up further. It is, however, expected that insti-
tutional support for effective climate-related adaptation 
practices would be able to reduce the negative impacts 
of rising temperature impacts on crop production [49]. 
Without such practices as rainfall harvesting for irrigation 
and careful selection of crop varieties [36], crop yield is 
likely to decline.

2.8  Conclusions and recommendation

The study used five regional climate models (RCMs) 
driven by three global climate models (GCMs) in the 

CORDEX experiment. Observed data from eight mete-
orological stations spread over northern Ghana were 
selected for the study based on the quality and com-
pleteness of the data. Variables considered were daily 
minimum and maximum temperature from the Ghana 
Meteorological Agency. The observed baseline distri-
bution for the stations lies within the model distribu-
tion, but the observed baseline minimum temperature 
shows some outliers. The simulations were done over the 
period 1980–2014 with the GMet station data and pro-
jected for the emission scenarios pathways RCP 2.6 and 
RCP 8.5 for the selected RCMs from 1961 to 2080. Mean 
minimum and maximum temperatures averaged for the 
eight (8) stations were analysed from 1961 to 2080 and 
presented in time series. The results show that the north-
ern–eastern part of Ghana is likely to have the greatest 
rate of change in temperature by the year 2080. The min-
imum temperatures over northern Ghana are likely to 
increase by 0.5 °C under RCP 2.6 and 2.5 °C under RCP 8.5 
whilst the maximum temperatures are likely to increase 
by 1 °C under RCP 2.6 and 2 °C under RCP 8.5. However, 
Tamale and the south-western part of the study area are 
likely to experience warmer temperature under RCP 2.6 
than RCP 8.5 until 2050, but towards 2080, the maximum 
temperature is projected to be warmer in RCP 8.5 than 
RCP 2.6. The minimum temperature is projected to have 
a faster warming rate per year than maximum tempera-
ture for all the stations towards 2080 suggesting that 
faster warming is likely to be experienced during the 
night time than in the day. Furthermore, extreme tem-
peratures are projected to increase with 99th percentile 
of the minimum temperature reaching 30 °C and that of 
maximum temperature reaching 43 °C putting farming 
practices under threat by extreme heat exposure.

Models projecting the increase in temperatures over 
northern Ghana are also consistently predicting a reduc-
tion in rainfall towards 2080 [26, 6] which means that high 
rate of evapotranspiration is likely. Given the overreliance 
of rainfed agriculture by smallholder farmers, likely reduc-
tion in rainfall and high evapotranspiration will imply likely 
low crop yield unless measures like drought-resistant 
crop farming and most importantly small-scale irrigation 
are adopted. Considering the weak adaptive capacity of 
smallholder food crop farmers in the study area to climate 
variability and change [49], intervention strategies aimed 
at building and enhancing vulnerable communities and 
household’s resilience need to be place based and inte-
grative. Currently, government policy and investments on 
agricultural water management in northern Ghana should 
focus on community-based small-scale irrigation schemes 
as a way towards improving and sustaining water supply 
for irrigation facilities and dry season farming.
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