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ABSTRACT: As in most part of Africa, the Bani basin (Nigeiver, Mali) is threatened by
climate changes. This study focuses on droughtartiaand its indicators as derived from the
Climatic Moisture Index using the monthly data filoe period (1963-2000), in order to examine
the Bani basin vulnerability to water stress. Iis tstudy, water deficit (drought) was logically
addressed using the Standardized Precipitatiorxlata 10 days time step. The inadequacies in
the Standardized Precipitation Index while estinmtivater deficit within the basin based on

technical issues result in the usage of the Effediirought Index (EDI). This robust index is
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specially designed for daily data computation asdsudaily data efficiently while estimating
water deficit. Three regions were identified totheeatened by droughts (length, number and
evolution in time) within the basin, using EDI agal of investigation. It also shows that
droughts seem to be less frequent but of a longation due to the increasing trend of total dry

days over the study period.
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1. Introduction

Recent studies have shown that climate changehaile a strong impact on
Africa, most especially in the agro-pastoralistioag (IPCC, 2007) like Bani basin
which is located within the upper Niger River badman attempt to address the basin
vulnerability to climate change, the RESSAC progrésurface water resources
vulnerability to mid-term climatic and anthropogergvolutions in Sahelian regions)
was initiated by the French Institute for Developtn@RD) and funded by the French
National Agency for Research (ANR).

Vulnerability is a very wide concept, with sevedaffinitions (Fussel and Klein,
2006), that demand several dataset, if satisfa@esgssment of a region vulnerability
to climate change is to be attained. This is evideMWaterPoverty Index computation

(and its evolution: Climate Vulnerability Index) Bullivan and Meigh (2005).

This study therefore entails assessment of drougiz#ard which constitute only
a fraction to the understanding of vulnerabilityncept, although all aspects of

vulnerability to drought are not assessed due wdeqguate information on the



adaptation capacity (water supply system, accessrig@tion...) within the region.
O'Brien et al. (2007) and Downing and Patwardha{2606) provide more useful
information on vulnerability to climate change.

In the study no attempt was made to re-definedghbbut the concept remains
within the several drought definitions (Traoe¢ al, 2000). Also, water stress and
drought assessment within Bani basin was carriedusimg vital droughts occurrence
indicators, since with standardized indicatorsjnesion of drought indicators can
easily be computed over space and time (Eriksenkaily, 2006). Such indicators
remain useful tools for stakeholders (Feitelson &ttenoweth, 2002) and future
vulnerability estimation.

This study therefore aims at providing useful dituigdicators to researchers
working on climate change and agricultural relaiesties. Eriksen and Kelly (2006)

provide details on the usefulness of these indisato

In addition, in an attempt to study the distribatiand evolution of droughts
within the Bani basin, an overview of drought as@ywas carried-out using the
Climatic Moisture Index which was computed from thenthly data. The Standardized
Precipitation Index (SPI) was also computed at @dys time step using daily rainfall
data for more detailed information on the drougbtwrence and magnitudes. The
inadequacies of the SPI and the need for detailfedimation on drought intensity and
length, and classification of threatened regiomsl to the estimation of the basin

Effective Drought Index.



2. Study area and data

The Bani basin is located within the upper pamlafer River (Figure 1); larger
portion of the basin is located within Mali andeaxts to Burkina Faso and Ivory Coast.
The surface of the basin is about 120 000 km?2 (wdwrsidering an outlet located at
Beneny Kegny in Mali).

Two data sets were available for usage within #earh The first is derived from
the CRU (Climatic Research Unit of East Anglia UWsrsity, UK) monthly data at a 0.5
square degree resolution, which are entered irtgdaological model (Paturedt al,
2003a; Dezetteet al, 2008) at the basin scale, to calculate monthiyfath and PET
times series for the basin for the years 1940-E3%51940-1999 respectively.

The second dataset is a mix of two different dedlinfall databases, although
such practice ought to be avoided, the need tchraacacceptable spatial resolution
justifies our choice. The first database comes ftioenFrench Institute for Development
(IRD) in Bamako (Mali) and the second one from H®&M Laboratory in Montpellier
(France), namely from the SIEREM database (Beyei, 2006; Rouchet al, 2008).

51 stations were selected (Figure 2) based on teria: time series must
extend over the 1963-2000 period and have less1@%m (Romercet al, 1998) record
gaps. The only deviation from this rule are 3 stai namely Filamana, Zangasso,
Konseguela, with less than 15% of record gaps (Eigl

The spatial resolution adopted for the classifaratof the regions provides an
optimal result within the basin, except for a regwithout any information represented

with dashes on maps.



Two different methods were used to fill in the nmgsdata in the daily rainfall time
series. The first method uses a classical multretation using the closest stations
within a homogeneous region. The homogeneous regwere defined based on
Soumaguel’'s recommandations (Soumaguel, 1996)wuoilp the general shape of
isohyets (Figure 2). But R2 coefficients are fregfyevery low, which means that this
method is frequently inaccurate. The second metised a two-step approach: first, the
same multi correlation method as previously is grened but only when the R2
coefficient is higher than 0.60. If not, we usedimple statistical approach. Daily
rainfall values were, for each station and for emdmth, classified in categories (e.g [2;
4mm]) with a given probability of occurrence. Thenuniform distribution of values
between 0 and 1 is simulated. One value is at&thtt each daily gap and is considered
as the probability of occurrence of the categommierly created. For example, let’s
assume a gap in record whose corresponding vaduetfie uniform distribution is 0.4.
Then we look for the interval of rainfall with tlsame probability of occurrence.g[2;
4mm)]. Finally, the missing rainfall value is 3mrhetcentral value.

To assess which method is the best, monthly vakeze compared with daily
values added up on a month. The first method alwagerestimates monthly values,
although the second one performs well. Thus, thdyswill be led with data filled

thanks to method n°2.



3. An overview of water stress using the Climatic Moitsire Index

3.1 Definition

This index is expressed as the ratio of annual ipitaton to potential
evapotranspiration (PET), with ranges between -4 &nThe index evaluates water

scarcity with the usage of few data (Vorosmattyal, 2005) and is defined as follows:

CMI= (P/PET)-1 if P<PET

CMI= 1-(PET/P) otherwise

According to Voroésmarty (2005), there is a classifion link between CMI
values and climatic conditions (CMI<-0.6: Arid..68CMI<0: Semi-arid. CMI>0:

Humid)

3.2 Results

Maps depicting rainfall pattern and trend for theripds 1940/1970 and
1971/1995 are drawn, as several works have givéd &9 the beginning of the rainfall
deficit in West Africa in average (Mahet al, 2001; L’hoteet al, 2002; Patureét al,
2003b), as shown in the rainfall dataset plot Fegds with the rupture in 1970
according to the different detection tests avadahl the Khronostat software (Lubes-
Niel et al, 1998). The rainfall and runoff changes in 197\ary well marked over the

Bani River (Maheet al, 2000), and at a larger scale for other riverd\est Africa



(Mahe and Olivry, 1999) using the same softwares #lso remarkable that for the Bani
River the lowest value of CMI is recorded in 1988d not in 1983, which has recorded
the lowest rainfall and runoff in West Africa ovitre 20" century (Mahe and Olivry,

1999).

CMI values are represented on the Figure 5 for gegods 1940/1970 and
1971/1995 together with their Variability Coeffiois (CV) within the Bani basin,e
the ratio of the standard deviation to the aver@jeCMI values for a given period):

CV=co/mean.

3.3Discussion of CMI results

The general CMI pattern is similar to that of timmaal rainfall (Figure 2), with
a deformation along the central eastern areasdt @brth noted that the CMI decreases
in the whole basin during the period 1971/199%gard of the average during the years
1940/1970. Thearid zonewhich is located on the extreme northern part has extende
greatly during the 1971/1995 period. A fractiontted humid regionin the South is now
semi-aridwhile the wet region has disappeared

The Coefficient of Variability are higher duringethperiod 1940/1970 than
during the period 1971/1995: this might have resufrom higher CMI values for the
1940/1970 period than for the 1971/1995 one, asddiefore.Coefficient values
greater than 1 might have resulted from error ita geiocessing, since such values are
not recorded by Vorésmarty (2005). Moreover, CVueal are here negative almost

everywhere because CMI mean is negative.



According to CMI and CV values we can conclude ttlahate is getting drier
since 1970 but, surprisingly, also more stableh@nwhole basin. The southern part of
the basin is also always wetter than the northesn lmut more variable. Hence, during
some years, CMI values in the South can be very stwing the possibility of
droughts. Agricultural vulnerability of the southepart of the basin may therefore be
high. A final assessment on this point is not guestonsidering CMI’'s coarse temporal

resolution and lack of data after 1995..

4. Drought study using the SPI and the SPI

A review of drought analysis indices is given iraldtand Gan (2003); Smakhtin
and Hugues (2007), among which is described thadatdized Precipitation Index
(McKeeet al, 1993) which was used in this study. This chascdue to the availability
of precipitation data and the non availability eimperature and PET data for the
selected stations within the region on a daily tiseale. This indicator has also been
frequently used in different parts of the world d@ingset al, 2005 ; Wuet al, 2001,
Sonmezet al, 2005) with better spatial representation thana@thgr common indicator,
for example the Palmer Drought Severity Index (ddyughes and Saunders, 2002). It
is also very practical because of its normalizatsomce drought occurrence thus is
associated to a return period.

However, as noted by Lloyd-Hughes and Saunders2j208age of SPI at short
time scales (1, 2, or 3 months) within regions beamaracterized by low seasonal
precipitation might result in the over-estimationumder-estimation of the positive or

negative SPI values as seen in this study.



In this study, SPI1 was carried-out at a 10 daystditme step within a region
being characterised by high seasonal precipitat@pproximately from June to
September). In order to avoid the seasonality grolbeing associated with SPI quoted
before, the analyses were carried-out during thathsoof July to September which
constitute the core of the rainy and agriculturalgng seasons.

The choice of a 10 days time step is due to thed neeprovide useful

information about drought that can adequately stigpture agronomical use.

4.1 SPI Definition

41.1 General

SPI is based on fitting a density function (and dtamulative probability
distribution) with the averaged precipitation datdjich is usually carried out using
Gamma distribution (Guttman, 1999); average canabeulated at different timescales.
The computed distribution is later transformed intwmal distribution as illustrated in
Figure 6. The SPI is finally computed with O bethg centre value. The classification
scheme given in Table 1 (Lloyd-Hughes and Saund#82) is a reflection of the

computed values.



4.1.2 SPI estimation

The SPI estimation involves two different stepg; fiilnst one is the calculation of
a 10-day average precipitation on a daily movingdeiw. These decadal values are
then used to calculate the associated densityiumdn the second step we search for
the fitness of this density function to a Gammaritigtion. The fithess was carried-out
using Anderson-Darling fit test, which seems torbere robust than the Chi2 and
Kolmogorov-Smirnov tests (Meylan and Musy, 1996;nda and Rao, 2000). R
software package nsRFA was used for the qualitheffit tests (R Development Core
Team, 2005).

The test was carried-out for 51 selected stati@isgugamma distribution. At
90% and 95% confidence levels, 50 and 49 seletatidrss were rejected, respectively.

Hence, for a better representation of the datasetystematic selection was
carried-out of the 10 days average values, onectlagy 5 days, i.e days 5, 10, 15, 20,
25, 30 for each month, instead of 10 days valuesyelay (i.e days 1,2,3...,30). With
this new approach, only 3 stations are rejecte@b& confidence level. Although, this
approach provides a better data representatiorrethéts is not as precise as working
with the mean daily dataset. For example, diffedgntuight duration could be computed
using the two methods. There is therefore a needstonate the efficiency of this

method.



4.1.3 Assessment of precision after degradation

Assessment of the efficiency of the systematiccsiele of one day every 5 days
is accompanied by a comparative analysis of contppsrameters such as drought
duration, between the ‘normal’ and the ‘degradedthnds for selected stations with
Kouto station, the only station accepted usingfitst approach (mean 10 days value
computed everyday). It should be noted that thiglystfocuses on mean drought
duration, maximum drought duration, number of didegand precipitation threshold
(i.e rainfall value for a decade to be considered notdht”).

Drought duration is the number of consecutive dagis negative SPI value: the
number of droughts is different from the numberdoy days. For example, three
consecutive days having a negative SPI value, oragslate to 1 drought event.
Comparison between ‘degraded’ and ‘original’ SPd1@alues using R software
packagdmomco(functionspargamandcdfgan) and packagstats(functiongnorm (R
Development Core Team, 2005 presented in Table 2.

From the results, it can be said that the methosl ta adequately represent the
drought incidence since the mean drought duratioth® ‘original’ SPI is to a large
extent smaller than the modified one, and the naeanght occurrence is larger than the
original SPI. There is a need therefore to increhsesampling size through selection of
more stations, apart from Kouto (at least one &mheof the 5 homogeneous regions), if
a “correction parameter” that adequately suppdassecal SPI is to be attained.

Meanwhile, the comparative analysis of the maximdirmught duration and
precipitation threshold between original and degdadversion provides a good

correlation.



4.1.4 Results

The maximum drought duration and precipitation shdds indices, the two
parameters which remains the focus of this studyea®rated from the ‘degraded’ SPI-

10d are shown in Figure 7 and Figure 8, respegtivel

4.1.4.1Maximum Drought Duration (MDD)

The maximum drought duration is shown in Figure afal Figure 7b for
droughts magnitudes of SPI-10d<0 and extreme+selrergghts (SPI-10d<-1.5).

Regions with highest SPI<0 droughts duration arethe same than those for
severe+extreme droughts (SPI<-1.5) and for SPI<ghts. Figure 7a depicts high
SPI<0 droughts duration within the basin easterrdédoand none at the northern
region, although Figure 7b shows higher valueti@nNorth.

This shows that examination of the different ditugccurrences apart from the

SPI<0 droughts is necessary.

4.1.4.2Precipitation threshold

Precipitation threshold parameter is highly uselfug to its practical application
while studying drought event and while addresssgyes relating to irrigation water
management. Thanks to this tool, it is very easykrnow (for stakeholders, water

managers...) when a drought situation occurs throthigh 10 days average. The



thresholds value for droughts and extreme droughgésshown in Figure 8 (a and b,
respectively).

The structure of the precipitation threshold magimilar to annual isohyets,
especially for the extreme drought values (Figurg &here the basin area is clearly
divided following a Northwest to Southeast line. aievhile, a deformation, similar to

the CMI formation was noticed towards the Eastemipn of the basin.
4.2 Effective Drought Index
4.2.1 Description

As it has been showed, the SPI does not providthallnformation needed on
drought occurrence within Bani basin. This calls tfee use of a relatively new index,
namely the Effective Drought Index. This index bagn especially developed by Byun
and Wilhite (1999), for daily rainfall data comptita and analysis.

It should be noted that EDI is not frequently useddrought analysis and is
more difficult to understand as well as more difficto calculate while compared to
SPI. It has been proved to be more robust thanStke(Morid et al, 2006), while
analyzing drought occurrence.

The EDI is based on the concept of Effective Pitatipn (EP) which represents
the “daily water resources depletion”. The index (Byun and Wilhite, 1999)
guantitatively expressed as:

EPi =Z [(Z ijfn]

n=1 m=1



With i Duration of Summation (DSI,, precipitation oimdays before anBPithe

Effective Precipitation for a day considering i ddefore.

The summation duration can have different valules 865 days, 15 days.... In
this study, the same approach as with the SPI-18d adoptedj.e the Effective
Precipitation calculation is based on the 10 dafere the D day. The 10-days window
Is thedummyDS value which is used to compute the final EDI.

Byun and Wilhite (1999) paper provides useful infation on EDI which is
expressed as:

EDI=PRN/ST(PRN)

DEP;j
PRNj = ——

n=1"/n
DEP=EP-MEP

where MEP is the mean EB, is the number of days over which precipitation
deficit is accumulatedTis the standard deviation, aR&RNis Precipitation needed for
a Return to Normali.e for “the recovery from the accumulated deficit canthe
beginning of a drought” (Moridt al, 2006)

It should be noted that EDI has similar classifmat very close to SPI code
(Morid et al, 2006) with modification for the creation of “miltfought” class as shown

in Table 3.



After this calculation step, which involves the useR script, the following
parameters, namely mean drought duration; maximrgugiht duration and number of
droughts, were estimated. A drought duration isngef as the number of consecutive
days with EDI<O (or EDI<-1.5 for extreme and seveh®ughts). With these 3
parameters, it is interesting to study the spali@ught distribution for the period
1963/2000 and drought temporal evolution betwed&8M1M70 and 1971/2000.

Even though, it should have been more precise éathes same length of years
before and after 1970, this was not possible cemisig the very limited number of

stations with such a long dataset.

4.2.2 Results from the EDI

4.2.2.1Drought duration

Figures 9 and 10 depicts the varied droughts (EDIedd extreme+severe

droughts (EDI<-1.5) with their spatial distributiof maximum drought duration, mean

drought duration and its variation, respectively.

4.2.2.2Number of droughts

Figures 11 and 12 show the varied drought frequdocwll kind of droughts

(EDI<0,) and extreme+severe droughts (EDI<-1.B6¢ of groups constituted of

consecutive days with negative EDI value.



5. Discussion

5.1 Analysis of EDI distribution

5.1.1 Spatial drought distribution

Droughts are more frequent but of shorter duratiothe southern area of the
basin: this trend is especially strong for the MDDt also for the average duration
(about 1 day longer).

The mean duration of droughts is longer in the Ndor both classes of EDI
values, but the highest values of mean or maximales of drought duration are not
observed in the extreme North, but slightly souttdyalong an area crossing the basin
from the Central Northwest to the Central Northeastally high values of EDI are
also observed in the South of the basin, but witlbeerall geographical organisation. It
IS to be noted that for two stations in the Cen8alithwest of the basin, the mean
duration of drought has decreased (EDI<0) overpim@od 1963-2000, during July to
September months (Figure 9b). This is confirmedh witreme+severe droughts (EDI<-
1.5), but with more stations concerned in the Soarll even some in the Central North
band.

As shown in Figures 9 to 12, MDD is about 40 daysgkr in the Northern
portion of the basin, as apparent in the North arestjuarter of the basin, while the
extreme Northern portion has drought duration iatmilar to the Southern mid-area.

Comparative analysis of the varied droughts beingied (EDI<O and EDI<-

1.5), shows no significant spatial differentiatiorntheir frequencies as shown in Figure



1la and 12a. However, concerning drought durattegure 9b shows much higher
MDD in the North than in the South while Figure 1tesents a more homogeneous
situation for extreme+severe droughts only.

It should be noted that regions with less frequértught are noted to be
experiencing longer drought days; this providegedty bad situation for agricultural
activities.

However, for a small region located at the Cenwést (Bougouni, Dogo

Bougouni...) both parameters depict a decreasingltren

5.1.2 Temporal variability

Comparative analysis of the various droughts studiEDI<O and EDI<-1.5),
shows varied temporal variation while areas witlssldrequent drought usually
experience longer drought duration, this pattermigch evident for EDI<O droughts
(Figures 11b and 12b). Also, extreme+severe draugbtjuency seems to increase with
an increasing trend after 1970, in regions locatikin the northern part of the basin.

Figure 13 shows the categorization of drought degguency for the ‘drought
conditions’ and ‘extreme+severe conditionse flumber of days with negative (and < -
1.5, respectively) EDI value) within Bani catchment

The number of drought days is higher during the Bbgh is the driest decade
since the beginning of the century over the aréddte et al, 2003). High values are
also observed during the 90s, but with also moeguent low values of EDI for

extreme+severe droughts during this decade (FitBing.



5.2 Summary map of Drought analysis

One of the problem associated with drought indicaéothe large number of
information to be provided, hence it is difficutt have a global view of droughts in a
general way. Hence, in this study the stationscategorized from the less to the most
threatened by droughts using EDI. This classifaratprovides an instant virtual
assessment of drought occurrence within Bani bdisia.also very important to study
other associated maps like MDD and number of drtsjgeimong others, since each
map is a part of the final general assessment.

The drought classification map is based on 4 matarmns namely number of
droughts, mean drought duration, maximum droughatthn and temporal evolution.
“Temporal evolution” is the sum of the 3 previougezions’ relative evolution between

years 1963/1970 and years 1971/2000.

Temp. EvoI.{Nbr of droughtsrioo ﬂ{ Max D. Duratiofuoo, %{ Mean D. Durati@ino) }

Nbr of droughtssaro) Max D. Duratiogro) Mean D. Duratiginvo)

For each 4 criterion described above, the 51 statiwe ranked from the worst to
the best situation and the final rank is the aver@ghese 4 parameters.

Moreover, in order to provide a more quantitatigsessment to extreme and
severe droughts, weights were attached to eacériont For example, the maximum
drought duration estimation ranking involves coesidion of various drought (EDI<O0)
for each station, while a second rank considerg drdughts with EDI<-1.5. These two
ranks are then averaged and the average valuengmha rank for ‘maximum drought
duration’ for the station. This is summarized below

_ R(Number ofdroughtsﬁ' R (Mean Drought Duratiorh R (Max Dgbt Duration)+ R(Temporal Evadiion)

4

FR




With, for example:

R(Max Drought Duration (ED|<0))‘|' R (Max Drotng Duration (EDI<-1.5))

2

R(Max Drought Duration y—

With:

FR: Final Rank, calculated for each station.

RX: Rank for category “X”. R={1,2,...,51}, 1 being ¢hworst situation i.e
highest number of droughts, longest duration anshgest positive evolution of these
parameters.

It is important to note that these 2 parametersdtdress drought duration have
been used in order to provide a better weightedsassent for each station. Finally,
Figure 14 shows the station ranking within the Bhasin, which depicts that three
regions seem to be threatened by droughts: théewutuarter (Filamana, Manankoro,
Odienne...), the Northeast (Dionkele, Zangasso, Klgland the Central West (Fana,
Dioila, Beleko...). The extreme northern part is sisipgly not in a bad situation, like
the centre of the basin. The whole Central Soutthefbasin (Bougouni, Kolondieba,
Sikasso) seems to be the less affected by the kirduagard during the 1963-2000
period.

Such a geographical structure might be due to rca®nce. It may also reflect
some long term climatic organisation. To what ttvsld be related has to be searched
for instance into atmospheric and climatologic deas. This is not the topic of this
paper. But we can nevertheless put forward a hgswgh which is that this structure
could be linked to the average location of the iesih area of the Intertropical
Convergence Zone during the rainy season. On thigest Lienouet al. (2008) have

recently shown in Central South Cameroon a souithvghift of the climatic areas



during boreal summer since 1970, which they tergfti connected to the rainfall

reduction over West Africa since 1970.

5.3 SPIvs EDI

The SPI-10d calculation provides less accuratelteetuian expected for some
values but is quite accurate for Maximum Droughtddon. Hence, it is interesting to
compare MDD results from the SPI1 and EDI maps wihighvery similar. It should be
noted that the temporal resolution of the degra@t10d is 5 days (the 10 days wide
temporal window is moving every 5 days)

Due to the differences in temporal resolution ( fta the EDI vs 5 days for the
SPI) , further comparison between these indicatorpiite difficult. Nevertheless, it is
possible to try a comparison with a degraded EBoltdion. This was carried-out using
calculated mean value every 5 days, in order tesasghe similarity of each 5 days
period and their categorization, with the SPI dralEDI.

The result of the classification is given in Tallle if both categories (one
assessed by the SPI, the other by the EDI) arsaime then the classification is “good”,
if there is just one category between both, clasgibn is “intermediate”, and if there is
more than one category, classification is “bad”.

Results show that both indicators give results twwhace quite close but the
difference is nevertheless noticeable. This cordfioar previous view concerning SPI
degradation which is not a bad estimator butmtasgood enough.

The comparison of the SPI and EDI global map (Fglf, a and b) provides

similar final assessment because the classificasidmased on ranks and not on values.



But, if similarities do exist between SPI and EDdlal assessment, it differs for some
regions. Figure 15b depicts the final drought assest but with a less complicated
droughts definition as days without any rainfall.

Moreover, the role played by these indicators idl Wepicted by these three
maps (Figures 15a, 15b and 15c). Without givingekaorated definition of droughts
(Figure 15b), would have led to skip the criticabation in the southern part of the

basin.

Finally, SPI-10d is still interesting for some paeters, even if EDI seems
better to us, since it also gives valuable inforaratfor MDD and precipitation

thresholds. Summary of both indicators advantagegiaen in Table 5.

5.4 Link with CMI

EDI estimation is globally coherent with CMI. Itadso evident that water stress
has increased within the entire basin after yeat019his idea is confirmed by the
temporal evolution of droughts as noted in secB8dh There is a trenih the South
eastern part of the basin where CMI values are rdeceeasing than in the rest of the
basin. Final EDI assessment map provides similéornmation that there exists a

threatened region near the South eastern border.



6. Conclusion

6.1 Summary

This work aimed at studying droughts occurringha Bani basin (Mali) using
indexes at different time steps. Indexes were cdetplecause they are useful to
compare different situations over time and spacé d&so because they give a
standardized definition of droughts.

The computed CMI using monthly PET and rainfalladg@rovides the first
indication of the water stress with an increasiegd all over the basin after 1970, the
critical year in this region. Indeed, the part bé tbasin classified asumidfor years
1940-1970 disappeared for years 1971-1995 andrtieone got much larger.

Further drought analysis was provided using thend&telized Precipitation
Index at a 10 days time step. Although totally wesssful computed with the
‘classical’ definition it provides however quite g information with a ‘degraded’
definition: maximum drought duration and precipagat threshold for each drought
category. Unfortunately, important information sua$ mean drought duration is very
imprecise.

The inadequacies of the SPI call for the usagenother index, namely the
Effective Drought Index, which is more complicatedt more robust with daily data
analysis and computation. Moreover, the EDI dodsuse a statistical distribution like
the gamma one for the SPI. Thus, the EDI doesgjettrany station which increases its

accuracy. This index gives also very interestingadar agriculture purposes like mean



and maximum drought duration. In order to haveialgaverview of regions threatened
by increasing drought indiceswe produced a droaghéssment rank map of the basin,

Three main threatened regions identified are: tim®lev southern part of the
basin (.e south of the 1200 mm annual isohyet), the Norgtexa part of Bani Basin
(Dionkele, Zangasso, Klela...) and the Central wespart (Fana, Dioila, Beleko...).

Thanks to this drought assessment rank, it is nosgiple to focus first on most
threatened regions for creating coping strategief ss irrigation, weather insurances
or seasonal forecasts.

Moreover, it is noticed that drought situation etgng worse after 1970 and that
there is an increase in the number of days beiagsifled in drought. Indeed, if the
number of events is decreasing, their duratiomgseiasing. This tendency is especially
obvious considering all types of droughts (EDI<Uhis supports the findings made
with the CMI.

Finally, the EDI provides a better tool for studyidroughts than SPI-10d. The
EDI also allows a more accurate description ofgbatial extension of the drought than
other indices like for instance the variable “daythout any rainfall’, which seems too
simple and which use would have led to skip themsibn of the drought in the South
especially. Indeed, this simple approach is note“socated”, which means that a
drought is defined relatively to the rest of theibaFrom this point of view, a 5 days
drought has the same impact in the South and ilNtgreh. This is obviously wrong, as
crops are very different, especially consideringirtlirought tolerance (e.g maize vs.
millet)

Using such an index seems to be very useful forcagural purposes. For

example, insurances systems based on weather atiormare now getting to be used



more frequently in African countries (e.g in Malavand, according to Berg et al.

(2008) there is a real need for robust daily oradetindex to be used.

6.2 Limitations

It is important to be aware of the study limitasonhich mainly are due to lack
of data since there is no precise way to fill laokslata at a daily time step. Hence, the
results, especially values, must be taken withicaut

Another limitation is the rainy period chosen whgpreads over the month of
July, August and September. If it is obvious tlnase 3 months are in the rainy period,
the rainy season can last longer than 3 monthenresegions, especially in the South.
Hence, the result is more for the months of Julygést and September rather than for

“the rainy season”.

6.3 Prospective

It is interesting to study more precisely the iigkdy usefulness of the new
indicator (EDI), as it has been done with the 28lnoted, one of the main limitations
of the EDI was the time needed to compute it asth @is definition, with a lot of
parameters. It is therefore necessary to write rgptsavith free access for better
computation of the index in a more efficient wayp@ckage able to compute several
drought indicators at a monthly time step alreaxigte: SPATSIM, but it is not free
(Smakhtin and Hughes, 2006)). This kind of indicatally has to be simple and user-

friendly.



Concerning the rainy period, it could be usefulse a variant of the EDI, the
Available Water Resource Index (Han and Byun, 2086)rder to compute for each
station the beginning and the end of the rainygaermhis could also show if this period
is changing over time. It has been found that theas no change (Traoet al., 2000)
in this region, but this does not support locahfars’ point of view (Roncolet al,
2001)

Finally a summary of all methods to fill daily dagap is really necessary and

the development of a precise method is indeed ivgpprtant.
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Index of tables

SPI value Category Probability %
2.00 or more Extremely wet 2.3
1.5t01.99 Severely wet 4.4
1.00to 1.49 Moderately wet 9.2
0to0 0.99 Mildly wet 34.1
0to-0.99 Mild drought 34.1
-1.00 to -1.49 Moderate drought 9.2
-1.50 to -1.99 Severe drought 4.4
-2 or less Extreme drought 2.3

Table 1: classification of events, according to th8PI (Lloyd-Hughes and Saunders, 2002)



Degraded SPI- Relative difference
Original SPI1-10d

10d (%)
Mean drought

13.8 8.2 65
duration (days)
Maximum
drought duration 55.0 48.0 14.6
(days)
Mean number of

3.2 55 -42.6
drought
Précipitation

6.69 6.83 2

threshold (mm)

Table 2 : comparison between ‘original’ and ‘degra@d’ SPI using 4 parameters. ‘Degraded’ is

referring to the attempt described. Relative diffeence is ((Degraded-Original)/Original)*100

EDI Description
-0.69to 0 Mild drought
-0.7to-1.49 Moderate drought
-1.5t0 -2.49 Severe drought
<25 Extreme drought

Table 3 : classification of droughts according totte EDI



Classification Average (%) Sdv (% of average)

Good 58.5 7.6
Intermediate 31.8 3.6
Bad 9.7 4.6

Table 4 : comparison of each 5 days group classiéiton (SPI vs EDI). “Average” is the average of
each station’s percentage of days classified as ‘@’ or “bad”. Here is used a degraded version of

EDI.

Standardized Precipitaion Index Effective Droughtindex

Standardized (each drought category has a giveé@reated for daily data
return period) and well known Good use of daily data
Relatively easy to compute No station rejected

Free access routines already exist

Very hard to compute at a daily time step Difficult to understand quickly
Limitation due to Gamma distribution (stations Time of calculation
rejected) Few studies on it

Loss of information No free access routines

Table 5 : summary of SPI and EDI advantages and sadvantages
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Figure 1: General situation of Bani watershed. The outlet (square) is in this study located at
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show the Coefficient of Variablity (CV=sdv/average) of each period.
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Figure 7: Maximum drought duration for all kinds of droughts (i.e SPI-10d<0) (a) and for
extreme+severe droughts (i.e SPI-10d<-1.5) (b). Duration is the number of days with consecutive
SPI negative values. Period studied is from 1963 to 2000, considering only July to September.
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Figure 8: Precipitation thresholds of the category (a) mild droughts (SPI-10d<0) and (b) extreme
droughts (SPI-10d<-2), computed thanks to the SPI-10d from 1963 to 2000 (July to September).
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Figure 9: Study of droughts duration with the EDI, I.e consecutive days with negative EDI value This
is for all kind of droughts (EDI<0) and shows for years 1963/2000 (July to September) annual
mean drought duration (a), maximum drought duration (b) and variation of mean drought duration
(c) i.e : ((Duration 1971/2000 - Duration 1963/1970)/Duration 1963/1970)*100. White regions
represent a diminution of droughts duration.
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Figure 11: Average number of droughts (a) i.e average number of groups constituted of consecutive
days with negative EDI value. This is for all kind of droughts (EDI<0) and shows for years
1963/2000 (July to September). The variation of the number of droughts is also presented (b), with
the same definition of variation as in Figure 9.
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Figure 12: Same as Figure 11 but with extreme+severe droughts (EDI<-1.5). Here is drawn total
number of droughts
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Figure 13: Evolution of total number of days classified in drought (EDI<0, (a)) and extreme+severe
drought (EDI<-1.5 (b)), sum on the whole basin. Y axis represents standard normal value, X axis
represents years 1963 to 2000.
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Figure 14: General assessment of drought hazard on the Bani watershed using EDI with daily data,
from 1963 to 2000 (July to September). therdescription of the calculation is in section 5.2.



Hazard (rank)

B ¢ (highest)

5 (lowest)
m No data

0 50 100 200 Kms
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