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Abstract. This study provides an overview of the impact of a statistical bias
correction based on histogram equalization functions on a set of high resolution
climate simulations over the Senegal River Basin. Regarding the future changes
of extreme precipitation (greater than 50 mm), the models diverge in predicting
heavy rainfall events in the majority of the basin. However, an increase of
extreme precipitation is found around the Guinean Highlands. The results show
also an increase of dry day’s length and a decrease of wet days spells by all the
RCMs, except one model that shows an opposite change of these climate
indices. The bias correction affects mainly the magnitude of the climate change
signals of extreme precipitation. Changes under the Representative Concentra-
tion Pathways (RCP8.5) are the most pronounced with uncorrected data. Bias
corrected RCMs data are potentially useful for climate change impact studies
over the Senegal River Basin. This study highlights a convergence of all RCMs
(except for RCA RCM) in projecting a decrease of wet days and an increase of
dry days over the Senegal River Basin.
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1 Introduction

Climate change over rural areas has led to considerable impacts on critical sectors such
as water resources, agriculture, health, etc. Due to its weak capabilities, Africa is highly
affected by these impacts, and this is likely to be exacerbated in the future by extreme
events (such as flood, drought) and the high population growth which increases its
exposure and vulnerability. Moreover, the changes in extreme precipitation and tem-
perature are predicted by many global climate models as a response to greenhouse gas
increase and such changes will have significant environmental and social impacts [1].
The well-known droughts during the three last decades of the 20" century over West
Africa were the most severe consequences ever seen in Africa. Nowadays, climate and
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hydrological models are the most powerful tools available at our level to address the
issues of climate change on water resources. Among these climate models, GCMs
output are not suitable for impact studies due to their coarse resolution and systematic
biases [2]. Therefore multiple efforts in improving the quality of climate models output
made by the international scientific community has come to an international project
known as the COordinated Regional climate Downscaling Experiment [3].
The CORDEX purpose is to provide higher regional climate simulations for climate
change impact studies and decision making at the regional level [4]. The finer spatial
resolution of RCMs when compared to GCMs can be an added value while simulating
regional climate features such as precipitation over mountainous areas [5]. However, it
is pointed out that RCMs output are associated with systematic biases that can affect
hydrological simulations [6]. Previous studies over West Africa, have shown an
increase in the frequency of extreme rainfall events from the end of 20™ century to
early 21° century over the Sahel by using observed stations data [7]. In addition, a
probable intensification of droughts events is found by [8] through an increase of dry
days and the frequency of their occurrences. [9] by analyzing trends in extreme rainfall
indices over Senegal from 1950 to 2007, suggested that modest to significant increases
in daily wet days intensity. Projected changes of four RCMs indicated a decline in
mean precipitation except for one RCM over one region in Senegal [10]. Furthermore,
[11, 12] found that despite the projected decreases in total rainfall, the proportion of
total annual rainfall that falls in heavy events tends towards increases in the ensemble
projections. Moreover, an assessment of plausible regional trends associated to the
return period, from the hazard maps of annual mean of daily rainfall by [13], showed a
general rise, owing to an increase in the mean and the variability of extreme precipi-
tation over the Senegal River basin. The future evolution of extreme precipitation dwell
unclear at the basin scale where more detail information are needed by water resources
managers and users. Hence, to our knowledge there is a lack studies and understanding
that account for the removal of RCMs biases and the effect of the statistical bias
correction on the climate change signals of extreme precipitation at the basin scale. For
this reason, post processing of climate model output known as bias correction is often
used for bias removal. However, bias correction cannot improve the misrepresentation
of physical processes and transient response to greenhouse gas emissions [14]. In
recent impact studies, quantile mapping or histogram equalization methodology is
commonly used due to its skills, effectiveness and less parameters to fit, and also
because it improves both mean and variance of precipitation fields (as seen in [14—18]).
These authors have modified/used the methodology developed by [19] that is also
applied in the present study. This study aims to assess the potential changes of climate
change signals of extreme precipitation at the basin scale by using bias corrected data
and uncorrected data from CORDEX RCMs.

The paper is structured as follows. The data and the methods are briefly given in
Sect. 2. Section 3 presents the results of the projections of precipitation characteristics.
The discussion of the results is detailed in Sect. 4. Finally, Sect. 5 delivers the
conclusion.
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2 Data and Methods

2.1 Senegal River Basin

The Senegal River Basin (SRB) is situated in West Africa (Fig. 1). The basin’s
catchment is about 300,000 km? and it is shared by four countries such as Guinea,
Mali, Mauritania and Senegal [20]. The basin is subject to a large south—north rainfall
gradient with maximum in the south (up to 1800 mm/year) and minimum in the north
(150 mm/year) as like most West African countries. In addition, the northern basin
(sahelian part) has the hottest temperatures.
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Fig. 1. Senegal River Basin

2.2 Data

Rainfall simulations from five regional climate models (REMO, HIRHAMS, RAC-
MO22T, CCLM4, and RCA4) that are involved in the COordinated Regional climate
Downscaling Experiment [3] under the Representative Concentration Pathways (RCPs
4.5 and 8.5) are analyzed. Some characteristics of the models are described briefly in
Table 1. Additionally, gridded precipitation data from the EMBRACE forcing data
based on ERA-interim known as WFDEI [21] are used for observational datasets. Due
to the well-known biases of RCMs output, a statistical bias correction is applied to
correct models biases following the method of [19]. The WFDEI data are used to bias
correct RCMs simulations during the training period (1979-2005) where transfer
functions are derived (details in [22]).

2.3 Bias Correction

The bias correction is based on fitted histogram equalization where the corrected
variable is a function of the modeled counterpart (V.o = F(V0q))- The statistical bias
correction technique is described in detail in [19], and the method is widely used in
several studies [14—16, 18, 22], etc. Therefore, we give only a short summary of the
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method as follows. Transfer functions (TFs) of daily rainfall data are generated. To
obtain the TFs, observed and corresponding simulated time series of the same length
are sorted according to their magnitude, from smallest to largest. A transfer function
maps the cumulative probability distribution function of the modeled data onto that of
the observed. The bias correction transfer functions are derived for the training period
1979-2005 between RCMs and WFDEI data and applied to 1971-2000 for the his-
torical and to 2071-2100 RCMs simulations for both scenarios.

2.3.1 Precipitation Bias Correction
The following transfer functions (TFs) were used:

Peor = a+bP (1)
Peor = (a+ bP) (1 — e<7(P*P0>/T)) (2)

Where P, represents the bias corrected precipitation, P is a given value to be
corrected and, a, b, Py and 7 are fit parameters. In the linear Eq. (1), the coefficients a,
and b are respectively additive and multiplicative correction factors. Py is the value of
precipitation below which modeled precipitation is set to zero. Equation (2) is com-
posed by an exponential that tends to a linear asymptote (a + bP); 1 is the rate at which
the asymptote is approached and P, is the dry day correction term. For high intensities
the TF of Eq. (2) tends to the linear term as Eq. (1), and it presents a systematic change
of slope at the lowest intensities [18].

Table 1. Some characteristics of the RCMs

MPI- DMI- CLMcom-CCM4- | KNMI- SMHI-RCA4
REMO HIRHAMS 8-17 RACMO22T
Institution Climate Danish Climate Royal Swedish Meteorological
Service Meteorological | Limited_area Netherlands and Hydrological
Center Institute Modelling Meteorological | Institute, Rossby Centre
Community Institute
(CLM-Community)
Short name REMO HIRHAMS CCLM4 RACMO22T RCA4
Driving model MPI- ICHEC-EC- MPI-M-MPI-ESM- | ICHEC-EC- NOAA-GFDL-GFDL-
ESM-LR | EARTH LR EARTH ES2 M
Resolution/projection | 0.44° 0.44° 0.44° 0.44° 0.44°
Rotated Rotated pole Rotated pole Rotated pole Rotated pole
pole
Advection scheme semi- semi-lagrangien | Fith order upwind | semi-lagrangien | eulerian
lagrangien [23]
Convection scheme [24] [24] [24] [24] [25, 26]
Vertical Hybrid/27 | Hybrid3.1 Terrain Hybrid/40 Hybrid/40
coordinates/levels following/3.5
References WWW. www.dmi.dk/ | www.clm- http://www. http://www.smhi.se/en/
remo-rcm. | dmi/tr06-17 community.eu knmi.nl/ research/research-
de research/ departments/climate-
regional _ research-rossby-centre2-
climate/models/ | 552/rossby-centre-
racmo.html regional-atmospheric-
model-rca4-1.16562
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2.4 Simulations Analyses

The following climate indices are used to assess the climate change signals: the
maximum number of consecutive wet days (cwd), maximum number of consecutive
dry days (cdd). A day is considered as wet/dry when the precipitation is greater/less
than 1 mm/day. Additionally, days where rainfall is higher than 50 mm is computed as
extreme rainfall events in JAS season. The changes represent the difference between
the scenario period (2071-2100) and the reference period (1971-2000).

3 Projections of Precipitation Characteristics

The changes in the number of extreme rainfall days are displayed in Fig. 2. Uncor-
rected REMO and RACMO22T output show a decreasing tendency of extreme rainfall
events with RCP8.5 (—35 days) particularly in the eastern basin for RACMO22T and in
the majority of basin for REMO. However, for these same models and scenario, the
bias correction seems to alter the climate signal for RACMO22T; as for REMO the bias
correction decreases the signal. With RCP4.5, the changes are similar to those found
with RCP8.5 for RACMO22T. For REMO, the north-western part of the basin depicts
the highest changes with RCP4.5. Furthermore, the southern basin exhibits an increase
of extreme rainfall in all data and scenarios for REMO and RACMO22T. For HIR-
HAMS, it is found a clear increasing tendency of heavy precipitation for both datasets
and scenarios (up to 35 days in the southern basin). As for RCA4, corrected and
uncorrected data show identical spatial patterns with RCP4.5 where the Guinean
Highlands depict a decrease of extreme precipitation by contrast above 12°N, slight
increase (5 to 10 days) is found in the majority of the basin. In case of RCP8.5, both
RCA4 simulations have similar spatial patterns where in some parts show a slight
increase and others show a decrease. In addition, the basin is likely to experience
generally an increase of heavy rainfall events with RCP4.5 (raw and corrected RCA4
data). As with RCPS8.5, both CCLM4 simulations show an increase below 13°N;
however, above this latitude, decreased high rainfall events seem to dominate the
changes that are more pronounced with uncorrected data.

The changes of the maximum consecutive dry days are displayed in Fig. 3. Con-
siderable increases of dry days (up to 60 days particularly in the northern basin) are
found in REMO, HIRHAMS, CCLM4, and RACMO22T in both scenarios. However,
this later model shows slight decrease of dry day length in the south-eastern basin.
Moreover, RCA4 model shows considerable decrease of cdd to more than 20 days in
the majority of the basin, except around the mountainous areas where a slight increase
of cdd is found. For all models, both simulations show similar spatial patterns.

Figure 4 shows the changes in the consecutive wet days. All the models except
RCAA4, project a general decline of wet days (up to more than 20 days). RCA4 model
exhibits an increased pattern of wet days length. RACMO22T model also show slight
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Fig. 2. Changes in the number of daily rainfall greater than 50 mm [UC: uncorrected, BC: bias
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though some differences exist in the magnitude of the projected signals.

4 Discussion

The projected changes of extreme precipitation (Fig. 2), RACMO22T shows a decrease
particularly in some localized parts of the basin and a possible alteration of the climate
signal due to bias correction. This finding shows the limitation of the correction and its
impact on the climate change signal as suggested by [15]. As for REMO, the decreased

extreme rainfall is also marked up by a reduced bias corrected signal.

However, heavy rainfall is projected in the wettest part of SRB (e.g. Guinean
Highlands) that benefit to orographic precipitation; as well as CCLM4 that depicts also
similar findings in this part of the basin. Additionally, it is only with HIRHAMS that
the basin is likely to experience a very noticeable increase of extreme rainfall. The

differences between models are mainly due their physical parameterizations.
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Fig. 3. Changes in the consecutive dry day [UC: uncorrected, BC: bias corrected]

The changes of cdd and cwd as displayed in Figs. 3 and 4, respectively, show
considerable increase of dry days and decrease of wet days by all models, except, RCA4
which shows increased wet days. This increase of dry days spells will lead to a drying of
the basin that is likely to be more acute in the north. These RCMs divergence is mainly
due to the convection scheme used within the models as it was suggested by [4].

Moreover, there is a consistency between these two climate indices in all models;
this means that while cdd increases, cwd decreases. The drying of the basin as pro-
jected in most of the RCMs can be due to the results of low rainfall intensity and low
high rainfall events. This drying is more pronounced with RCP8.5 than with RCP4.5
suggesting the influence of the chosen radiative forcing. In case of the impact of the
bias correction, it affects mainly the magnitude of the signals even though some
alterations may occur in localized parts of the basin.
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Fig. 4. Changes in the consecutive wet days [UC: uncorrected, BC: bias corrected]

5 Conclusion

In this study, an analysis of the implicit effect of statistical bias correction of five RCMs
output on extreme precipitation over the Senegal River Basin was provided. During the
present day climate (not shown here), the applied bias correction technique shows
generally considerable added value over SRB by successfully removing the RCMs
biases during the evaluation part. With respect to the projected climate change signals
on extreme precipitation uncorrected and bias corrected data depict substantial changes
by the end of 21% century. Divergence was found between models in predicting
extreme precipitation over the basin where some models project a decrease and others
show an increase. Moreover, the basin may experience substantial drying due to
increased number of dry days and decrease of wet spells by four RCMs by contrast to
RCA4 which shows more rainfall events. The differences between models output
changes were mainly due their different convection scheme. The northern basin is
subject to the more pronounced drying. As regard to the radiative forcing, the extreme
scenario (RCP8.5) exhibits the higher changes. However, with the most troublesome
variable which is precipitation in climate modeling over West Africa, the bias cor-
rection may change the signal in specific areas. The main findings of this work is a
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drying of the basin due to a likely decrease of wet days and an increase of dry days as it
is projected by all RCMs (except for the RCA RCM). Therefore the projected changes
over the SRB have to be carefully interpreted due to the various sources of uncertainties
that are associated, especially those arising from the choice of the bias correction
methodology, the various RCM models and their driving GCMs. To reduce these
uncertainties, it would be desirable to conduct analogous analyses with more different
RCMs output, different bias correction techniques which would enable uncertainty
analyses in future investigations.
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