Theoretical and Applied Climatology (2019) 137:513-532
https://doi.org/10.1007/s00704-018-2609-z

ORIGINAL PAPER

@ CrossMark

Trends and projections of climate extremes in the Black Volta River Basin
in West Africa

Fati Aziz' - Emmanuel Obuobie? - Mouhamadou Bamba Sylla® - Jaehak Jeong* - Prasad Daggupati®

Received: 14 July 2016 / Accepted: 23 August 2018 /Published online: 5 September 2018
© Springer-Verlag GmbH Austria, part of Springer Nature 2018

Abstract

This study used the RClimDex software to examine trends in extreme air temperature and rainfall in the Black Volta
River Basin (BVRB) for the present (1981-2010) and future 2051-2080 (late twenty-first century) horizons. The
analysis of the future extreme events was conducted using data output of four ensemble models for two IPCC
emission scenarios, Representative Concentration Pathways (RCPs) 4.5 and 8.5. A bias correction method, the
quantile-quantile (Q-Q) transformation technique, was applied to all the modelled temperature and rainfall data set
prior to the index calculation. The results of analysis of the present-day climate indicate warming and wetting of the
BVRB. Increasing trends were seen in the extreme warm indices while the extreme cold indices showed mostly
decreasing trends. Majority of the trends observed in the indices were statistically significant (95% confidence level).
The extremes in rainfall also showed increasing trends in amounts and intensity of rainfall events (majority of
increasing trends were statistically insignificant). Projected temperatures for the late twenty-first century showed
decreasing and increasing trends in the cold and warm indices respectively, suggesting warming during the period.
Trend analysis of future rainfall projections mostly showed a mix of positive and negative trends offering no clear
indication of the direction of change in majority of the extreme rainfall indices. An increase in extremely wet day
events is however projected for the period. The results from this study could inform climate change adaptation
strategies targeted at reducing vulnerability and building resilience to extreme weather events in the BVRB.

1 Introduction

The latest report of the Intergovernmental Panel on Climate
Change (Hartmann et al. 2013: Chapter 2, page 161) high-
lights that in the last three decades, unprecedented warming
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has been recorded at the Earth’s surface and temperature will
continue to increase as a result of greenhouse gases (GHG)
forcing. Under the medium- and high-emissions scenarios,
average temperature for large areas of Africa are projected to
exceed the 2 °C international threshold by 2050 and reach up
to 2.6-4.8 °C by the end of the twenty-first century (CDKN
2014: Chapter 2 page 16). Although Africa’s contribution to
the overall greenhouse gas emissions has been relatively
small, compared to the global emissions, the impacts on water
resources, agriculture and ecosystems is expected to be huge
due to the low adaptive capacity (Boko et al. 2007).

The IPCC in its Fourth Assessment Report (Solomon et al.
2007) stated that climate change has begun affecting the fre-
quency, intensity and duration of extreme events, some of
which are projected to continue. Extreme weather or climate
event, popularly termed extreme event, is one of the key man-
ifestations of climate change in a region or an area, and occurs
when the “value of a weather or climate variable exceed (or go
below) a threshold value near the upper (or lower) ends
(‘tails’) of the range of observed values of the variable”
(IPCC 2012: Chapter 1, page 30).
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Studies conducted on a global scale demonstrate a
significant warming in temperature indices during the
twentieth century while extreme precipitation trends
show a significant wetting trend (Frich et al. 2002;
Alexander et al. 2006). Extreme temperature studies
conducted in Southern and Western Africa revealed con-
sistent warming during the 1961-2000 period (New
et al. 2006). In another study, Mouhamed et al. (2013)
also identified a general warming trend over a large
area of West Africa for the period 1960-2010. Their
study indicated that extreme rainfall events have become
more frequent in the West African Sahel during the last
decade in comparison to the 1961-1990 period. A study
by Gbode et al. (2015) in Kano, Nigeria, revealed in-
creases in the number of cool nights, warm days and in
the number of warm spells for the period 1960-2007.
Slight increases were also seen in annual total rainfall
while the number of extremely wet days increased
significantly.

Like several other regions in Africa, the Black Volta River
Basin (BVRB), the biggest sub-basin of the Volta River Basin
has had to contend with loss of lives, severe damage and
large economic and societal losses resulting from unex-
pected weather conditions. Based on the Kdppen-Geiger
climate classification, the Black Volta Basin has a largely
tropical wet or savannah climate in the south and a smaller
hot semi-arid climate in the extreme north (Peel et al.
2007). The basin is shared by Burkina Faso, Ghana, Cote
d’Ivoire and Mali. Quite recently in 2007, a massive rain-
fall caused severe flooding in the region and affected
about 54,800 people in Ghana, Burkina Faso and Togo
(Tschakert et al. 2010). A flooding episode that hit
Burkina Faso, north of the Volta Basin, in 2009 also re-
sulted in serious damages to properties (Ta et al. 2016).
Although the basin supports significant economic activi-
ties such as fishing, agriculture and energy production,
little is known about the trends in extreme precipitation
and temperature in the region. Extreme events such as
drought and flood episodes over the BVRB can trigger
damaging consequences by affecting food security and
impacting human wellbeing significantly (Barry et al.
2005). For these reasons, it is necessary to understand
the current trends and future projections of changes in
temperature and precipitation extremes over the basin to
help in exploring the opportunities for managing the risks
of weather- and climate-related disasters in the region.

The goal of this study, therefore, was to (1) investi-
gate trends in extreme temperature and precipitation
events in the present-day (1981-2010) and late twenty-
first century (2051-2080) climate of the Black Volta
River Basin and (2) to analyse changes in the trends
between the present-day climate and that of the
twenty-first century.
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2 Data and methodology

2.1 Data

Daily rainfall and minimum and maximum temperature data
covering the present horizon (1981-2010) for the 10 synoptic
climate stations used in the analysis (Fig. 1) were obtained
from the Meteorological Agencies in Ghana and Burkina
Faso for the analysis. Only the data of 10 synoptic stations
were used because they offered the most reliable data with few
gaps during the time of the study. The 10 stations are well
distributed across the basin except for the extreme north where
there was no observational data available to this study. A
higher density of observed station network would have been
ideal but considering that the 10 stations used are located in
the two climate zones (tropical wet and semi-arid) of the basin,
we do not expect any significant changes to the trends in the
climate of the basin. We considered similar data for the late
twenty-first century (2051-2080) for the [IPCC medium-low
(RCP4.5) and high (RCP8.5) emission scenarios. The future
horizon data obtained from the Coordinated Regional
Downscaling experiment (CORDEX) archives were generat-
ed from the combination of three RCMs driven by three
GCMs (Table 1) for a total of four RCM/GCM scenario com-
binations. The CORDEX data consists of an ensemble of
high-resolution historical and future climate projections at re-
gional scales (Giorgi et al. 2009; Jones et al. 2011) produced
by downscaling different Global Climate Models (GCMs)
participating in the Coupled Model Intercomparison Project
Phase 5 (CMIPS5) (Taylor et al. 2012) in combination with
RCPs (Moss et al. 2010). Specifically, each climate model
output from the CORDEX project is made up of an ensemble
of RCM runs, each one of them based on the output of one
CMIP5 multi-model ensemble (Taylor et al. 2012), plus eval-
uation runs driven by ERA-Interim reanalysis data. In effect,
the inputs from the CORDEX experiment are very useful for
impact and adaptation studies (Giorgi et al. 2009; Jones et al.
2011). Another advantage of the CORDEX data is its high
resolution compared with others such as the CMIPS5.
Whereas the resolution of the CMIP5 GCMs is at best
0.75x0.75° and at worst 2.81 x 2.81°, for example, that of
the CORDEX is approximately 0.44° x 0.44° allowing for
more detailed climate change information at regional or local
levels (Sylla et al. 2016). The CORDEX RCMs have been
validated over Africa (e.g., Nikulin et al. 2012; Panitz et al.
2014; Kim et al. 2014 and Dosio et al. 2015) and in West Arica
(e.g., Klutse et al. 2014; Abiodun et al. 2013 and Endris et al.
2015). For more details about the CORDEX RCMs and their
experimental set-up, refer to Jones et al. (2011).

The simulations used in this research were downscaled and
the raw temperature and precipitation data bias corrected
using the quantile-quantile (Q-Q) transformation method
(Maraun et al. 2010; ThemeBI et al. 2011a, b) to obtain

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Trends and projections of climate extremes in the Black Volta River Basin in West Africa 515

.DEDOUGOU

HOUNDE
-

.BOBO~DIOULASSO

Cote d’lvoire

Legend

e Climate Stations

Country boundaries

[] Biack voita

Mali

Burkina Faso

03060 120 180 240

e e el Kilometers

Fig. 1 Map of Black Volta Basin with Meteorological stations used in the study

station-specific future climate scenario data with reduced
RCM biases for the extreme index analysis. This was done
using a quantile mapping approach that closely follows the
methodology in Amadou et al. (2015) and Sarr et al. (2015).
The Q-Q transformation technique has been used in several
studies to demonstrate its ability in reducing systemic biases.
It uses a calibration and validation step; hence, it is suitability
for the data can be checked by looking the calibration perfor-
mance using a Kolmogorov-Smirnov test. Results show that
the Q-Q transformation always improve similarity between
the RCM outputs and the observations on the validation data
set (see for instance Sarr et al. 2015). A typical example is the
study by Themefl et al. (2011a, b) over the Alpine region. The
study which focused on the application of an ensemble of
seven empirical-statistical downscaling and error correction

methods to post-process daily precipitation sums of a high-
resolution regional climate hindcast simulation suggested the
quantile mapping to be the best in terms of performance, par-
ticularly at high quantiles. In their study, improvements were
seen in precipitation sums regardless of season and region,
indicating the potential transferability of the methods to other
regions (Themefl et al. 2011a, b).

2.2 Methodology
2.2.1 Bias correction in RCM projections
Climate projections from global and regional climate

models often need to be corrected due to bias in the
models (Xu and Yang 2015; Maraun 2016). For this
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Table 1 RCM/GCM

combinations: (scenarios RCP 4.5 No. RCM GCM Scenario models used in study

and RCP 8.5; timeline 2051—

2080) 1 RCA4 (SMHI) MPI-ESM-LR RCA4/MPI-ESM-LR
2 HIRHAMS V2 ICHEC-EC-EARTH HIRHAMS_V2/ICHEC-EC-EARTH
3 CCCLM-4-8-17 MPI-ESM-LR CCCLM-4-8-17/MPI-ESM-LR
4 RCA4 (SMHI) CCCma-CanESM2 RCA4/CanESM2

study, the RCMs’ projected precipitation and tempera-
ture (maximum and minimum) data were corrected
using the Q-Q transformation technique. This empirical
statistical technique was applied to adjust the statistical
distribution of the data from each of the 4 RCMs to
match the statistical distribution of the observed data.
The Q-Q transformation procedure was applied on a
monthly basis on each of the data variables as described
by Amadou et al. (2015) and Sarr et al. (2015) as
follows:

1. The observed data covering the present horizon was
split into two, one half for calibration and the other
half for validation. In order to avoid problems relat-
ed to non-stationarity in hydrologic time series (dif-
ficulty in predicting the evolution in time of hydro-
logical processes), the calibration period consisted of
every odd year starting from the beginning of the
present horizon (i.e., years 1, 3, 5, etc.). The perfor-
mance of the bias correction was tested on even
years (years 2, 4, etc.). The daily time series of
the month were extracted for both calibration and
validation periods from both observation and RCM
projection data.

2. Two empirical cumulative distribution functions, F and
Frewm, were then developed. Fo,s was generated using
observed data covering the calibration period while the
Frem was generated using the RCM projections for the
calibration period.

3. The probability mass function (PMF) of precipitation oc-
currence (i.e., intensity greater than 1 mm/day) and prob-
ability density function (PDF) of precipitation intensity on
wet/rainy days and maximum and minimum temperatures
were built. The quantile-quantile transformation was ap-
plied to produce improved (corrected) future RCM simu-
lations of a variable if it was noticed that the PDF (or
PMF) of a corrected variable was closer to the PDF of
the observations than the PDF (or PMF) of the raw non-
corrected variable.

4. Thus, the bias-corrected RCM projections,Xcogrrg,
were generated for the entire period of the uncor-
rected projection data using the transformation:
XCORR = F;és(FRCM(XRCM))’ where XRCM refers
to the uncorrected RCM projection data.
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2.2.2 Extreme index calculation

The calculation of indices of climate extremes was conducted
using RClimDex 1.0 software package (Zhang and Yang
2004). In this study, we used indicators devised by the joint
World Meteorological Organization Expert Team on Climate
Change Detection Indices (ETCCDI). The RClimDex has a
set of 27 indices all of which are temperature and precipitation
based. However, not all the indices are applicable/relevant for
the African Region. For example, the Iced Days (ID) indices,
which measures the annual count when daily maximum tem-
perature is below 0 °C is not applicable in the BVRB. Issues
concerning water availability for use are of major concern to
the countries sharing the basin, especially Burkina Faso and
Ghana. Whereas Ghana depends on the basin for hydro-power
generation, Burkina Faso uses the water for irrigation. Also,
issue of floods are of major concern in the riparian countries.
In the past few decades, the region has recorded significant
increases in the frequency of heavy rainfall events (Oyebande
and Odunuga 2010), resulting in several instances of water-
related disasters. We therefore used only nine of the indices,
five temperature-related and four precipitation-related indices
(Table 2), that we consider relevant for the study area. The
definitions and in-depth description of the indices can be
found in Klein Tank et al. (2009) and Zhang et al. (2011).
The construction of time series and the extraction of temper-
ature and precipitation indices in RClimDex are presented in
detail by Choi et al. (2009). Data quality control was carried
out using the quality control procedure provided in the
software.

3 Results and discussion

This section presents the results and discussion of the precip-
itation and temperature indices considered in the study. The
section begins with a brief analysis of the bias correction out-
puts, followed by the results and discussion of the trends in the
observed and projected simulations at the station level.
Finally, results of the future projections relative to the baseline
period are presented and discussed. The analysis for this part
of the study is based on the average of all the 10 stations. In
each of the sections, the results of the temperature indices are
presented first, followed by that of the precipitation indices.
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Table 2 Rainfall and temperature

indices used in study Element Index Indicator name Definition Units

Rainfall  R99p Extremely wet days Annual total PRCP when RR > 99th percentile mm

Rainfall CWD Consecutive wet Maximum number of consecutive days with days
days precipitation > 1 mm

Rainfall PRCPTOT  Annual total wet day ~ Annual total precipitation in wet days with mm
precipitation precipitation >1 mm

Rainfall ~ Rx5DAY Max 5-day precipita-  Annual maximum 5-day precipitation mm
tion

Tn Tnl0p Cool night frequency ~ Percentage of days with TN < 10th percentile days

Tn Tn90p ‘Warm night Percentage of days with TN > 90th percentile days
frequency

Tx Tx10p Cool day frequency Percentage of days with TX < 10th percentile days

Tx Tx90p Warm day frequency  Percentage of days with TX > 90th percentile days

Tx WSDI Warm spell duration ~ Annual count of days with at least 6 consecutive days

indicator

days when TX > 90th percentile

3.1 Assessment of the model-corrected
and model-uncorrected simulations of the observed
climate indices

Figure 2 presents the time series of consecutive wet days
(CWD) for Bobo-Dioulasso station in the north of the basin
in Burkina Faso for the period 1981-2005. The figure was
based on observed station data as well as simulated model-
corrected and model-uncorrected data of the four models
(CCCLM-4-8-17/MPI-ESM-LR, RCA4/CanESM2,
RCA4/MPI-ESM-LR, HIRHAMS V2/ICHEC-EC-EARTH)
considered in the study. A quick look reveals the level of
biases existing in the model outputs. Among other issues a
key consequence of not bias correcting RCM outputs includes
inaccurate and unreliable extreme value analysis (Durman
et al. 2001). Authors such as Marinucci and Giorgi (1992),
Chen et al. (1999) and Murphy (1999) have stressed on the
need to improve RCM model outputs prior to their use in
impact studies. As shown in our results, the uncorrected
RCM outputs highly overestimated the observed CWD. It
must be noted, however, that in spite of the correction, a few
biases still existed in the model simulations, leading to slight
overestimations and underestimations. In Fig. 2a for example,
the corrected data is seen to underestimate the CWD for 1989
and overestimate that for the year 1996 and from the years
2000 to 2005. In general, the biases shown in the corrected
RCM outputs were much less than the ones by the uncorrected
data. While the level of overestimation observed in the
corrected model simulations ranged from 4.7 to 26.6%, that
in the uncorrected model ranged from 154.7 to 272.7% as
shown by the PBIAS in Table 3. Comparison between the
RMSE values in the bias-corrected and uncorrected model
simulations also shows that a better agreement with the obser-
vations was achieved after bias correction, establishing the
importance of bias correction in impact studies.

3.2 Trends in present-day climate (1981-2010)

3.2.1 Present-day temperature-based indices (TN10p, TN90p,
TX10p, TX90p, WSDI)

Trend analysis and statistics of present-day temperature indi-
ces at the 10 stations considered for analysis (Table 4) showed
mostly increasing trends in the number of warm days
(TX90p), warm nights (TN90p) and warm spells (WSDI) over
the BVRB during the 1981-2010 period. The increasing
trends in TN9Op were statistically significant at 80% of the
stations. With regard to the TX90p, 50% of the increasing
trends at the stations (mostly in Burkina Faso) were signifi-
cant. As for the WSDI, none of the increasing trends was
statistically significant. The results indicate that the basin
(mostly the northern half) got warmer during the analysis
period. Trends computed for the cool days (TX10p) and
cool nights (TN10p) showed mostly decreases, observed
at nine of the stations. The decreasing trends were signifi-
cant at about 50% of stations, located mostly in the northern
half of the basin. This pattern of warming in daytime and
nighttime temperatures is similar to that observed in
Nigeria during the 1971-2012 period (Abatan et al. 2016).
Results of the study by New et al. (2006) also showed in-
creases in both daytime and nighttime hot extremes the
West African region over the period 1961-2000. Another
study by Mouhamed et al. (2013) suggested a general
warming trend throughout the West African Sahel region
from 1960 to 2010. Several extreme precipitation and
temperature-related studies conducted in Africa (e.g., New
et al. 2006; Mekasha et al. 2014; Kruger and Sekele 2013)
also indicated decreases in cold extremes and increases in
warm extremes. Our study results show that the warming in
the BVRB during the 1981-2010 period was more in
Burkina Faso than in Ghana.
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Fig. 2 Time series of CWD for
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3.2.2 Present-day precipitation-based indices (R99P, CWD,
PRCPTOT, RX5DAY)

Table 5 shows trends and significance in present-day extreme
climate precipitation indices for the 10 stations. The result
showed a general increasing trend in extremely wet days
(R99P), annual total wet day precipitation (PRCPTOT) and
maximum 5-day precipitation amount (Rx5day). The consec-
utive wet day index (CWD) on the other hand, exhibited a mix
of increasing and decreasing trends. Generally, only a small
fraction of the trends in the stations were significant for any of
the precipitation indices. The results suggest increases in
precipitation intensities and amounts over the basin.
Alexander et al. (2006) found that averaged across the globe,
extreme precipitation events have been increasing during the
1951-2003 period. Although findings of Mouhamed et al.
(2013) showed a general tendency of decreased annual total
rainfall for the West African Sahel and for Burkina Faso in
particular during 1961-2010, increasing trends of cumulated
rainfall of extremely wet days and maximum number of
consecutive wet days were observed in their study for the
late 1980s. A study by Sarr (2011) also showed that extreme
rainfall events became more frequent in the West African
Sahel during the last decade, compared to the 1961-1990
period.
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3.3 Trends in future climate (2051-2080)

3.3.1 Future temperature-based indices (TN10p, TN90p,
TX10p, TX90p, WSDI)

The results of future (2051-2080) trends in extreme tempera-
ture indices as projected by the model scenarios are presented
in Tables 6, 7, 8 and 9 respectively. The models projected
warming in most parts of the stations for the late twenty-first
century under both RCP scenarios in agreement with the latest
IPCC (2013) report. As depicted in the tables, three (CCCLM-
4-8-17/MPI-ESM-LR, RCA4/CanESM2, RCA4/MPI-ESM-
LR) of the RCMs projected mostly decreases in the number
of cold nights (TN10p) and cold days (TX10p) at each of the
10 stations, and showed mostly increasing trends in the num-
ber of warm days (TX90p), warm nights (TN90p) and warm
spells (WSDI) for the late twenty-first century under the
RCP4.5 scenario. All the models also agreed in their projec-
tions of the warming up of the region under the RCP8.5 sce-
nario, showing increases in the hot indices and decreases in
the cold indices. Whereas the warming trends projected were
mostly statistically significant (except for the WSDI) under
the high emission RCP8.5 scenario, that recorded under the
RCP4.5 scenarios were mostly insignificant at the 95% confi-
dence level.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Trends and projections of climate extremes in the Black Volta River Basin in West Africa 519

Table 3 Scores of bias-corrected
and uncorrected RCM model
simulations of historical (1981—

Model scenarios

Root mean square error Percent bias (%)

2005) CWD index at station Corrected Uncorrected Corrected Uncorrected
Bobo-Dioulasso
CCCLM-4-8-17/MPI-ESM-LR 3.44 8.75 —26.56 —154.69
RCA4/CanESM2 2.55 15.25 -11.72 —272.66
RCA4/MPI-ESM-LR 3.09 13.59 —19.53 —251.56
HIRHAMS_ 2.76 10.13 —4.69 —169.53

V2/ICHEC-EC-EARTH

3.3.2 Future precipitation-based indices (R99P, CWD,
PRCPTOT, RX5DAY)

The results of trend analysis and statistics of precipitation-
based indices for the BVBR during the late twenty-first cen-
tury are presented in Tables 10, 11, 12 and 13. Unlike the
temperature extremes, trends in the precipitation extremes
were highly variable among the RCMs. As noted by several
authors (e.g., Orlowsky and Seneviratne 2011; Allen and
Ingram 2002) simulations of future precipitation and extreme
precipitation analysis are generally associated with high un-
certainty levels. With the exception of a projected increase in
R99p (RCP4.5 scenario) at majority of the climate stations by
three of the RCMs, the trends in the other indices at the var-
ious stations were mostly split among the models offering no
clear indication of the direction of change. This was the case
for the consecutive wet days, total annual precipitation and
maximum 5-day rainfall events. Similar to the results obtained
under the RCP4.5 scenario, the trend results of the indices
under the RCP8.5 scenario were also mostly split among the
models and not statistically significant. Three of the RCMs
suggested decreases (mostly statistically insignificant) in the
consecutive wet day index at most of the analysed stations.

Extreme precipitation analysis for the West Africa region by
Sylla et al. (2016) also projected decreases in very wet day
intensities in most areas in the region, particularly the areas
along the Gulf of Guinea during the mid and end of the
twenty-first century under the RCP4.5 scenario. Results of
the trend analysis in the other indices CWD, PRCPTOT and
RX5day showed no clear trends as the result were split among
the models.

3.4 Projected changes in extreme climate indices
in the BVRB

Projected changes in temperature and precipitation extremes
across the BVRB for the future period (2051-2080) relative to
the observed period (1981-2010) are shown in Figs. 3, 4 and
5. Figure 3 presents the percentage change in the extremes as
projected by the multi-model ensemble mean RCMs for the
average of the 10 stations while Figs. 4 and 5 present the time
series analysis. Studies by Paeth et al. (2011) and Nikulin et al.
(2012) for example have demonstrated that multi-model en-
semble mean RCMs generally perform better than individual
models. For this reason, we discuss the changes in the extreme
indices with reference to the multi-model ensemble averages.

Table 4  Slopes of trends and associated p values of present-day temperature-based indices. Italicized numbers represent trends which are statistically

significant at 95% level (p <0.05)

Station name Tnl0p Tn90p Tx10p Tx90p WSDI
Dedougou —0.27(0.01) 0.22 (0.02) —0.33(0.00) 0.53 (0.00) 0.24 (0.09)
Boromo —0.33(0.00) 0.43 (0.00) —0.20 (0.00) 0.25 (0.01) 0.13 (0.19)
Hounde —0.33(0.00) 0.43 (0.00) —0.20 (0.00) 0.25 (0.01) 0.13 (0.19)
Bobo-Dioulasso —0.19(0.02) 0.33 (0.00) —0.25 (0.00) 0.41 (0.00) 0.18 (0.10)
Gaoua —0.07 (0.33) 0.33 (0.00) —0.13 (0.08) 0.12 (0.23) —0.15 (0.26)
Wa —0.24 (0.04) 0.38 (0.02) —0.18(0.01) 0.30 (0.01) 0.11 (0.36)
Batie —0.07 (0.33) 0.33 (0.00) —0.13 (0.08) 0.12 (0.23) —0.15(0.25)
Bole —0.13 (0.15) 0.34(0.01) —0.16 (0.01) 0.22 (0.08) 0.09 (0.56)
Bui 0.04 (0.53) —0.24(0.02) 0.36 (0.08) 0.23 (0.26) 0.18 (0.35)
Wenchi —0.01 (0.97) 0.10 (0.52) —0.12 (0.16) 0.09 (0.64) —0.09 (0.68)
Number of stations with positive trend 1 9 10 7
Number of stations with negative trend 9 1 9 0 3
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Table 5 Slopes of trends and

associated p values of present-day Station name R99 CWD PRCPTOT Rx5SDAY

precipitation-based indices.

Italicized numbers represent Dedougou 1.55(0.23) 0.07 (0.02) 7.17(0.01) 1.29 (0.01)

trends which are statistically Boromo 0.39 (0.81) 0.05 (0.19) 4.48 (0.15) 1.09 (0.12)

significant at 95% level (p<0.05) 5 4¢ 0.17(0.92)  0.06(0.03) ~1.63(0.61)  0.45(0.49)
Bobo-Dioulasso 0.05 (0.97) —0.02 (0.64) 0.79 (0.81) 0.28 (0.71)
Gaoua 0.17 (0.92) —0.01 (0.88) 4.68 (0.16) 0.03 (1.00)
Wa 2.09 (0.44) 0.04 (0.34) 8.99 (0.09) 2.27 (0.09)
Batie 1.28 (0.51) 0.01 (0.63) 0.58 (0.87) 0.01 (0.99)
Bole 0.56 (0.81) —0.00 (0.97) 0.66 (0.86) 0.09 (0.88)
Bui 2.23(0.22) —0.03 (0.48) 1.96 (0.69) —0.10 (0.91)
Wenchi 2.53(0.32) 0.10 (0.07) 14.88 (0.09) 1.85(0.10)
Number of stations with positive trend 10 6 9 9
Number of stations with negative trend 0 4 1 1

Compared to the observed period, the percentage of cool
nights and days (TN10p and TX10p) and warm nights and
days (N90p and TX90p) are expected to be lower during the
late 21st under both RCP4.5 and RCPS.5 scenarios (Fig. 3a).
The decreases projected are higher in the RCP8.5 scenarios
than in the RCP4.5 scenarios. For example, TN90p is
projected to range between 3 and 18 days/year under the
RCP4.5 scenario (representing a decrease of approximately
41%) and between 1 and 10 days/year (representing a decline
of about 65%) under the RCP8.5scenario (4¢). Average future
cool days (TX10p) are expected to be more or less the same in
comparison with the observed period under the RCP4.5 sce-
nario and decrease slightly (about 1%) under the RCP8.5 sce-
nario (Fig. 3a). In line with our findings, Sillmann et al. (2013)
projected a consistent decrease in TN10p and TX10p in trop-
ical regions from the late 20th through to the twenty-first
century. Contrary to our findings however, their study
projected increases in warm nights and days. Our study pro-
jects an increase in warm spells (WSDI under the RCP4.5
scenario and a decrease under the RCP8.5 scenario (Fig. 3a).
Future consecutive wet days (CWD) and maximum 5-day
precipitation amounts (RX5Day) are expected to increase in
comparison with present-day precipitation extremes (Fig. 3b).
The projected future CWD ranges between 5 and 6 days/year
under both RCP4.5 and RCP8.5 scenarios (Fig. 5b). For the
RX5Day, the range is between 124 and 171 mm/year under
the RCP4.5 scenario, and between 120 and 148 mm/year un-
der the RCP8.5 scenario (Fig. 5d). The future R99p is expect-
ed to be lower than the observed (Fig. 3b) and oscillate be-
tween 27 and 109 mm/year under the RCP4.5 scenario and
between 25 and 72 mm/year under the RCP8.5 scenario (Fig.
5a). In agreement with our findings, Sylla et al. (2016) ob-
served that most West African countries will experience small
decreases in very wet day intensity under the RCP 4.5 scenar-
io for the late and end of the twenty-first century. Future
PRCPTOT is projected to increase (decrease) by about 1%

@ Springer

under the RCP8.5 (RCP4.5) scenario in comparison with the
observed period and range between 810 and 1130 mm/year
and between 866 and 1120 mm/year during the late twenty-
first century under the RCP4.5 and RCP8.5 scenarios respec-
tively (Fig. 5¢). Our results suggest that compared to the ob-
served period, future rainfall duration will increase while the
intensity reduces. On the other hand, total rainfall amounts for
the future will be similar to the observed period. Similar to our
results, previous studies on extreme precipitation events, such
as the one by Pinto et al. (2016) indicated a decrease in annual
total precipitation and increase in maximum 5-day precipita-
tion amounts in some parts of South Africa during the late to
end of twenty-first century relative to the 19762005 period.

4 Conclusion

This study analysed the variability and trends of extreme cli-
mate events (5 temperature- and 4 precipitation-related) in the
BVRB in West Africa for the present (1981-2010) and made
projections for the future (2051-2080) using a range of en-
semble model outputs.

Results of the study indicated that the Quantile-Quantile
(Q-Q) transformation technique was useful in reducing the
biases in the ensemble models employed in the study.
Analysis of the present-day (1981-2010) precipitation- and
temperature-based extreme indices demonstrated increases in
the warm indices (TX90p and TN90p) and a decline in the
cold indices (TX10p and TN10p). Warm spells also increased
over the basin. The analysis indicated that Burkina Faso, lo-
cated north of the basin, experienced more warming than
neighbouring Ghana which is located in the southern portion
of the basin. Results of the precipitation analysis suggested an
increase in precipitation intensity and amount over the period.
The period saw increases in extremely wet days (R99P), max-
imum 5-day precipitation amount (Rx5day) and annual total
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Fig. 3 Percentage change in temperature and precipitation extremes relative to the observed period a temperature indices and b precipitation indices

wet day precipitation (PRCPTOT). No clear trends were ob-
served for the consecutive wet day index (CWD) as the anal-
ysis showed a mix of increasing and decreasing trends.
Increases in warm extremes over the basin is projected for
the late twenty-first century under both RCP4.5 and RCP8.5
scenarios. Majority (3 out of 4) of the ensemble models
projected decreasing trends in the cold indices (TX10p and
TN10p) and increasing trends in the warm indices (TX90p
and TN90p). The models offered no clear indication on the
direction of change in CWD, PRCPTOT and RX5day as the

trend results mostly showed a mix of positive and negative
trends. An increase in extremely wet day events (R99p) is
however projected by majority of the model ensembles.
Relative to the observed period, a decrease in both cold
(TX10p and TN10p) and warm (TX90p and TN90p) extremes
is projected for the late twenty-first century under both
RCP4.5 and RCP8.5 scenarios, indicating that the basin will
experience less of cold and warm extremes in comparison to
the observed period. The decline is projected to be more pro-
nounced under the RCP8.5 scenario than under the RCP4.5
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Fig.4 Time series of future temperature-related indices: a number of cool
nights (TN10p), b number of cool days (TX90p), ¢ number of warm
nights (TN90p), d number of warm days (TX90p) and e warm spells
(WSDI) in the Black Volta Basin for the period 2051-2080. The blue line

represents the observation; the grey and orange lines represent outputs of
the four models under the rcp4.5 and rep8.5 scenarios, respectively; the
green and red lines represent the ensemble of the RCMs under the rcp4.5
and rcp8.5 scenarios, respectively
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Fig.5 Time series of future precipitation-related indices: a extremely wet
days (R99P), b consecutive wet days (CWD), ¢ annual total wet day
precipitation (PRCPTOT) and d maximum 5-day precipitation amount
(Rx5day) in the Black Volta Basin for the period 2051-2080. The blue

scenario. Warm spells are expected to be more under the
RCP4.5 scenario and less under the RCP8.5 scenario.
Consecutive wet days (CWD) and maximum 5-day precipita-
tion amounts (RX5Day) are expected to increase under both
RCP scenarios in comparison with observations of the ob-
served period. Extremely wet day events (R99p) are expected
to be less in the future compared with the observed, with the
reduction being higher under the RCP8.5scenario than under
the RCP4.5 scenario. The total annual precipitation
(PRCPTOT) for the future is projected to vary slightly in
comparison with observed period. The precipitation amount
is expected to decrease by about 1% under the RCP4.5 sce-
nario and increase by a similar percentage under the RCP8.5
scenario. As previously discussed, the results of this study will
help in exploring opportunities for managing the risks of
weather- and climate-related disasters in the BVRB.

Acknowledgements The authors would like to thank the German Federal
Ministry of Education and Research (BMBF) for providing the funds for
this research through the West African Science Service Centre on Climate
Change and Adapted Land Use (WASCAL; www.wascal.org). Thanks to
Dr. Osumane Seidou of the University of Ottawa, Canada, for providing
the CORDEX data used in this study. Our thanks also go to the
Meteorological Agencies in Ghana and Burkina Faso for providing the
observed meteorological data for the Black Volta Basin.

@ Springer

line represents the observation; the grey and orange lines represent out-
puts of the four models under the rcp4.5 and rcp8.5 scenarios, respective-
ly; the green and red lines represent the ensemble of the RCMs under the
rcp4.5 and rcp8.5 scenarios, respectively
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