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Abstract. The Sudano-Sahelian zone of West Africa, one1l Introduction

of the poorest of the Earth, is characterized by high rainfall

variability and rapid population growth. In this region, heavy one of the areas hardest hit by the twentieth century cli-
storm events frequently cause extensive damage. Nonethes . change impacts, has been the densely populated Sa-
less, the projections fqr change in extreme rqinfall va]ueshd (West Africa). Over the period 1990-2020, its popula-
have shown a great divergence between Regional Climatg, is expected to double, with projections of even higher
Models (RCM), increasing the forecast uncertainty. Novel groth for some cities in the Senegal River Valley (Cour,
methodologies should be applied, taking into account botthgg1) The climatic fluctuations in the Sahel have been dev-
the variability provided by different RCMs, as well as the aqtating (famines, migrations, and slow economic growth),
non-stationary nature of time series for the building of haz-jnjicating the great vulnerability of the region (Lebel et al.,
ard maps of extreme rainfall events. The present work f0-50g: paeth et al., 2009). The study of the continuous rise
cuses on the probability density functions (PDFs)-based evaly, greenhouse gases emission, and the associated response
uation and a simple quantitative measure of how well eachyt he climate, has received more attention for the region in
RCM considered can capture the observed annual maximuiycent years. Global warming has caused changes in rain-
daily rainfall (AMDR) series on the Senegal River basin. o natterns and, consequently, changes in the frequency and
Since meaningful trends have been detected in historica,5gnityde of extreme events (Labat et al., 2004; Huntington,
rainfall time series for the region, non-stationary probabilis- 2006; Kundzewicz et al., 2007). Huntington (2006) points
tic models were used to fit the PDF parameters to the AMDR ;¢ that the evidence about the current and future intensi-
time series. In the development of PDF ensemble by bootying of the hydrologic cycle is robust, and highlights the
strapping techniques, Reliability Ensemble Averaging (REA) neeq to improve the ability of monitoring and predicting the
maps were applied to score the RCMs. The REA factors wergn oo s associated with the change of hydrologic regimes.
computed using a metric to evaluate the agreement betweep, these conditions, the presumption of hydroclimatic sta-
observed -or best estimated- PDFs, and that simulated witlon a1ty cannot be guaranteed, due to the interaction of var-
e_ach RCM. The assess_ment of plausible regional trends ass@s,s grivers (land use and climate change, and population
ciated to the return period, from the hazard maps of AMDR, goyth among others). In concordance with the opinion of
showed a general rise, owing to an increase in the mealgera| authors (Milly etal., 2008; Villarini et al., 2010), non-
and the variability of extreme precipitation. These spatial-giationary probabilistic models able to reproduce the varia-

temporal distributions could be considered by Organizationj,, \yith time of the parameters of selected probability den-
for the Development of the Senegal River (Organisation POUISity functions (PDFs) should be used.

la mise en valeur du fleuveeggal, OMVS), in such away as

to reach a better balance between mitigation and adaptation. In this Sense, Regional Qllmate Models (RCMS), have be-
come an important tool to improve the understanding of key

processes involved in the description of climate mechanisms

Correspondence td5. G. Garéa (Sanchez et al., 2009), for the simulation of plausible climate
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Galiano (sandra.garcia@upct.es) scenarios with an appropriate resolution for impact studies
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at basin scale. Several authors have worked with climatébuilding at site PDF using a weighted ensemble. The RCMs
models to simulate the trends in extreme rainfall patternsand observational datasets considered for the target basin are
especially in Europe (Kharin and Zwiers, 2005; Kharin et described in Sect. 2.
al., 2009; Kyse} and Berano&, 2009; Nikulin et al., 2011, Section 3 describes the implementation of the Reliabil-
among others). There are notable advances in the simulaty Ensemble Average (REA) method proposed by Giorgi
tion of dynamics of West Africa Monsoon (WAM) using cli- and Mearns (2002), for assessing the ability of the RCMs
mate models (Fontaine et al., 2011; Paeth et al., 2011; Rutio reproduce the present-day climate while at the same time
etal., 2011). evaluating the convergence of different RCMs to a given

However, the RCMs built for West Africa are still sensi- forcing scenario. The score method proposed by Perkins
tive to physical parameterizations, spatial-temporal resoluet al. (2007), is applied to identify the skill scores of the
tion and internal variability (Paeth et al., 2011). The RCMs RCMs in the PDF ensemble for each site. Previous studies
exhibit differing levels of skill over different regions and in the region have considered ensemble RCMs to assess im-
hydrometeorological variables, making it difficult to iden- pacts on extreme rainfall events (Gar&Galiano and Giraldo
tify the models with greater confidence. As a consequenceQsorio, 2011). In the work of these authors, the reliability
the climate projections and the estimation of uncertaintiesfactors were considered constant for the entire study area,
associated are better based on the combination of informaand estimated only based on the bias analysis (by Smirnov-
tion provided by an ensemble approach from different RCMsKolmorov test) between the observed and simulated series
simulations (Giorgi and Mearns, 2002; Paeth et al., 2011).0f AMDR (in other words, without consideration of con-
The model ensemble allows a more precise description offergence criteria between the time series to the future). In
uncertainties and weaknesses, as well as a probabilistic aphe present study, the REA factors are estimated spatially
proach to future climate projectionsgfchez et al., 2009). distributed.
Tebaldi and Knutti (2007) conducted a review of methodolo-  Finally, the PDF ensembles were considered to build maps
gies addressing the building of model ensembles, comparef various statistical values associated with the distribution of
ing their results for regional temperature projections. How- AMDR on the target basin, for studying the plausible trends
ever, the error obtained from combining multiple models of AMDR (Sect. 4). The PDF ensemble for each site allows
is, sometimes, the result of error compensation. A weight-to obtain a measure of the change uncertainty. The results
ing of models, based on observations, could ameliorate thisind discussion section presents a brief analysis of the maps
problem (@inchez et al., 2009). To assign weights to dif- constructed, and the key findings of the work.
ferent RCMs of an ensemble, several statistics are usually
compared considering observed data.

However, the use of statistics as means and standard devi@- Target basin and datasets
tions does not allow the comparison of the entire distribution
of the data, even when the evidence shows those observethe target basin of the Senegal River, shared by Guinea,
changes in the extreme events (tails) are different in magniMali, Senegal, and Mauritania, presents a strong decreasing
tude to those observed in the mean values. In addition, thg@radient of rainfall in northerly direction (Fig. 1). The Orga-
change associated with extreme values is expected to haverazation for the Development of the Senegal River (Organi-
higher impact on biophysical systems (Perkins et al., 2007 sation pour la mise en valeur du fleuverggal, OMVS), is
Tapiador et al., 2009). This situation justifies questioningthe river basin organization in charge of the management and
the ability of RCMs to simulate the distribution of observed planning of water resources in the region.
probability of the hydrometeorological variables. There are  With less than 200 mm y* in the north (Sahel), to more
several works about the estimation of PDFs associated wittthan 2000 mm yrt in the south (headbasin), the rainfall sea-
several hydrometeorological variables from climate projec-sonal cycle is unimodal (Sandholt et al., 2003). The basin
tions (Wigley and Raper, 2001; Giorgi and Mearns, 2003;corresponds to three eco-regions, Sahelian savanna (north),
Tebaldi et al., 2005; Giorgi, 2008; Buser et al., 2009). Es-West Sudanian savanna, and Guinean forest savanna (south).
tablishing the best skill of a climate model for simulating the  Observed daily rainfall grids compiled by the IRD (Institut
observed PDF of a variable implies that estimated projectiongle Recherche pour le Developpement; previously ORSTOM,
with this model will have more confidence for future projec- France), with spatial resolution of lhave been used. These
tions (Perkins et al., 2007;a88chez et al., 2009). However, grids were previously considered in other studies in West
the ability to represent the present-day climate well does noifrica (Diedhiou et al., 1999; Janicot and Sultan, 2001;
seem to be enough to asseverate the skill to simulate the fuvMessager et al., 2004; GaacGaliano and Giraldo Osorio,
ture climate climate (Giorgi and Mearns, 2003). 2010; Karambiri et al., 2011). Six RCMs were selected,

With regard to the above, the present study focuses on thdriven by different GCMs (Global Climate Models) for
assessment of change in the PDF of the annual maximurscenario A1B: GKSS/CLM (ECHAMS), METO-HC/HAD
daily rainfall (AMDR) on the Senegal River Basin (West (HadCM3QO0), KNMI/RACMO (ECHAMS5-r3), INM/RCA
Africa), considering the nonstationarity of time series and(HadCM3Q0), SMHI/RCA (HadCM3Q0), MPI/REMO
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Fig. 1. Location of Senegal River Basiia) mean annual rainfall (mm) from Climate Research Unit database (CRU, University of East
Anglia, Norwich, UK), over 1961-1990 period, afig) sites selected for analyses, and The IRD sites are highlighted with gray squares.

(ECHAMbS-r3), provided by the European ENSEMBLES uated by Sylla et al. (2010a) for seasonal mean climatolo-
Project (Christensen et al., 2009). The selection of RCM wagyies, annual cycle and interannual variability over Africa.
based on its temporal coincidence with the IRD data (periodThey found biases from the regional model as well as those
1970-1990), which enables the bias analysis. For the analybrought through the boundary forcing, and have concluded
sis, 120 sites on aregular grid ¢f & 1° were selected. How- that a larger set of RCMs and GCMs data comparisons could
ever, the spatial discontinuity of the IRD data constrains thebe better for general applicability.
bias analysis only on 43 of these sites (Fig. 1). The AMDR Since it is not possible to conclude which model seems to
series were obtained from the observed and simulated dailppe the most reliable, a comprehensive assessment of climate
rainfall grids, for the sites defined. change projections needs to be based on the information pro-
vided by the RCM ensemble approach to simulate the vari-
ability of the rainfall, according to Giorgi and Mearns (2002).
3 Methodology Based on these premises, the GAMLSS (Generalized Ad-
ditive Models for Location, Scale and Shape) tool, pro-
A critical need in the research of climate change impacts fo-posed by Rigby and Stasinopoulos (2005), is applied to
cuses on quantifying the uncertainty associated with futuresimulate the nonstationarity of the PDF of maximum rain-
climate projections. The results of impacts studies on hy-fall in each site. The GAMLSS approach corresponds to
drometeorological extremes and runoff in the study region,semi-parametric regression models (Rigby and Stasinopou-
have shown a considerable divergence (@afgaliano and los, 2005; Stasinopoulos and Rigby, 2007). In the present
Giraldo Osorio, 2010; Karambiri et al., 2011), which in- work, four theoretical probability distributions of two param-
creases the uncertainty in predicting climate change at reeters were considered: Gumbel (GU), Gamma (GA), Log-
gional level using RCMs (Giorgi and Mearns, 2002). Sev-normal (LN), and Weibull (WEI). Several previous stud-
eral authors have contrasted results from RCMs to presentes have applied GAMLSS for modeling nonstationary ex-
day data, trying to explain the dynamics of WAM, and inter- treme hydrometeorological time series (Villarini et al., 2009;
action with precipitation. Among them, Sylla et al. (2009) Karambiri et al., 2011), considering similar PDFs.
worked with precipitation and temperature from ICTP- In the next section, the methodology for weighting the
RegCM3 RCM nested in both reanalysis data and ECHAM5RCMs using the REA factors (Giorgi and Mearns, 2002),
GCM simulations, and observed data from Climate Researcland the score proposed by Perkins et al. (2007) considered
Unit database (CRU, University of East Anglia, Norwich, for assessing PDFs agreements, are introduced. Finally, the
UK); and Sylla et al. (2010b) analyzed intraseasonal and°DF ensemble methodology is explained.
interannual variability of rainfall taking into account the
same RCM driven by reanalysis data. The performance of
the RCM, considering several observed datasets, was eval-
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3.1 Reliability Ensemble Averaging (REA) method and  weights are readjusted. This procedure converges quickly af-
Perkins score ter some iterations. It should be noted that the PDF built in
this way is only an estimate of the distribution of the AMDR
The REA method provides a measure of reliability, averageof future climate projection. The REA average does not rep-
and uncertainty range of simulated climate change from enresent the actual climate response to the climate forcing sce-
sembles of different atmosphere-ocean general circulatiomarios, however the REA average represents the best estimate
models and RCMs (Glorgl and Mearns, 2002) Previousof this response (G|0rg| and Mearns, 2002, 2003)
studies have used the REA method to evaluate the perfor- The values ofRg, Rp and R are estimated in the sites
mance of climate models (Giorgi and Mearns, 2003; Bark etwhere the IRD is available (Fig. 1). Then, these values
al.,, 2010; Dominguez et al., 2010; Mote and Sa#at2010;  are interpolated (using the method of inverse distance), and
Raisanen et al., 2010). the spatial distributions of the reliability factors (Fig. 2) are
The method considers two criteria to estimate the modebptained for the selected RCMs.
reliability factor —R in Eq. (1). The first of them, model per- According to Giorgi and Mearns (2002, 2003), the like-
formance criterion Rg), considers the performance of the |ihood associated with a simulated change for the R@M
model in reproducing present-day climate. The second oneproportional to the model reliability factd;. In this, the re-
model convergence criterioRf), evaluates the convergence sults of models with higher reliability factor are more likely
to the “best estimated response” or REA average in the futo occur. The normalized reliability factorBmin Eq. @),
ture climate projections. For reaching high reliability for a can be interpreted as this likelihood associated with each
given RCM, both criteria should be met in Eqg. (1). Giorgi RCM. Several authors (Tebaldi et al., 2005; Tebaldi and
and Mearns (2002) define the reliability factor for modas  Knutti, 2007), have shown that the normalized reliability fac-

follows: tors are analogous to the accuracy factors defined in their en-
m nq[L/mxn)] sembles built by Bayesian approaches. The likelin@odor
Ri=[(Re.i)" x (Rp.)"] (1) cach RCM is defined as follows (Giorgi and Mearns, 2003):
where the parameters andn are criterion weights. In this R.
work, we assumen =n =1, giving equal weight to both Pm; = N—’ (2)
criteria. Y'R;
For estimation of theRg and Rp parameters (EdL), the 1

Perkins score method (Perkins et al., 2007) was used. Thg, s aigebra was used to build tRearaster, using the inter-
Perkins score is a simple quantitative measure of the degreﬁolated maps oR. ThePmmaps (Fig. 2) allowed building

of agreement between the PDFs obtained from the RCM3pa ppE ensembles in sites where the IRD data was not avail-
and that observed from the data. This metric measures thﬁble e.g. the south part of the domain.

common area between the two curves of the PDFs.

The Perkins score has been applied by several authorg 2 Calculation of PDF ensemble
to assign weights to different climate models of an ensem-
ble, for the analysis of several hydrometeorological variablesThe GAMLSS adjustment to various series of AMDR in each
(Perkins and Pitman, 2009; Boberg et al., 2009, 2010; Smittsite predicts trends that differ in magnitude and sign, depend-
and Chandler, 2010). ing on the RCM and site considered. As an example, the

In the case of the estimation of model performance crite-temporal variation of the AMDR PDF is represented with
rion R, the cumulative distribution functions (CDFs) were curves for different percentiles (5, 10, 25, 50, 75, 90, and
built from observed data and from RCMs over the 1970-95 %), applying GAMLSS to the six RCMs selected for site
1990 time period. For the assignment of a cumulative prob-16 (Fig. 3). The goodness of fit to the statistical model was
ability to each value in the ordered series, the inverse of theassessed, considering the normality of the residuals, visual
Weibull equation was used. inspections of the gg-plots and the worm plot (not shown),

For the model convergence criteridtp, the difficulty is according to the methodology presented by van Buuren and
that there is no AMDR PDF known for future climate. Ac- Fredriks (2001).
cording to Giorgi and Mearns (2002), an iterative process is Therefore, for the building of the PDF ensemble in each
followed to obtain the estimated PDF and therefore to essite, greater weight was given to RCMs with high value of
timate Rp. The estimated PDF is built using bootstraping normalized reliability factor, using bootstrapping techniques
techniques withv = 1000 data, considering the simulated se- (Efron and Tibshirani, 1993). Once tifem maps were ob-
ries for the models between 2021-2050 (30yr). Initially, the tained, the PDF ensembles are built on each site of the study
reference PDF is built by assigning equal skill scores to allregion. Random subsamples of si¥e= 10000 were built,
RCMs (this is, each model consists of 1008/667 data, ob-  considering the RCM in proportional fashion to its normal-
tained from sampling with replacement from the simulatedized reliability factor (e.g. on site 16, 1550 values from
series of 30yr). Then, the distance of each RCM to theGKSS/CLM, 1330 from METO-HC/HAD, and so on). To
estimated PDF is calculated and consequently the assigneabtain the evolution of the probability distribution of AMDR

Hydrol. Earth Syst. Sci., 15, 3608615 2011 www.hydrol-earth-syst-sci.net/15/3605/2011/
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Fig. 2. Maps of RCM reliability factorsRg, Rp, R and Pm: (a) GKSS/CLM, (b) INM/RCA, (c) KNMI/RACMO, (d) METNO-HC/HAD,
(e) MPI/REMO, and(f) SMHI/RCA.
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Fig. 3. GAMLSS analysis of AMDR (mm) for site 16 for several RCl#&) GKSS/CLM, (b) METO-HC/HAD, (c) KNMI-RACMO, (d)
INM-RCA, (e) SMHI/RCA, and(f) MPI-MREMO. The centile curves (5 to 95 %) are represented by dashed lines. It should be noted that
the ordinate scale is automatically fixed.

in each site, PDF ensembles were constructed for each teh Results: maps of AMDR PDF statistics
years in the period 1970-2050, and basic statistics (mean
and standard deviatian) and the quantiles for 5, 10, 25, 50, Once the statistics for the PDF ensemble at each site have
75, 90, and 95 % with their respective confidence intervalsbeen obtained for the period 1970-2050, these values were
(95 % CI) were estimated. interpolated to generate maps depicting the spatio-temporal
From Fig. 4, for PDF ensemble in site 16, the differ- evolution of the AMDR distribution. In Fig. 5, the maps
ence in magnitude and sign of GAMLSS fit becomes moreConstructed for t'he mean, standard deviation, and'for 90 %
evident (e.g. the adjusted trend for the SMHI/RCA and@nd 95% quantilesT¢=10yr andTr=20yr, respectively)
MPI/REMO AMDR series indicates a plausible increasing, for 1990 and 2050, and their percentage difference, are pre-
but with mean values of AMDR differences of about 30 mm, S€nted. Using the Monte Carlo method based on bootstrap-
while the GKSS/CLM presents a negative trend). AnotherPing with replacement (Efron and Tibshirani, 1998n8hez
feature of adjustment is that despite having the lowest valu@t &l 2009), applied to AMDR populations obtained from
of the model performance criteridts, the INM/RCA model ~ PDF ensemble, the sites where these differences were sta-
presents the highest value of the model convergence criterioffSticlly significant for 95 % bootstrap confidence intervals
Ro. Although this situation is not presented in all the sites N@ve been shown on difference maps with a dark grey square
analyzed, Giorgi and Mearns (2002) claimed that a large in(Fig. 5).
dividual model bias does not imply a large model divergence.
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Fig. 4. PDF ensemble on site 16. The dashed lines show 5 to 95 % quantiles of PDF ensemble, and markers represent the RCM mear
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bootstrapping. The IRD AMDR series in 1970-1990 is presented as a solid line. The computed REARg|uRs,(R and Pm) used to

build the PDF ensemble, are presented.

The maps constructed for (Fig. 5a) have a spatial struc- is estimated for the same region, where the difference is
ture that matches the latitudinal gradient of mean annual preabout 30—35 mm (40-50 %).
cipitation in the region (shown in Fig. 1), nonetheless the dif-  Previous studies in the area with similar objectives, have
ference between them does not preserve this structure. Sigreen developed. The maps obtained by @aaliano and
nificant increase inu is expected for 2050 in the Senegal Giraldo Osorio (2011) exhibit spatial trends very similar to
River Valley and the upper basin, while in the Sahelian zonethose presented in the Fig. 5, however, they are numerically
a decrease is projected, but it is not significant. In the Valleyquite different. These authors estimated increases of about
area, the expected increaseurwill be about 10 mm, very  40% for , and up to 100 % fot, higher than calculated
similar to the increment for the upper basin, yet in the lowervalues in the present work, with more areas appearing with
basin this represents a significant increase of over 30 %. Theignificant differences in their maps.
maps ofc (Fig. 5b) retain the latitudinal gradient of rainfall
maps, although less significantly than thenaps. The dif-
ference between the two maps shows that in the lower basis Discussion and conclusions
a significant increase im is projected for 2050, which could
reach 80 % (25 mm), while in the upper basin the projectedin order to distinguish the predicted changes in the severity
increase in this parameter hardly exceeds 25 % (10 mm). Fiand frequency of AMDR in the Senegal River Basin, plausi-
nally, the maps foifr = 10 andTr=20yr (Fig. 5¢ and d, ble climate scenarios provided by RCMs and observed data
respectively) show a clear latitudinal gradient, with a north- were considered. The GAMLSS methodology and ensemble
ward decrease in AMDR. A general increase in the AMDR techniques allow to simulate the non-stationarity present in
associated with both return periods is expected for 2050, exAMDR series for the study region.
cept at the northern edge of the basin and in some isolated ar- Nevertheless, the good fit of the GAMLSS statistical
eas of the study area within the Sudanian zone. With regar@nodel to simulated AMDR time series neither implies
to Tr=10yr, a significant increase is foreseen in the lowera proper coupling to the observed series from the IRD
basin, where a difference of more than 20-25mm was caldatabase, nor a proper convergence between the PDFs of
culated between the reference years (30—40 %). On the otheXMDR future projections. In order to exploit all the informa-
hand, a significant greater increase associatedWwi20yr  tion provided by the RCMs, a PDF ensemble is constructed
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negative values are dashed, while the 95 % confidence in projected changes is highlighted with the dark gray square.

for each site in the region based on the bias analysis, allowmodel may have nearly twice the skill score with respect to
ing the estimation of the spatio-temporal change of AMDR the worst model in some sites. However, the use of differ-
in the study area. ent weights affects the significance of the results. Several
The use of weighted ensembles is justified by the fact thastudies have addressed this issue, with the aim of designing
there are clear differences between the performance of theore sophisticated methods for combining models. How-
RCMs to simulate the present-day AMDR, where the bestever, to know whether uncertainty in the evolution of future
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