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Abstract

Climate change impact on rainfall and temperature extreme indices in the Vea
catchment was analyzed using observation and an ensemble mean of bias-corrected
regional climate models datasets for Representative Concentration Pathway (RCP
4.5) scenario. Rainfall extreme indices such as annual total wet-day precipitation
(PRCPTOT), extremely wet days (R99P), consecutive wet days (CWD), consecutive
dry days (CDD), and temperature indices such as warmest day (TXx) and warmest
night (TNx) from the Expert Team on Climate Change Detection Monitoring Indices
(ETCCDMI) were computed for both the historical (1986–2016) and future (2020–
2049) period using the RClimdex. The parametric ordinary least square (OLS)
regression approach was used to detect trends in the time series of climate change
and extreme indices. The results show an increase in mean annual temperature at the
rate of 0.02 °C/year and a variability in rainfall at the catchment, under RCP 4.5
scenario. The warmest day and warmest night were projected to increase by 0.8 °C
and 0.3 °C, respectively, in the future relative to the historical period. The intensity (e.
g., R99p) and frequency (e.g., CDD) of extreme rainfall indices were projected to
increase by 29mm and 26 days, respectively, in the future. This is an indication of the
vulnerability of the catchment to the risk of climate disasters (e.g., floods and
drought). Adaptation strategies such as early warning systems, availability of climate
information, and flood control measures are recommended to reduce the vulnerability
of the people to the risk of the projected impact of climate extreme in the future.

Keywords

Climate change · Climate models · Early warning systems · Climate extreme
indices · Vea catchment

Introduction

In the last century, global surface temperature has increased by 0.71 °C with
significant warming observed in many regions (Trenberth et al. 2007). This increase
in global surface temperature reveals more warming of land than the oceans and has
diverse consequences on water resources and the livelihood of people. In view of
this, much attention has been given to climate change and extremes over the past
decades (New et al. 2006; Larbi et al. 2018; Adeyeri et al. 2019) due to its intense
impact on natural and human systems. At the study region, the high variability in
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rainfall has also resulted in higher frequency of flood and drought events, putting the
socioeconomic activities at risk (Awotwi et al. 2015).

The impact of climate change on climate extremes and other sectors require tools
for its assessment, and the most common approach for the assessment is the use of
climate model outputs. Though Global Circulation Models (GCMs) have been
widely used for various climate change studies (Minville et al. 2009; Chen et al.
2012; Panday et al. 2015), it is not suitable for analyzing the projections on a
regional or local scale due to its coarse resolution nature (Xu 1999; Maraun et al.
2010; Seager and Vecchi 2010). In West Africa regions, GCMs are unable to
represent key features of the West African monsoon (WAM) such as the Africa
Easterly Waves (AEWs), Africa Easterly Jets (AEJ), and Tropical Easterly Jets (TEJ)
(Sylla et al. 2013). Regional climate models (RCMs) are therefore used in climate
change studies because of its ability to accurately take into account orography, thus
providing a better reproduction of regional climates (Sylla et al. 2013).

Extreme climatic events such as heat waves, floods, and droughts affect lives and
livelihoods of people over varied regions (Alexander et al. 2006). Floods and droughts
generate socioeconomic effects such as hunger, habitat, and infrastructure destruction.
Over 40% of the populace has encountered hunger situations, that resulted from failure
of one-third of crop produced when compared to 2010 data, leading to humanitarian
appeals (Sarr 2012; FAO 2013). These and other ensuing impacts have necessitated
the analysis of changes in future climate extremes necessary in reducing potential
social, economic, and ecological consequences (Amuzu et al. 2018; Bohle et al. 2018).
This need has necessitated studies in the analysis of past trends and the prediction of
the occurrence of extreme climate events on rainfall and temperature using different
approaches. Several studies have therefore achieved this by the use of RCMs. This
model has been frequently used for climate change impact studies (Zhang et al. 2008)
and future extreme climate projections analysis (Tomassini and Jacob 2009).

In West Africa, M’Po et al. (2017) assessed climate change impact on rainfall
extremes over the Ouémé River Basin in Benin using RCM. The results showed a
decrease in extremely heavy precipitation and annual total wet-day precipitation
in most stations for the future 2015–2050. The Vea catchment in Ghana is seen as
one of the vulnerable areas to climate change and is faced with issues of climate
shocks such as flood and drought. This has devastating effects on various sectors
of the economy particularly water resources and agriculture. However, informa-
tion regarding climate change and climate extremes which are vital to improve
societal awareness and preparedness is limited in the Vea catchment. To this end,
understanding trends and variations of historical and future climatic variables is
pertinent for the future development and sustainable water resources manage-
ment in the catchment (Ogountundé et al. 2006). This chapter assesses the impact
of climate change on rainfall and temperature extreme indices in the Vea catch-
ment in the Upper East Region of Ghana. This is based on the Representative
Concentration Pathways (RCP 4.5) scenario, which would recommend adapta-
tion strategies required at the community level to reduce the vulnerability of the
people to the risk of climate change and extreme events in the future.
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Description of the Study Area and Methodology

This section describes the area where the study was conducted, the data used, and
the methodology applied to achieve the aim of the study. The Vea catchment, one
of the sub-catchments within the White Volta basin (WVB), is located between
latitudes 10° 300N–11° 080N and longitudes 1° 150W–0° 500E (Fig. 1). It has an
area of about 305 km2 and covers mainly the Bongo and Bolgatanga districts in the
Upper East Region of Ghana, with a small portion over the south-central part of
Burkina Faso. The climate of the catchment is controlled by the movement of the
Inter-tropical Discontinuity (ITD) over the land that dominates the climate of the
entire West African region (Obuobie 2008). Located in a semiarid agroclimatic
zone, the catchment covers three agroecological zones: the Savanna and Guinea
Savanna zones in Ghana, and north Sudanian Savanna zone in Burkina Faso
(Forkuor 2014). It is characterized by a unimodal rainfall regime from April/May
to October with a mean annual rainfall of 957 mm which normally peaks in August
(Larbi et al. 2018). The temperature is uniformly high with a mean value of 28.5 °C
while potential evapotranspiration in the catchment exceed monthly rainfall for
most part of the year, except the three wettest months of July, August, and
September (Limantol et al. 2016). It is characterized by fairly low relief with
elevation ranging between 89 m and 317 m (Fig. 1) and mainly dominated by
cropland followed by grassland interspersed with shrubs and trees and woodland
(closed/open).

Fig. 1 Map of the Vea catchment showing the station and gridded precipitation locations within a
12 km grid
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Observation and Climate Change Scenario Datasets

Observed daily rainfall, maximum and minimum temperature within the Vea catch-
ment from 1986 to 2016 for two climate stations (Vea and Bolgatanga) were obtained
from the West African Science Service Centre on Climate Change and Adapted Land
Use (WASCAL) research center and Ghana Meteorological Agency. Additional 12
(Fig. 1) gridded daily precipitation data at 0.05° spatial resolution from Climate
Hazards Group InfraRed Precipitation with Station data (CHIRPS) were also down-
loaded from http://chg.geog.ucsb.edu/data/chirps (Funk et al. 2015). CHIRPS incor-
porate satellite imagery with in-situ station data to create gridded rainfall time series.
The performance of the CHIRPS data in reproducing the climatology of the Vea
catchment has been evaluated in previous research (Larbi et al. 2018). According to
Larbi et al. (2018), the CHIRPS data is able to reproduce well both the seasonal and
annual rainfall pattern of the Vea catchment, and the validation resulted in a very high
correlation coefficient (r ¼ 0.99) and a Nash–Sutcliffe efficiency of 0.9.

Four RCMs datasets (Table 1) within the CORDEX-Africa experiment and
Weather Research and Forecasting (WRF) models were obtained from both
CORDEX-Africa website and WASCAL geoportal (Heinzeller et al. 2016), respec-
tively. The CORDEX-Africa RCMs have been selected based on its ability to simulate
the basic climatological features in West Africa (Kim et al. 2013). The WRF simula-
tions were produced by the Karlsruhe Institute of Technology, Institute of Meteorol-
ogy and Climate Research, Atmospheric Environmental Research (KIT/IMK-IFU),
Germany, and the West African Science Service Centre on Climate Change and
Adapted Land Use (WASCAL) regional climate simulations. The WRF (WRF-H
and WRF-G) simulations were downscaled from two GCMs namely: the General
Fluid Dynamics Laboratory Earth System Model (GFDL-ESM 2 M) and the Hadley
Global Environment Model (HadGEM2-ES) using the Weather Research and Fore-
casting Model (WRFv3.5.1). A detailed technical description and parameterization of
theWRFmodels have been reported by Heinzeller et al. (2017). The CORDEX-Africa
RCMs (REMO2009 and KNMI-RACMO22T) and the WRF models were selected
due to its remarkable skills in reproducing the climatology of the Vea catchment for
the period 1981–2005 (Larbi et al. 2020). The WRF models skills have also demon-
strated to do well in terms of rainfall distribution in a study conducted within West

Table 1 Description of the CORDEX-Africa and WRF models whose ensemble mean was used

GCMs RCMs Institution Resolution

ICHEC-EC-EARTH REMO2009 Max Planck Institute – Computational
methods in systems and control theory
(MPI-CSC), Germany

50 km

ICHEC-EC-EARTH KNMI-
RACMO22T

Koninklijk Nederlands Meteorologisch
Instituut (KNMI)

50 km

HadGEM2-ES WRF-H WASCAL / KIT/IMK-IFU 12 km

GFDL-ESM2M WRF-G WASCAL / KIT IMK-IFU 12 km
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Africa by Bessah et al. (2018). Details on the RCMs evaluation and bias-correction
can be found in Larbi et al. (2020). The ensemble mean of the bias-corrected RCMs
output used consist of daily rainfall and temperature for the future (2020–2049) under
Representative Concentration Pathway (RCP4.5) climate change scenario.

Climate Extreme Indices Analysis

Several climate extreme indices have been developed by the Expert Team on Climate
Change Detection Monitoring Indices (ETCCDMI) for understanding climate
extremes and are widely used in several regions (Mouhamed et al. 2013; Soro et al.
2016; M’Po et al. 2017). Six of the indices were adopted. The selected rainfall and
temperature extreme indices (Table 2) were computed for each climate location for
both the historical (1986–2016) and future (2020–2049) period on the interface of R
software using RClimdex. The historical extreme indices was computed using climate
observation data while the future climate extreme indices were computed based on the
ensemble mean of the RCMs data for the RCP 4.5 climate change scenario. The
computed rainfall and temperature extremes indices at the annual scale were analyzed
at spatial and temporal scale using the inverse distance weighting (IDW) technique
(Feng-Wen and Chen-Wuing 2012). Trends in the climate extreme indices time series
were computed based on the parametric linear regression approach (M’Po et al. 2017).

Presentation of Results and Discussion

Annual Rainfall and Temperature Projections and Trends

The results for the projections of mean annual rainfall and temperature in the Vea
catchment by the ensemble mean of the RCMs under the RCP4.5 scenario is shown
in Fig. 2 and Table 3. The ensemble mean of the RCMs shows an increase in mean
annual rainfall and temperature by 22.6 mm (2.4%) and 1.3 °C, respectively, for the

Table 2 Climate extreme indices

Indices Descriptive name Definition Units

PRCPTOT Annual total wet-day
precipitation

Annual total precipitation from days �1 mm mm

R99p Extremely wet days Annual total precipitation on the days when
daily PRCP >99th percentile

mm

CWD Consecutive wet days Maximum number of consecutive days with
PRCP �1 mm

days

CDD Consecutive dry days Maximum number of consecutive days with
PRCP<1 mm

days

TXx Warmest day Annual maximum value of the daily max
temperature

°C

TNx Warmest night Annual maximum value of daily min
temperature

°C
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period 2020–2049 relative to the baseline (1986–2016) period. An increasing trend
in the future annual rainfall and temperature was found to be at the rate of 1.9 mm/
year and 0.02 °C/year.

Trends and Projected Changes in Extreme Rainfall Indices

The results for the extreme rainfall indices (PRCPTOT, CWD, CDD, and R99p)
projected by the ensemble mean of the RCMs under RCP4.5 scenario relative to the
baseline (1986–2016) period are shown in Table 4 and Fig. 3. The annual total
precipitation (PRCPTOT) is projected to increase from 951.9 mm to 952.1 mm
(Table 4) at an annual rate of 2.2 mm/year (Fig. 3a). Extremely wet days (R99p) is
projected to increase by 29.1 mm; however, a decreasing trend at a rate of 0.77 mm/
year is projected in the future 2020–2049 (Fig. 3d). Unlike consecutive dry days

Fig. 2 Mean annual rainfall and temperature projection for the Vea catchment in the future (2020–
2049) under RCP 4.5 scenario relative to the 1986–2016 period
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(CDD) which is projected to increase from 105 to 131 days, consecutive wet days
(CWD) is projected to decrease by 1 day in the future 2020–2049 (Table 4). The
spatial distribution of the extreme rainfall indices (Fig. 4) indicates a projected
increase in CDD in most part of the catchment, with the exception of the center
parts of the catchment that shows a decrease of 5 days (Fig. 4c). The PRCPTOT is
projected to decrease in most parts of the catchment except the extreme north and
south which shows an increase of 28.7 mm (Fig. 4f). R99p is projected to increase in
all parts of the catchment especially in the northern and southern parts and will range
from 27.7 to 35.7 mm (Fig. 4L). Unlike R99p, CWD is projected to decrease in the
entire catchment in the range of �3.4 to �0.4 days (Fig. 4I).

Temperature Extreme Indices Projections and Trends

The time series of the projected extreme temperature indices (TXx and TNx) and its
spatial distribution are shown in Figs. 5 and 6, respectively. As shown in Table 4, the
warmest day (TXx) is projected to increase by 0.8 °C from 41.5 °C to 42.3 °C. The
warmest night (TNx) is also projected to increase from 28.9 °C to 29.2 °C. The
future trend analysis of the extreme temperature indices shows an increasing trend in
both TXx and TNx at a rate of 0.04 and 0.01 °C/year, respectively. At spatial scale,
TXx is projected to increase in the entire catchment for the period 2020–2049, with a
higher increase in the southern part of the catchment in the range of 0.79 to 1.29 °C.
The TNx is also projected to increase in the range of 0.0 °C to 0.48 °C in the greater
part of the Vea catchment.

Table 3 Mean annual rainfall and temperature projections for the Vea catchment relative to the
baseline period

Variables Baseline (1986–2016) RCP4.5 (2020–2049) Change

Tmax (°C) 34.6 35.9 1.3

Tmin (°C) 22.6 24.0 1.4

Tmean(°C) 28.6 29.9 1.3

Rainfall (mm) 958.5 981.1 2.4%

Table 4 Projected changes in mean annual climate extreme indices at the Vea catchment

Climate extreme indices Baseline (1986–2016) RCP4.5 (2020–2049) Change

PRCPTOT (mm) 951.9 952.1 0.2

R99p (mm) 46.6 75.7 29

CWD (days) 5 4 �1

CDD (days) 105 131 26

TXx (°C) 41.5 42.3 0.8

TNx (°C) 28.9 29.2 0.3
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Climate Change and Climate Extreme Impacts at the Study Region

The agroclimatic zone of the Vea catchment is characterized as semiarid region in
West Africa and can influence growth when managed efficiently. With the expected
increase in precipitation and temperature, there is a likelihood of potential risk to

Fig. 4 Spatial distribution of the projected changes in the extreme rainfall indices: (a) CDD, (b)
PRCPTOT, (c) CWD, and (d) r99p in the Vea catchment
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natural disasters and destruction of infrastructure which would have environmental,
economic, and societal implications (Gobiet et al. 2014). The climate analysis
performed on the daily rainfall and temperature series for the historical and future
period provides evidence that the Vea catchment would be affected by climate
change and warm extremes based on the indices analyzed with warming more
pronounced during the day than the night. Although in Ghana climate change
projections vary considerably among different models, there is a consensus on the
evidence of increasing temperature across the country. The mean annual temperature
at the Vea catchment is projected to increase by 1.3 °C for the period 2020–2049.
This finding is in line with observations reported by other climate change studies (e.
g., McSweeney et al. 2010a; De Pinto et al. 2012). Additionally, a study by De Pinto
et al. (2012) reported a projected increase in the mean annual temperature of Ghana

Fig. 5 Trend analysis of
extreme temperature indices
for TXx and TNx in the Vea
catchment for the historical
and future period
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in the range of 1.0–3.0 °C by 2060 and by 1.5–5.2 ° C by 2090, with more rapid
increases expected in the northern sector of the country. Similar increase in temper-
ature of 0.6 °C, 2.0 °C, and 3.9 °C by the year 2020, 2050, and 2080, respectively, in
Ghana has also be projected by the Ministry of Environment Science, Technology
and Innovation of Ghana [MESTI] (2013). These projections in temperature are
noticed to be across all regions in the country with a rapid increase in the northern
sector (World Bank 2010). However, rainfall projections in Ghana are characterized
with greater uncertainties with some models predicting an increase while others a
decrease (McSweeney et al. 2010b).

In terms of climate extremes, the study region has witnessed periodic extreme
climate shocks and disasters such as high temperature, highly variable and erratic
rainfall, and long spells of droughts (Kanlisi and Arkum 2013). According to EPA
(2007), such extreme weather events are expected to intensify in the region by 2080.
The ensemble mean of the four climate models projected a nonsignificant increase in
the mean annual rainfall; however, there exist spatial variations in the annual total
rainfall (PRCPTOT), CWD, and CDD with some part of the Vea catchment indicat-
ing an increase while other parts indicate a decrease in the future period. These
projections in climate change and extremes would have serious socioeconomic
impacts on rural farmers in Ghana whose livelihoods depend largely on rainfall
(Abeygunawardena et al. 2003; Fosu-Mensah et al. 2012). The changes in climate
would affect agriculture and other sectors such as water resources, especially in the
Upper East Region of Ghana where the Vea catchment is located (Gyasi et al. 2006).
The projected warming trend at the Vea catchment lead to a higher evaporative
demand from water bodies and irrigated crops in the future. Limantol et al. (2016)

Fig. 6 Spatial distribution of the projected changes in the TNx and TXx temperature indices
relative to the baseline (1986–2016) period
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indicated that temperature and evapotranspiration have been on the increase in the
Vea catchment. And according to Ofori-Sarpong (2001), the increase in evapotrans-
piration could lead to soil moisture deficit and poor crop yield, particularly when
there is no corresponding significant increase in rainfall. Also, evapotranspiration
propelled by temperature will majorly affect agriculture through droughts and soil
moisture deficits (Limantol et al. 2016).

Existing and Recommended Adaptation Strategies to Address
Poverty and Ensure Sustainable Livelihoods in the Catchment

In sub-Saharan Africa, adapting to the impact of climate change on agriculture and
other sectors of the economy has become a major concern to various stakeholders
with special emphasis on improving adaptive capacity (Apata 2011). The projected
climate change and extremes at the Vea catchment underscore the need to put in
place appropriate adaptation measures to foster resilience to climate change in order
to enhance water security and livelihood of the people within the area. In the Vea
catchment, Limantol et al. (2016) examined farmers’ perceptions and adaptation
practices to climate change and variability, and noticed that farmers are aware of
climate change and are adopting strategies to cope with the effects. At the catchment,
some farmers use rain-fed practices to adjust to climate variability by varying crop
types via rotation without fertilizer, while others employ irrigation practices to offset
climate variability with a greater use of fertilizer application. According to Limantol
et al. (2016), farmers identified irrigation development (access to water), followed by
access to credit and health services as the most urgent needs for adaption to climatic
change in the Vea catchment. Similarly, Kumasi et al. (2017) also reported that, the
farmers in the Upper East Region of Ghana mostly practice crop selection, changes
to planting dates and density, communal pooling (e.g., labor or income sharing
across households), and traditional irrigation techniques as adaptation strategies to
climate change. Additionally, Lawson et al. (2019) investigated the intersectional
perceptions and adaptation strategies of women farmer in dealing with climate
change in semiarid regions of Ghana. It was revealed that women farmers perceived
the occurrence of climate change in the community and have incorporated some
adaptation measures to counter its impacts. These adaptation strategies include
changing planting dates, mixed farming, intercropping, planting early maturing
varieties, composting, and seeking off-farm activities.

In Ghana, national climate change adaptation strategy has been developed and
various adaptation programs and strategies have been outlined to combat climate
change. Some of these strategies include: (i) increasing resilience to climate change
impacts: identifying and enhancing early warning systems, and (ii) alternative liveli-
hoods: minimizing impacts of climate change for the poor and vulnerable needs to be
implemented at the study catchment to help reduce the vulnerability of the people to
future climate change and extremes. Other adaptation strategies recommended for
the Vea catchment include:
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1. Implementation of water use efficiency system as part of effective management of
water resources at the catchment. Due to the projected increased in temperature
and the variability in rainfall, water use efficiency system such as drip irrigation
needs to be promoted to ensure not only all year-round farming but also reduce
demands from the three main water sectors: domestic supply, agriculture, and
industry.

2. Enhance local capacity to adapt to climate change through improved land use
management and agricultural diversification.

3. Awareness creation on the need to protect and effectively manage the Vea dam
and streams within the Vea catchment through the creation of vegetation buffers
to protect the water resources.

4. Developing early warning systems and farmers access to climate information so
as to adequately inform policy makers and enhance farmers’ resilience to extreme
events as a result of climate change.

Conclusions

The changes in future climate and extremes indices in the Vea catchment was
computed from the Expert Team on Climate Change Detection Monitoring Indices
based on the observed climate and multi-model mean of four bias-corrected RCMs.
The climate simulation under RCP4.5 scenario for the catchment show a warmer
climate with 1.3 °C temperature increase in 2020–2049. The trend analysis of the
rainfall and temperature extremes indices indicated a continuous extreme tempera-
ture rise as well as an increase in intensity of extreme rainfall events in 2020–2049 at
the catchment. The projected increase in extreme temperature (TXx and TNx),
intensity (R99p), and frequency (CDD) of extreme rainfall indicate the catchment
vulnerability to the risk of climate disasters, hence the need for decision-makers to
adapt and mitigate climate change over the area. The study also provided evidence
that the daily maximum temperature (warmest day) would increase at a faster rate
compared to the daily minimum temperature (warmest night), indicating more
warming in the day compared to the night. Encouraging adaptation policies such
as rainwater harvesting, availability climate information, flood control measures, and
the development of early warning systems are necessary at the Vea catchment to
mitigate the effects of future extreme climate events.
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