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Changes in length of rainy season and rainfall extremes

under moderate greenhouse gas emission scenario in the

Vea catchment, Ghana
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ABSTRACT
The economic implications of extreme climate changes are found to impact sub-Saharan Africa

negatively. This study aimed to analyze projected changes in length of rainy season (LRS), and rainfall

extreme indices at the Vea catchment, Ghana. The analysis was performed using high-resolution

simulated rainfall data from the Weather Research and Forecasting (WRF) model under moderate

greenhouse gas emission scenario for the period 2020–2049 relative to the 1981–2010 period. LRS

was computed from the difference between rainfall onset and cessation dates, and its trends were

assessed using Mann–Kendall test and Sen’s slope estimator. Annual rainfall intensity and frequency

indices were computed. Results showed an increase in mean LRS from 168 to 177 days, which was at

a rate of 1 day/year in the future (2020–2049). The LRS increase would be more significant at northern

and south-western parts of the catchment. Rainfall intensity and frequency indices are projected to

increase at spatial scale across the catchment. Projected changes in rainfall extremes could increase

the frequency and intensity of drought and flood events. Thus, it is necessary to integrate suitable

climate change adaptation measures such as rainwater harvesting, flood control measures, and

development of early warning systems in the planning process by decision-makers at the catchment.

Key words | length of rainy season, rainfall extreme indices, rainfall projections, regional climate

model, Vea catchment
HIGHLIGHTS

• The spatio-temporal changes in length of rainy season and rainfall extreme indices were

analyzed under moderate greenhouse gas emission scenario for the vea catchment.

• High resolution regional climate model was employed in this study.

• Rainfall intensity and frequency indices are projected to increase at the spatial scale across the

catchment.

• Mann–Kendall test, onset and cessation of rainfall were used for the data analsysis.
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INTRODUCTION
Climate change and climate variability have received atten-

tion in recent years which has resulted in increased

studies on the spatial heterogeneity of the impact of climate

change (e.g., Kaufmann et al. ). These studies reveal a

global increase in average temperature between land and

sea and low precipitation increases in high latitudes. Pre-

cipitation has been observed to continue decreasing along

tropics and subtropical land regions (IPCC , ). An

increase in average temperature is projected to result in

increased climate and climate variability. This will increase

the frequency and severity of climate events due to the

variability of weather patterns. An increase in the fre-

quency and severity of climatic events has varied impacts

on human and natural systems (IPCC ). For instance,

the catastrophic impact of climate change and climate

variability result in short or prolonged drought (Hosseinza-

dehtalaei et al. ) and more flooding events from high-

intensity and frequency rainfall events (Pineda & Willems

). The socio-economic losses of these human-induced

and naturally occurring impacts of climate change and cli-

mate variability are enormous (Schellnhuber et al. ;

Amuzu et al. ).

The IPCC report reveals that extreme weather events

will continue to increase in many parts of the world (Reay

et al. ). For instance, in Africa, by the end of the year

2020, it was projected that between 75 million and 250

million people would be affected by increasing water stress

as a consequence of climate change and climate variability

extremes (IPCC ). With high confidence, the IPCC

reports climate change to increase stress on water resources

in Africa (IPCC ). As demand for water resources

increases, the lives and livelihoods of many people in

Africa will be adversely affected. Comparing Africa to the

other continents in terms of vulnerability to climate

change extremes, the IPCC () notes that ‘Africa is one

of the most vulnerable continents because of multiple stres-

ses and low adaptive capacity’. Water resources in Africa

have been subjected to the highest hydro-climatic variability

over space and time relative to other continents (IPCC ).

This has negative implications on the continent’s continuous
economic development. Adaptation strategies in Africa have

been noted to be insufficient considering the projected

changes in climate over the region. The impact of climate

change over the African continent varies.

In West Africa, annual rainfall has been revealed to be

on the decrease since the 1960s with a recorded decrease

of 20 to 40% around the 1990s (IPCC ). The decrease

in annual rainfall has caused an estimated 25–35 km

southward shift of the ‘Sahelian, Sudanese and Guinean

ecological zones’ with more projected impacts by 2030

(IPCC ). As the IPCC () puts it, ‘seventeen countries

in West Africa share 25 trans-boundary rivers and many

countries within the region have a water-dependency ratio

of around 90%’. The 90% recorded water-dependency ratio

in West Africa is the highest on the African continent.

Furthermore, West Africa is the most vulnerable region on

the continent to floods and drought using the 2007 floods

as a point of reference (Paeth et al. ; Tall et al. ).

This justifies the selection of West Africa for this study.

Additionally, research into the spatiotemporal pattern of

the length of the rainy season and rainfall extremes, for

instance, can aid in the development of country-specific

adaptation and resilient mechanisms to be put in place rela-

tive to situations where these climatic extremes are not

predicted (Willems et al. ). Indeed, in many developing

countries, coarse resolution datasets have been used to

make continent-scale analysis with less documented infor-

mation on projected climatic extreme events at the

catchment level. Most studies focus on continental-scale

when undertaking studies on climate variability extremes

(e.g., Nicholson ; Vörösmarty et al. ). However,

we share the view that climate variability extremes can be

highly variable even in a small space like a country or catch-

ment-scale. The IPCC () posits that ‘the impacts of

climate change will be superimposed onto already water-

stressed catchments with complex land uses, engineered

water systems, and a strong historical socio-political and

economic footprint’. This justifies the choice to narrow the

study area to Vea, a water catchment located in the Upper

East Region (UER) of Ghana, West Africa.
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Located inside the Vea catchment is the Vea irrigation

dam, one of the two main dams (Vea and Tono) used for

irrigation in the UER of Ghana. Many farming communities

are in the Vea catchment, where intensive farming and

animal-rearing activities take place. This makes the Vea

catchment critical for the food security needs of UER,

the northern sector, and Ghana at large. While the Vea

catchment provides farmers with the opportunity to farm

continuously throughout the year, it faces ‘rising tempera-

ture and evapotranspiration trends’ (Limantol et al. ).

Studies on climate change and climate variability extreme

indices at Vea are considered critical to the development

of effective adaptation strategies in water resource manage-

ment for food security and support of water-dependent

livelihood activities. This informed the choice of the Vea

catchment for this study with a focus on projected length

of rainy season and rainfall extremes. Less research in pro-

jected climatic extreme events in developing countries

affects policy formulation that relies on data like projected

climatic events for sector-specific cases. This creates a

lacuna in the effective protection of key sectors like infra-

structure, food and agriculture, and potable water supply

against the impact of climate change and its variability in

many developing countries. This research direction is

taken from recommendations from studies like those of

Larbi et al. () and Muluneh et al. (). The IPCC

report recommends that ‘water resources and watershed

management in trans-boundary river basins are possible

ways in which countries in West Africa can co-operate

on a regional basis to build institutional capacity,

strengthen regional networks and institutions to encourage

co-operation, the flow of information and transfer of tech-

nology’ (IPCC ).

Previous studies have contributed to the literature by

studying the past characteristics of the length of the rainy

season (e.g., Amekudzi et al. ) and extreme climatic

events’ frequencies and intensities indices (e.g., Sunyer

et al. ). We share the view that these studies may not pro-

vide a complete understanding of the dynamics of these

climatic events since precipitation captures other elements

like evapotranspiration which varies over time. In essence,

using observed and simulated rainfall data to make projec-

tions into the future under high-resolution datasets using

the regional climate model will aid in the provision of a
om http://iwaponline.com/jwcc/article-pdf/12/6/2594/935455/jwc0122594.pdf
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better understanding of future climatic extremes and water

availability for agricultural activities. Studying the length

of the rainy season and rainfall extreme indices, for instance,

helps in the provision of objective and meaningful infor-

mation on trends, averages, variability, and other statistics

on rainfall extremes needed to inform policy formulation

(Muluneh et al. ; Pineda & Willems ). Another con-

tribution of this study is to help inform policy and research

towards the development of more strategies for effective

flood and drought management in the Vea catchment.

This is in support of the IPCC () recommendation that

‘strategies that integrate land and water management, and

disaster risk reduction, within a framework of emerging cli-

mate change risks, would bolster resilient development in

the face of projected impacts of climate change’. The aim

of this study was, therefore, to analyze the projected changes

in the length of the rainy season, and rainfall extreme indi-

ces (frequency and intensity) in the Vea catchment in the

UER of Ghana using high-resolution datasets.
METHODS

Study area

The Vea catchment is one of the sub-catchments within the

White Volta Basin in Ghana and is located between lati-

tudes 10� 300N–11� 080N and longitudes 1� 150W–0� 500E

(Figure 1). It has a total land area of about 305 km2 and

covers mainly the Bongo and Bolgatanga districts in the

UER of Ghana. It is characterized by fairly low relief with

elevation ranging between 89 m and 317 m (Figure 1) and

is mainly dominated by cropland followed by grassland

and forest/mixed vegetation (Larbi et al. ). Located in

a semi-arid agro-climatic zone, the catchment covers three

agro-ecological zones: the savanna and Guinea savanna

zones in Ghana, and north Sudanian savanna zone in Bur-

kina Faso. The climate of the catchment is controlled by

the movement of the inter-tropical discontinuity (ITD)

over the land which controls the climate of the entire

West African region (Obuobie ). The rainfall regime in

the catchment is uni-modal from April/May to October

with a mean annual rainfall of 957 mm which normally

peaks in August (Larbi et al. ). The temperature is



Figure 1 | Map of the Vea catchment in Ghana showing the station and gridded precipitation locations, and elevation within a 12 km regional climate model grid.
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uniformly high with a mean value of 28.5 �C while potential

evapotranspiration in the study area exceeds monthly rain-

fall for most of the year, except the three wettest months

of July, August, and September (Larbi et al. a).

Data sources

Station and satellite-based rainfall data at daily timescale

from 1981 to 2010 for 14 locations (Figure 1) were used as

observed data for this study. The station (Bolgatanga and

Vea) data were obtained from the Ghana Meteorology

Agency while the satellite-based rainfall data come from

the Climate Hazards Group Infrared Precipitation Station

(CHIRPS) data. The CHIRPS precipitation dataset is a pro-

duct of the United States Geological Survey (USGS) and the

Climate Hazards Group at the University of California,

Santa Barbara (UCSB) which is available at horizontal res-

olution 5 km (Funk et al. ). The station and CHIRPS

data quality control, and validation over the Vea catchment

have been performed and documented in a previous study

by Larbi et al. (). It was found that an extremely high
://iwaponline.com/jwcc/article-pdf/12/6/2594/935455/jwc0122594.pdf
seasonal correlation coefficient (r¼ 0.99), Nash–Sutcliffe

efficiency (0.98), and percentage bias (4.4% and �8.1%)

exist between the CHIRPS and station records. Daily mini-

mum and maximum temperature, relative humidity, wind

speed, and solar radiation data were also obtained from

the NASA Langley Research Center (LaRC) POWER pro-

ject (NASA POWER ). These climate variables were

used to compute the potential evapotranspiration at each cli-

mate station. The NASA POWER data ability in reproducing

well the climate pattern of station data have been previously

demonstrated (Larbi et al. ).

To assess the future evolution of length of rainy season

(LRS) and rainfall extremes in the Vea catchment, the out-

puts of a near future projection of rainfall simulated with

the Weather Research and Forecasting Model (WRF)

regional climate model (RCM) was used (Heinzeller et al.

). This near future projection of rainfall data was pro-

duced under the framework of the West African Science

Service Center on Climate Change and Adapted Land Use

(WASCAL) program over the West African region. The

WRF model simulation was driven by the General Fluid
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Dynamics Laboratory Earth System Model (GFDL-

ESM2M) and produced at a horizontal resolution of

12 km. A detailed technical description of this WRF model

simulation (henceforth WRF-GFDL) is reported in

Heinzeller et al. (). The performance of the selected

WRF-GFDL model has been evaluated, and the model indi-

cates remarkable skills in reproducing the climatology of the

Vea catchment for the period 1981–2005 (Larbi et al. b).

The WRF-GFDL rainfall data for the Vea catchment have

already been bias-corrected using the local intensity

(LOCI) scaling method in Larbi et al. (b). The output

used for this study consists of daily simulated rainfall data

for the period (2020–2049) under the Representative Con-

centration Pathway (RCP4.5) scenario. The RCP4.5 is a

medium-range emission scenario which is equivalent to

650 ppm CO2 and stabilizes after 2,100 (van Vuuren et al.

). The scenario assumes that carbon in natural veg-

etation will be factored into climate policies, thereby

showing a turning point in the global land use contribution

to carbon emissions. This scenario was selected not only

because the simulated WRF-GFDL output is limited to

RCP4.5 but because the scenario is also considered as a

threat to the West Africa climate.
LRS computation

The LRS was computed by taking the difference between

rainfall onset and cessation dates for the historical (1981–

2010) and near future (2020–2049) periods. For each station,

the rainfall onset and cessation dates were computed using

the Instatþ application (Nyembo et al. ). The onset

date is defined as the date (after 1st April) with a total of
Table 1 | Rainfall extreme indices

Indices Descriptive name Defin

Intensity PRCPTOT Annual total wet-day precipitation Ann

R95p Very wet days Ann
pe

RX5day Max-5-day precipitation amount Ann

Frequency CWD Consecutive wet days or Longest wet
period

Max

CDD Consecutive dry days or Longest dry
period

Max

R20 mm Number of very heavy rainfall days Ann

om http://iwaponline.com/jwcc/article-pdf/12/6/2594/935455/jwc0122594.pdf

3

at least 25 mm of rainfall within 5 days, in which the starting

day must be wet (at least 0.85 mm rainfall recorded), fol-

lowed by 7 or more consecutive days of no dry periods

(Stern et al. ). The cessation date was also computed

based on the concept of the water balance developed by

Stern et al. () (i.e., the first date the soil water balance

becomes zero after 1st October). These definitions were

selected for this study due to their reliability in determining

the onset and cessation of rainfall over West Africa (Kumi &

Abiodun ). In computing cessation date, mean daily

reference evapotranspiration (ETo) for each station is

required. The ETo was computed for each station at daily

scale based on the Penman–Monteith method (Monteith

).
Rainfall extremes indices analysis

Several rainfall indices have been developed by the Expert

Team on Climate Change Detection Monitoring Indices

(ETCCDMI) for understanding climate extremes and have

been widely applied in several regions (Larbi et al. ).

In this study, six of the rainfall indices categorized into

intensity and frequency indices were adopted and computed

using RClimdex (Larbi et al. ). These indices were

selected due to their direct impact on water resources and

agriculture (Hadri et al. ). Table 1 shows the description

of the selected rainfall indices calculated and analyzed in

this study. Three intensity and three frequency indices

were selected and analyzed. The consecutive dry days

(CDD) are described as a useful indicator for short-term

drought (Frich et al. ) and drought tendencies
ition Units

ual total precipitation from days �1 mm mm

ual total precipitation on the days when daily PRCP >95th
rcentile

mm

ual maximum consecutive 5-day rainfall mm

imum number of consecutive days with PRCP �1 mm days

imum number of consecutive days with PRCP <1 mm days

ual counts of days when rainfall �20 mm days



Figure 2 | Inter-annual variability in the length of rainy season over the Vea catchment for

the historical (1981–2010) and near future (2020–2049) periods under RCP4.5

scenario.
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(Orlowsky & Seneviratne ) and indicate enhanced dry-

ness and high risk for seasonal droughts.

Trend and spatial distribution analysis

The non-parametric Mann–Kendall (MK) test was used for

the trend detection in the LRS. The MK test has been uti-

lized in several studies (e.g., Okafor et al. ; Larbi et al.

; Nyembo et al. ) and has proven to be suitable for

non-normally distributed hydro-meteorological data. The

MK test assumes a null hypothesis (Ho) that there is no

trend which is tested against the alternative hypothesis

(H1) of the presence of a trend (Önöz & Bayazit ). Posi-

tive and negative values of the MK test indicate increasing

and decreasing trends, respectively. The magnitude of the

trend was estimated using the Theil–Sen slope estimator

modified by Hirsch et al. (). The MK test and Sen’s

slope estimator computation for the length of rainy season

were conducted at 5% significance level. At this significance

level, a negative trend is significant when its p-value �0.05,

and a positive trend is significant when its p-value �0.05.

Details on the computation of MK test and Sen’s slope esti-

mator can be found in the studies by Larbi et al. () and

Nyembo et al. ().

The inverse distance weighting (IDW) interpolation

technique (Feng-Wen & Chen-Wuing ) was used to

interpolate the computed LRS and rainfall indices over the

entire catchment at annual timescale from the individual

locations. The changes are obtained by the difference

between the near future period minus the historical

period. The IDW approach minimizes interpolation errors

during predictions by using semi-variogram models and con-

siders more observations to achieve the predictions (Oliver

& Webster ). It assumes that closer things are more

similar than those farther apart and uses measured values

surrounding an unmeasured location to predict its value.
RESULTS

Projected changes and trends in LRS

Figure 2 and Table 2 show the temporal distribution and

basic statistics of the LRS, respectively. The results show a
://iwaponline.com/jwcc/article-pdf/12/6/2594/935455/jwc0122594.pdf
clear variation in the LRS across the stations (Table 2).

The shortest and longest LRS were found to be in the

range of 113 to 201 days for the historical period, and

from 96 to 241 days in the near future (Table 2). The com-

puted coefficient of variation (CV) values also revealed a

relatively low variability in the LRS among the studied

stations. Relatively low variability of 9.7 and 12.4% in the

LRS for the historical and near future period, respectively,

was found for the entire catchment. The time series

showed the LRS in the range of 129 to 196 days for the his-

torical and in the early part (up to the year 2035) of the near

future period (Figure 2). The mean annual LRS for the entire

catchment is projected by the WRF-GFDL model to increase

from 168 to 177 days in the near future. The MK test results

show a mixed pattern of upward and downward trends in

the LRS within the individual locations for the 1981–2010

period. Most locations did not experience significant

trends, but the whole catchment saw an increasing trend

of LRS at 5% significant level (Table 2). The near future

period, however, showed an increasing trend in the LRS at

all stations and the entire catchment.

The spatial distribution of the LRS for the historical and

near future periods and the projected changes between the

two periods is shown in Figure 3. The historical period

shows mean annual LRS in the range of 154 to 165 days,

with the highest values found at the central part of the catch-

ment. The LRS is expected to increase in the near future

with the highest increase found in the northern part of the



Table 2 | Basic statistics and Mann–Kendall trend analysis of LRS (days) for the historical (1981–2010) and near future period

Station Min Max Mean CV (%) MK test Sen’s slope

GRID 1 113 (127) 191 (235) 158 (177) 11.8 (13.0) �1.05 (0.46) �0.41 (0.27)

GRID 2 114 (116) 194 (215) 160 (176) 12.8 (12.4) �0.68 (0.64) �0.40 (0.33)

GRID 3 113 (137) 193 (241) 154 (177) 13.0 (14.5) �1.07 (1.48) �0.50 (0.88)

GRID 4 114 (124) 193 (219) 159 (176) 12.3 (13.3) �0.43 (0.50) �0.20 (0.27)

GRID 5 114 (120) 193 (227) 157 (174) 12.9 (14.6) �0.62 (1.12) �0.35 (0.74)

GRID 6 114 (125) 193 (226) 159 (177) 12.2 (14.5) �0.42 (1.39) �0.17 (0.86)

GRID 7 129 (103) 193 (217) 160 (169) 10.8 (16.7) 0.20 (0.91) 0.07 (0.67)

GRID 8 115 (125) 192 (225) 157 (177) 12.4 (14.4) �0.36 (1.38) �0.17 (0.90)

GRID 9 120 (123) 192 (215) 155 (177) 11.7 (13.1) �0.73 (0.16) �0.28 (0.14)

GRID 10 129 (123) 192 (215) 156 (177) 11.6 (13.1) 0.00 (0.12) 0.00 (0.10)

GRID 11 120 (122) 192 (214) 158 (176) 11.9 (13.1) 0.71 (0.14) 0.31 (0.13)

GRID 12 120 (124) 192 (213) 158 (175) 11.1 (13.1) 0.73 (0.16) 0.25 (0.14)

Vea 106 (96) 201 (227) 166 (174) 13.6 (17.0) 2.11* (0.04) 1.0 (0.09)

Bolgatanga 120 (127) 196 (240) 171 (181) 11.2 (17.0) 2.43* (191) 1.0 (1.28)

Catchment 129 (125) 196 (214) 168 (177) 9.7 (12.4) 2.56* (1.91) 1.07 (1.28)

The values for the near future period are in parentheses.

Note: CV indicates coefficient of variation; * indicates statistically significant at 5%.

Figure 3 | Length of rainy season (LRS) over the Vea catchment for (a) historical (1981–2010), (b) near future (2020–2049), and (c) projected changes.
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catchment. The projected change in LRS shows an increase

in the LRS in the range of 8 to 23 days, which is more visible

at the northern and south-western part of the catchment

(Figure 3(c)).
Annual changes in extreme rainfall

The projected changes and time series of the intensity

(PRCPTOT, RX5day, and R95p) and frequency (CWD,

CDD, and R20 mm) rainfall indices in the Vea catchment

are shown in Table 3 and Figure 4, respectively. All three

intensity indices are projected to increase in the near
Table 3 | Mean projected changes in the intensity and frequency of rainfall extreme indi-

ces at the Vea catchment between the historical and near future (2020–2049)

period

Rainfall extreme
indices

Historical (1981–
2010)

WRF-GFDL (2020–
2049) Change

PRCPTOT (mm) 937.1 977.3 40.2

R95p (mm) 193.3 279.2 86.1

Rx5day (mm) 87.9 118.5 30.6

CWD (days) 8 26 18

CDD (days) 102 143 41

R20 (days) 9 7 �2

Figure 4 | (a) Intensity and (b) frequency of rainfall extreme indices for the historical (1981–20

://iwaponline.com/jwcc/article-pdf/12/6/2594/935455/jwc0122594.pdf
future relative to the historical period (Table 3). The mean

annual total wet-day precipitation (PRCPTOT) is projected

to increase by 40.2 mm, while annual maximum consecutive

5-day rainfall (RX5day) and very wet days (R95p) are pro-

jected to increase by 30.6 mm and 86.1 mm, respectively.

The maximum number of consecutive wet days (CWD)

and consecutive dry days (CDD) would increase in the

near future by 18 and 41 days, respectively. On the other

hand, the annual mean value for the number of heavy rain-

fall days (R20 mm) is projected to decrease by 2 days in the

catchment (Table 3).

At the spatial scale (Figure 5), PRCPTOTwould increase

in most parts of the catchment, especially the southern part,

but would decrease in the central part of the catchment. A

similar result is found in RX5day, which is also projected

to increase across the catchment, with a major increase

found at the southern part of the catchment. The R95p is

projected to increase in all parts of the catchment, with a

more pronounced increase at the southern part of the catch-

ment. The CWD is projected to increase in the range of 18 to

35 days with the highest increase at the southern part of the

catchment (Figure 5). A similar result is observed in the

CDD, which generally increases over the catchment. In

the case of R20 mm, an increase in the range of 13 to 25

days is projected in the entire catchment (Figure 5).
10) and near future (2020–2049) under RCP4.5 emission scenario.



Figure 5 | Spatial distribution of changes in the intensity (PRCPTOT, RX5day, and R95p) and frequency (CWD, CDD, and R20 mm) of extreme rainfall indices in 2020–2049 under RCP4.5

compared to the 1981–2010 period in the Vea catchment.
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DISCUSSION

Analysis of spatiotemporal changes of LRS, intensity and

frequency of rainfall extremes in the Vea catchment under
om http://iwaponline.com/jwcc/article-pdf/12/6/2594/935455/jwc0122594.pdf

3

RCP4.5 scenario using the WRF-GFDL model were con-

ducted. The mean annual LRS showed variability and a

mixed pattern of increasing and decreasing temporal

trends. This means that the LRS would be uncertain, such
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that in some parts of the catchment the rains start early

while in others they arrive very late. As a result, the inter-

annual variability would make it difficult for agriculturists

to determine the planting dates, the selection of the crop

type and crop varieties (Amadou et al. ). Results of the

LRS support the increasing evidence that temperature is

continuously increasing while rain becomes less predictable

and shorter in duration (Maddison ; Thornton et al.

). The variations and increasing trend of LRS over the

Vea catchment for both the historical and future periods

may be attributed to the variability in the rainfall onsets

and cessation dates. Rainfall is regarded as one of the

most significant climatic parameters affecting human activities

(Vogel ), hence knowledge of rainfall variability is crucial

for the effective planning and management of water resources

(Oloruntade et al. ). Weather information is also necessary

for the effective implementation of climate change adaptation

strategies (Kamagaté ). Additionally, the LRS is very

important to small-scale farmers in the Sudano-Sahel region

of West Africa where the Vea catchment is situated. In

addition, Modarres & da Silva () have also revealed that

drier locations, just like the Vea catchment location, experi-

ence higher rainfall uncertainties that affect agricultural

production. This information could help with the year-to-

year selection of crop cultivars adapted to the variability in

the LRS (Hachigonta et al. ). The projected increase of

LRS (within a range of 8–23 days) in the catchment provides

substantial information and guidance to farmers, particularly

on which type of crop to select for planting.

The frequency and intensity of extreme rainfall indices

are projected to vary in space and time in the near future.

The projected increase in the CDD in the northern and

southern parts of the Vea catchment suggests a dry ten-

dency. The drier conditions in the future at the northern

part of the catchment can be attributed to the decrease in

annual total rainfall (PRCPTOT) over this area. Abdullah

() stated that the effects of climate change on extreme

rainfall events will be greater in regions that are more fragile

and thus vulnerable to climate change. Katz & Brown ()

also maintain that even a small change in the mean rainfall

due to global warming can cause significant changes in

extreme rainfalls. The projected changes in CDD and

CWD could lead to an uneven temporal distribution of rain-

fall which could have a devastating impact on agriculture
://iwaponline.com/jwcc/article-pdf/12/6/2594/935455/jwc0122594.pdf
(FAO et al. ; Wiebe et al. ). Similarly, the adverse

changes in the R20 m over the Vea catchment may lead to

a reduction in surface water and groundwater resources.

These outcomes are very likely associated with global warm-

ing, since the atmosphere can hold more water vapor in a

warmer climate (Chu et al. ). The increase in rainfall

extremes is larger than changes in mean rainfall in a

warmer climate, because extreme precipitation relates to

increases in moisture content of the atmosphere (Kharin

& Zwiers ). This, therefore, raises serious concern for

the catchment as it could suffer from the risk of a climate

disaster (such as drought) in the near future. In a similar

study, Kanlisi & Arkum () found that the study region

has witnessed periodic extreme climate shocks and disas-

ters, such as highly variable and erratic rainfall and long

spells of droughts, over the past years. According to the

Environmental Protection Agency (EPA ), such extreme

weather events are expected to intensify in the region by

2080 which is in line with the projected increase in intensity

and frequency of extreme rainfall in this study.

Both intensity and frequency of rainfall extremes glob-

ally were reported by Myhre et al. () to have increased

due to global warming. An earlier study in the Vea catch-

ment reported a 1.3 �C increase in temperature under

RCP4.5 scenario for the period 2020–2049 (Larbi et al.

b). Consequently, the projected increase in intensity

(PRCPTOT, RX5day, and R95P) and frequency (CWD and

CDD) of rainfall extreme indices could reflect the projec-

tions of future climate change for the catchment (Kharin

& Zwiers ; Boko et al. ). The projected changes

in rainfall extremes could negatively affect the livelihoods

of smallholder farmers in the Vea catchment involved in

only rain-fed agriculture (Abeygunawardena et al. ;

Fosu-Mensah et al. ). Although rainfall is considered

one of the key climate elements which regulate and deter-

mine agricultural activities and production throughout the

world (Katunzi et al. ), higher rainfall intensities could

have adverse impacts on agriculture. Thus, it will increase

the rate of erosion and loss of particulate nutrients from

arable soils, eventually reducing the fertility and pro-

ductivity of soils (Fraser et al. ). Fowler & Hennessy

() also opined that increase in the intensity of rainfall

may increase the risk of flood frequency and severity

which will eventually destroy cultivated crops.
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CONCLUSIONS

This study assessed the changes in the LRS, the intensity and

frequency of rainfall extreme indices in the Vea catchment

using observation and high-resolution simulated rainfall

data from the WRF model under the RCP4.5 emission scen-

ario. The analysis showed clear variation in the LRS across

the catchment, and the mean value is projected to increase

by 9 days in the near future relative to the historical

period. The extreme rainfall indices also revealed an

increase in the intensity and frequency in the near future.

Drier conditions are expected, particularly in the northern

part of the Vea catchment, due to the projected decrease

in rainfall and an increase in consecutive dry days over

that area. However, the southern part of the catchment

would experience wetter conditions with both total wet-

day precipitation and maximum consecutive 5-day rainfall

projected to increase. These rainfall extremes results suggest

that the Vea catchment would be vulnerable to the risk of

climate disasters such as drought and floods which could

have consequences for socio-economic activities. Thus,

there is a need for decision-makers to reorient adaptation

and mitigation strategies in the context of climate change

and extremes in the study area. Adaptation policies such

as rainwater harvesting, weather and climate information

services, flood control measures and the development of

early warning systems are necessary to mitigate the effects

of future extreme climate events in the Vea catchment.

The LRS and rainfall extreme assessment in this study was

only based on one regional climate model, which when

compared to multi-model mean will have high uncertainty

in the future projection, making it a limitation of this

study. Further studies need to be conducted in this field

using multi-model mean and also under extreme climate

change scenario (i.e., RCP8.5 scenario).
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