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Abstract

Using long-term dataon rainfall and annual runoff, an investigation was made of the spatial and temporal variability of rainfall and
runoff in the Casamance River basin located in southern Senegal, West Africa. A 5-year moving average was employed to identify
trendsin the data. Monthly and annual rainfall tends to have been decreasing, and the annual maximum temperature rising from
around the mid-1960s. In addition, there has been a decreasing rainfall gradient from the coast to the interior. The analysis dso
showed asimultaneous runoff decline asaresult of therainfall decline. Available dataon rainfall, temperature, and surface runoff
from two upstream stations were used to develop aprocedure for estimating runoff from the annual surplus values of precipitation
minus reference evaporation. The resulting equations accounted for 74% to 77% of the variation in runoff. Spatial and temporal
distribution of rainfall and runoff affects salinity migration inland and data are, therefore, useful for salinity management in the

Casamance River basin.

Introduction

Rainfall and runoff deficits have been observed in the Sahelian
countries since 1968, and drought has, consequently, persisted
throughout this region of the African continent. This situation has
led to design and implementation of many water management
projects to protect agriculture from adverse climate change. For
instance, the South Zone Water Management Project (SZWMP) is
among the many projects which have undertaken construction of
many hydraulic structures, such asanti-salt and retention dikes, to
control water quantity and qual ity throughout the CasamanceRiver
valley andtoreclaimsalinesoils. Themainobjectiveof thisproject,
co-founded by USAID and the Senegalese Government, is to
increase rice production by using improved water management
techniquesintheZiguinchor and K ol daregionsof southern Senegal .
The total areato be reclaimed and protected is approximately 15
000 ha of unsalted and salted soils across 60 valleysin the Kolda
and Ziguinchor regions. The successful implementation of the
project requires a knowledge of the space, time, and frequency
characteristics of rainfall and runoff.

Thisstudy isapart of the SZWMP' s programme which began
in 1991 by Louis Berger International, Inc. and Louisiana State
University Agricultural Center in collaboration with Senegalese
technicians. It empirically investigates the spatial and temporal
distribution of rainfall in the Casamance River basin in Senegal,
and determines whether rainfall has declined and temperature has
increased as a result of climate change. Decline in rainfall and
runoff on one hand and increase in evaporation due to increase in
temperature on the other hand constitute two of the determinants
for the degree of salinity intrusion in the Casamance River basin.
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Casamance River basin

Senegal, the most western country in Africa, is located between
12°30' N to 16° 30' N and 11°30' W to 17°30' W, covers an area of
196 722 km?, and hasa600 km Atlantic coastline. Itisbordered by
Guinea Bissau and Guinea Conakry on the south, by Mali on the
east, and by Mauritania, acrossthe Senegal River, onthenorth. The
Casamance River basin, as shown in Fig. 1, isentirely located in
Senegaleseterritory, and hasan areaof 20 150 km?. Itsgeographic
co-ordinates are 12°30" to 13°21' latitude north and 14°17' to
16°47' longitudewest. Theseco-ordinatesshow that thelongitudinal
extension (270 km fromwest to east ) isgreater than thelatitudinal
extension (100kmfromnorthtosouth). Thehydrol ogical behaviour
of thebasinisinfluenced by thecombination of climate, topography,
hydrography and wave propagation from the sea (saline water
intrusion). Inthe eastern part of Senegal, most of theterritory isup
to 100 m above mean sea level (amdl). Thus, Senegal is located
between semi-arid and humid inter-tropical regions of the African
continent.

Climate

Theclimate of the Casamance River basinischaracterised by large
precipitation variability from north to south ranging between 100
mm and 1 800 mm during summer, and high temperaturesthrough-
out the year (Thiam and Singh, 1997). There are three major
amosphericinfluences: the Acoresanticyclonesthat bringmaritime
winds, named Alize, on the coast; the Saharan high depression
responsible for the hot and dry winds of the dry season, named
Harmattan; and the Saint-Helen anticyclones that are responsible
for rainfall. TheInter-Tropical Convergence Zone (ITCZ) follows
the movement of the sun and separates these two latter air masses.

From January to March the ITCZ islocated south of Senegal,
and from April it moves north, covers all the country around July
to August, and moves southward with the sun. The length of the
rainy season varies from five and half monthsin the south-east to
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two and half months in the north and northwest. The average
temperature increases from the coast to the interior. The highest
temperatures arerecorded in April, May, and June; on averagethe
temperatures are between 24° and 29° C. The evaporation rate is
very high, 2000 mm to more than 4 200 mm/ain the north and the
centre of the country. Any fluctuation in rainfall can have a
significant impact on agricultural production. It is, therefore, no
surprise that rainfall isthe most studied climatological parameter
in Sahel. Many studies have focused on drought since the mid-
1960s and others have analyzed the general trend. The climate of
the Casamance region is “Soudano-Guinean” or tropical and
favourablefor agricultureand many other pursuits. Thecountry has
two marked seasons: wet (or rainy) and dry. A great variability of
annual rainfall has been observed during thelast two decades. For
the period 1958 to 1970 the average annual rainfall was 1 600 mm
inthe south and 400 mminthenorth. It hasdecreased for the period
1971t01992to 1200 mminthesouthand 200 mminthenorth. This
diminution hasreached 200 mmto 400 mm at somelocations(MH/
PNUD/DADSG-SEN, 1994). Thehighest averagedaily temperature
usually occurs between April and June, where it may reach 35°C
(95°F). Thelowest average daily temperatureis about 14°C (57°F)
and occurs in January (MH/SEN, 1972 to 1992).
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Location of Casamance watershed

Mechanisms of precipitation

The occurrence of precipitation isrelated to the mechanisms of its
generation. These mechanisms are dictated by the general
atmospheric circul ation, which determinesthetype of weather and
precipitation within the Casamance River basin. The location of
West Africa between two large relatively homogeneous surfaces,
land and water, encouragestwo air massesto devel op. Thesearethe
tropical continental (cT) air massand thetropical maritime(mT) air
mass, the seasonal migration and pulsation thereof are the
fundamental bases of West African climates. Senegal, throughout
its territory, is influenced by the same climatic patterns. By its
position, thewarm, dry, and dusty tropical continental air originates
over theSaharaDesert | ocated at the southern border of thecountry,
whilethewarm and humid tropical maritimeair originatesover the
Atlantic Ocean, which constitutesthewestern border of thecountry.
The separation of the two air masses is a zone, referred to as the
inter-tropical discontinuity zone, also called the inter-tropical
convergence zone or the inter-tropical front (ITF). Consequently,
throughout the Casamance River basin, two main typesof climates
areobserved: Themaritimetradewind, originating over the Agores
anticyclonelocated in the south Atlantic Ocean, isoriented toward
thenorthto north-west. Thisair mass, in spiteof itshumidity, isnot
ableto generate much precipitation. The Saharan continental trade
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TABLE 1
Rainfall-runoff measuring stations
Time interval Rain-gauging station Rainfall measuring station
Period of Stations (A) Period of Stations (B)
record record
Monthly for 1951-1990 | Diouloulou, Oussouye, 1924-1990 Ziguinchor, Inhor, Bignona, Sedhiou,
stations (A); Bignona, Ziguinchor, Inhor, Diouloulou, Kabrousse, Tanghory, Oussouye,
Yearly for Sedhiou, Koldaand Velingara Tendouck, Marssassoum, Djibidione, Loudia-
stations (B) Wolof, Niaguis, Nyassia, Sindian, Toukara, Baila,
Alakounda, Kartiak, Kolda, Basse, Velingara,
Kounkane, Bonconto, Dabo, Diattacounda,
Fafacourou, Medina Y oro Foula, Tanaff, Bafata,
Gabu, Pirada, and Y undum
Yearly 1935-1985 | Runoff measuring stations: Kolda, Sare Keita, Sara Sara, Medina Omar, Toukara

wind, called Harmattan, i soriented toward theeast. Itischaracterised
by drought and marked thermic amplitude - cold during the night
and hot during the day - with dry mist.

Rainfall characteristics

Three types of rainfall are mainly observed in Senegal:

e precipitation (events) related to the “grains-lines’ at the
beginning andtheend of therainy season; theseareperturbations
over short periods with high-intensity rainfall;

* monsoonrainfall, when the seasoniswell installed, with long-
duration precipitation of low intensity; and

e somerarerainfal events called “ pluies de mangues’, which
can be described as scattered light rainfall, and occur
occasionally between December and March.

The rainy season lasts from mid-May to mid-September, and the
dry season lasts for the remainder of the year. The first rainfall
eventsoccur around May 15in Casamance, inthe south-west of the
country, and progress north toward the end of June.

Two cycles are observed in rainfall patterns in Senegal and
Gambia. The rainfall data show a long span where wet decades
alternatewith dry decades, and ashort spanwhichishighly variable
andisestimated to last about 5 years. Also, itisgenerally accepted
by policy makersthat thevariability of rainfall hasbeen ontherise
and its annual amount on the decrease since the mid-1960s. The
significanceof thisphenomenonisinterpretedintwoways. Firstly,
the decrease between 1967 and 1984 is a minor fluctuation that
often occurred in the past. Accordingly, atrend of drying climate
cannot beconcluded. Evenif therewereachangeintheclimate, the
change is not consistent as an examination of 10 years of data
shows.

Secondly, an analysis of annual rainfall at 33 stations and
monthly rainfall at 8 stations, well distributed throughout the
Casamance watershed, for the period 1924 to 1990 showed a
predictable pattern of fluctuation of the 5-year mean around the
long-term mean. The 5-year moving mean eliminated sharp
fluctuations in the annual values and exhibited an alternating
pattern of increasing and decreasing rainfall, with a general
decreasing trend starting around the mid 1960s. Adequate
documentation rel ated to runoff within the entire CasamanceRiver
basin, however, is not available.
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Hydrography

Theproject arealieson the southern coast of Senegal andisanarea
of gentle topographic relief. It slopes generally to the east. The
highest point of the basin is located between Fafacourou and
Velingaraand its altitude is 50 m amsl. As a consequence of low
relief, the land surface is characterised by flood plains and
meandering belt-type topography. The drainage system of the
project area consists of the Casamance River which rises in the
south-eastern highlands and flows towards the Atlantic Ocean.

The Casamance River is formed by the confluence of many
small streams which are often dry during the dry season (October
to April), and runoff is perennial in the downstream part from
Fafacourou. The stream-beds are in the middle of small valleys.
Thegauging station of Koldamainly controlsrunoff fromtheupper
part of the Casamance basin (drainage area at Kolda gauging
station = 3 700 km?). DianaMalary , around 30 km downstream of
Kolda, isthe boundary of the seawater intrusion. Between Diana
Malary and Sefathe bed gradually rises up to adistance of about 2
km at Sefa.

The confluence of the CasamanceRiver anditsmaintributary,
the Sougrougrou River, islocated at the environs of Adeane. Like
the Casamance River, the Sougrougrou River isformed by many
small tributaries which begin in the vast forest region of Pata and
Guimara. The width of the Sougrougrou River isless than that of
the CasamanceRiver (1 km). The characteristicsof the Casamance
River remainunchanged after itsconfluencewith the Sougrougrou.
Its width shrinks between Niaguis and its confluence with Lake
Bignona, and extends 8 km upstream from Karabane.

Downstreamfrom Ziguinchor, thetributariesof the Casamance
River, called “Bolons’, are Bignona, Diouloulou (right bank) and
Kamobeul Bolon (left bank). A great delta characterises the
Casamance River mouth (coastal area). Theintrusion of sea-water
begins from the coast towards the continental part of the basin. As
a result, the hydrometric network can be divided into two main
parts: the basin network under tidal influence and the continental
basin network. Inthe saline/estuarine part of the CasamanceRiver,
runoff is influenced by tidal wave propagation. The tidal wave
intrudesinto the bed of the Casamance River and itstributaries up
to adistance of 200 km.

Freshwater enters the Casamance River estuary by canal
discharge, storm drains, direct land runoff, and subsurface flow.
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Figure 2
Annual rainfall times series, for 1924 to 1990, at Kolda,
Casamanve River basin

Freshwater inflow is seasonal, and most of it is caused by heavy
rainfall and occurs during the wet season (May to November).

Hydrological data

Observations of rainfall, runoff, climatic parameters, such as
temperature, humidity, wind speed, and radiation and salinity (g/l)
within the basin have been made. The Senegalese National
Meteorological Office is responsible for monitoring via the
hydrometeorological network. The hydrological network is
monitored by the Senegalese National Subdivision of Water
Resources. Organised collection of datais, however, lacking dueto
the fact that these two central institutions are not attached to the
same department. In addition, different water resource projects
under their direction are not co-ordinated. Consequently, the data
for this study were drawn from different sources which are not
aways easily accessible. In the past, many measurement stations
called“project stations’ proliferated throughout thecountry without
standardisation of sampling methods. Such a situation makes the
task of gathering datavery difficult, eventhough thedatamay exist
but are in non-standard form. The analysis of precipitation and
runoff datain this study isbased on monthly and annual records of
some representative stationswell distributed throughout the basin.
Themonthly rainfall study islimited to the period 1951 t01990 for
8 stations which are distributed throughout the basin, while the
annual rainfall record includes 33 stations for the period 1924 to
1990, asshownin Table 1. Monthly rainfall datawerenot avail able
for any stations other than the above 8 stations. The runoff study is
limited to the period 1935 to 1986 for 5 streamflow gauging
stations, including Kolda, SareK eita, Sare Sara, MedinaOmar, and
Toukara. They areall locatedinthecontinental portion of thebasin.
Only the annual runoff record is available for these stations. This
situation makes the water resource assessment difficult for the
Casamance River basin.

Analysis of annual data

Annua rainfall, runoff and temperature affect salinity in the
CasamanceRiver basin. Therefore, aspatial and statistical analysis
undertaken within the Casamance River basin, included detection
of trendsintherainfall and temperature data, estimation of changes
in therainfall and runoff quantiles, and assessment of rainfall and
runoff variability in space and time. For each rainfall series, the 5-
year moving averagewaschosentoremoveperiodicity andidentify
trendsinthedata. Usingthepower transformation method (Chander
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et a., 1978; and Jain and Singh, 1986), the rainfall and runoff
quantileswereestimated usingtheNormal distribution. Thesurface-
water resources in the Kolda region were evaluated using the
procedure developed by Hargreaves (1995).

Estimation of mean areal rainfall

Many factors affect the spatial distribution of rain falling on the
ground and amethod of estimating the mean areal rainfall must be
able to represent the rainfall distribution in a reasonable manner
(Singh,1992). The Thiessen polygon method was used to estimate
the Casamance watershed mean rainfall for 1951 to 1990:

P=XaP Xa=1and0<1,i=12 ..n (€N}

where:
Pisthe mean areal (watershed) rainfall
P istherainfal of thei-th raingauge, i =1, 2, 3, ...... n
n isthe number of raingauges
a= A/Aisthei-th weight of the -th rainfall station
A isthe Thiessen polygon area of the i" rain-gauge
Aisthetotal drainage area.
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Temporal analysis

The Thiessen coefficients for different stations in the Casamance
River basin are shown in Fig. 1. This method is reliable for the

Casamance River basin due to its flatness.

For illustrative purposes, asample of 8 representative stationswas
chosen, based onthequality of records, fromamongthe 33 stations.

Water SA Vol. 28 No. 3 July 2002 263

ISSN 0378-4738

Available on website http://www.wr c.or g.za



8£0 190 a0 0 200- 9€°0- 424 190 (2 80°0- [3-24] 85’0 620 1000 180 | 4 T Mg
180" £€e0 66°0- €t0 3 2 1 14] eL0o ¥00 6L'0° SPo- Lo 9E'0 89°0- £2°0- €0 8z’s uny
615898 L'Sp9L 8eT 6922 6'€0C 1'258 LIES0C 102 ToroL €EI6! (31 4] 126 [ 47443 8ZI0EE ¥'G/ZS 6186 xe
Tirrgl P9I PET 6966 L8} L'Lve TYrLS 61T sy 208L Legy 685 8’569 60¥8LL  STISZT €Uy o
ro .eT0 100 (4] (4} 610 0 14X €Z0 (Y44 ¥io S0 91’0 EI4 Y 34] S0 AD
19'8210Z 68'L¥2 100 91's8ly €212 [ g443 L4413 B % 4 50°¢8! 96'067 1998 . 997004 85’151 8Z'22LS SI'E8L 69104 (21
9L'6968Y SIGIIL  8EZ PSLOBLL 26°0L1 ZL'Er9 LT12eEl 68651 $2°€9L 8L'82ElL  Lp'6EY €LT69__ v9'SE6  1°200ZZ  9y'OVOE 62899 ueanw

¥onopua) Aoybue] essnosqey  wnpuny Joyu| 9AnosSNO hojNOINCIJ  nowpeS  euoublg Woumbl  EPENd | NOGED  BIEJEE  NEUEL J A'PON “onoxejey

0661 * 6961 :9BurRYd ay) Jayy - { co_.-.Eowncﬂu JaY ) sopsners pejuley fenuuy

[34¢] 100 620 14X 80°0- Sto- sZ0- P10 341 80°0- £p'0- o 81°0- 640 61°0" £0 maxg
9’0 €0 96'¥ ¥o'0- 200 81°0- #S0 vi0 80°0- 81’0~ sT0- §5'0- 15°0- Lo 8e0- o uny
8'6ZL0C v'982Z  €p €862 €92 8t 6'2910¢ 6'¢se 8's8ri S'E6PZ L8011 [ 2138 pTLst p'TSBEP  1'90ZL  00L1 xew
¥'855L8  CCE6 SeT ¥'1828 [ =143 viis 8'vers  pItl 6265 9’166 Lozs 8'LL8 L'8ve 9'P6081 9'8SLT 1'ees UiN
S0 810 $0'0 §Z'0 t4 3] 810 8z'0 €10 610 610 9’0 1434 S0 (244 810 1421 )
L1Zri0T €862 100 €1605 1862 SP'Est 90°1.6y 68'PC 1£471 1] 99'8EE  pLECE $eet 61981  9v'eL8. o9tele ST pIS
yv'95p8L TS029L  BET 8'€6.61 8602 OP'ibe  L'pES8L  €9°¢61 5686 yeiLl [1X44°] 8’106 T808LL  SLLOPEE 26ZPiS  80'6K8 uBap

¥oNopus |

SSNO NojnoINoKg  howpas euoudlg  "ydunbiz epeld noqeo ejejeq Heuey “JA'pew “ounoxejed

896} - ¥Z61 :8BUBYD 8Y} 910508 - { UOPEWIOISULIL JaYY ) SINSRAIS HHBjUIBY |EAULY

1000 2000 8100 1000~ 2000 1000 6000~ 1000~ 1000 2000 1000 1000 100°0 $00°0- 1000~ 1000 mANS
2e0- €9°0- €Lh. €0 [ 34t 1€°0- zz0- 95°0- L0°0- 8E'0- 260, 880 SL'0 100 880~ 9.0 L)
862L0EL ¥'982Z  €v2 6'vo62c €92 8ELL €'L910¢ 6'CSZ 8's8ri BE6PT L8041t TYELL ¥eLst 2586y 1'90Z.  v0OM xew
Tivv8L  velL PET 6966 i€t L'Lpe gvers 61zt A 144 208 L'88y 6'8ES 2's69 60v9Ly  STIST  tur uin
Se°0 sT0 100 se0 s$1°0 [24] 1€°0 Lo Pt €0 610 610 610 620 ¥Z0 810 AD
L'88SpC  LEP9E 200 S6'2519 pPOE (3R T2 2GHIES  se'82 | 44%4 ¥8t veapi sT'951 61'80Z = SL°2188 l6EPLL  ZTyi PIS
ST09v69 €1'94vl  BEZ 6201541 SO'Z6L €€'9LL  €1'€989L 25281 [4-11:] €L°929L 86694 202v8  Z8OLLL  LEOVIOE PO'ELLP  EV26L uvespy
¥onopuay i ' 8 "yuinbiz epeiid noqeo eejeg heuel “JApay ‘omoxejed

066} - ¥Z6) Sapas aspuz - { uopewLIOjSURL JBYY ) SINSHEIS HBJUIEY § \/
SE'0- 100~ ‘010 620~ 910 00 o 81’0 00 100~ 200 €00 200 T4 600~ 200 Maxg
FAN $9°0- 65°0° ¥Z'0- 8E0- €£°0- [0 o 200- 8€°0- 180~ 68°0- 8l0 150 $8°0- 8.0 HR
o €20 (24 I 4} 2Z0 s§¢0 €0 €0 [Z4Y] €20 810 80 810 610 10 [AN] AD
3¢ :133 €8t 10g 8T €8E S0¢ loe tee (434 we viZ 682 $92 98l ¥61 ns
S'06p1 8S€l £ril §0921 8vvLiet v6LSSL  GLO'GLEL 6EZ66ZL €O'LICL  9EB'VEVE SOCL §'12s1 S'€Esl seevi 56804 S0511 ueay

¥onopuay

UEL aSSNOJQEY  Wwnpuny ~Joyu; 2AnossNQO NOINGINOI]  noIypag V3 epelid nogey  ejejeg JBUEB) A POW ‘onoxejed

{ evep mey ) sopsn|is Hejuley |enuuy

(panunuod) ¢ 3719v.L

homogeneity test showed that the pre-change and post-change

The chosen stations have good quality records. Figure 2 shows a

annual rainfall serieswereall homogeneousat the 5% significance

level because the variance ratios were less than 1.04.

plot of annual rainfall time serieswith a5-year moving averagefor
a sample station. Based on the graphs, the suspected change in
rainfall trend isaround 1960 to 1970. Based on the annual rainfall
time series of different stations, the year 1968 was found to be the

breakdown year. The inter-annual mean rainfall coefficient of

Spatial analysis

The annual rainfall decreased from the coast to the interior as

variation and standard deviation, for 1924 to 1990, throughout the
basinranged from 137 mmto 338 mmand0.16t00.23, respectively;

shown in Fig. 3. The decrease is also shown by the standard
deviationandthecoefficient of variationasshownin Fig. 4. Effects

and the annual mean rainfall over the basin was 548 mm. A
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The moisture-carrying capacity is affected by the topography

discussed by Singh (1992) explain the decreasing trend of these ~ which slopes gently upward toward the east. As a result, rainfall

of continentality and orientation of topography among other factors

decreases gradually from the coast to the interior. Therefore, the

curves expressing the mean, standard deviation, and coefficient of
variation with respect to distance from the coast. The maritime air

higher the dltitude, the less the precipitation in the Casamance

River basin.

carrying moisture over land penetrates the basin from west to east.
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climate change starting at around 1968, it is seen that the mean
averagerainfall hasconsistently declinedinthepost-changeperiod,
whereasthecoefficient of variation hasincreased. Thisobservation
isimportant for planning and operation of irrigationfacilitiesinthe
Casamance River basin. To evaluate if the decline in the annual
rainfall data also occurs in the frequency domain, the Normal
distribution quantileswere computed for 4-year, 10-year, 20-year,
40-year and 100-year recurrence intervals, as shown in Table 3.
Alsoshowninthetablearequantilesof rainfall deficitswhichwere

Water SA Vol. 28 No. 3 July 2002

Using the power transformation method described by Jain and
ISSN 0378-4738

Singh (1986), annual rainfall data were transformed so that their
frequency distribution would be normal. The transformed data
were then used for frequency analysis of annual rainfall of each
Table 2. By comparing the data before and after the supposed

station. Thestatistical parametersfor both the annual rainfall raw
data and the transformed annual rainfall data are shown in

Frequency analysis
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defined as the difference between the amount of rainfall before
1968 and that after 1968 for the same annual probability of
occurrence or recurrenceinterval. It isfound that the values of the
guantileshavedecreased in the post-change period, reinforcing the
conclusion reached based on the mean val ues. Indeed the changeis
quite perceptible and has an important bearing on the structures
built for irrigation and salinity management in the Casamance
River basin. If thechangeexhibited by decreasingrainfall persisted,
many of thestructureswould befound to have been over-designed.

Analysis of temperature

Temperature was used as a fundamental climate indicator and
temperature change as an indicator of climate change. The
temperature data were analysed for three stations: Ziguinchor,
Kolda, and Velingara. These stations by their position represent
three different areas of the Casamance River basin: the lower,
medium and high elevation Casamance. These areas can be
characterised by a longitudinal transect almost joining the coast
(Ziguinchor) to the upstream limit of the basin (Velingara). The
mean annual temperatures, for 1951 to 1990, at Ziguinchor, Kol da,
and Velingara are 26.9°C, 27.6°C, and 28.6°C, respectively. As
shown in Table 4, these meansincreased statistically significantly
from the pre-change period (1951 to 1968) to the post-change
period (1969 to 1990). For the long-term period, the standard
deviation ranged from 0.3°C to 0.7°C, and the coefficient of
variation from 0.014°C to 0.025°C. The temperature time series

Available on website http://www.wr c.or g.za

TABLE 4 TABLE S5
Statistica| parameters on annua| temperature Statistical pal’ametel’s Of runOff fOI’ different pel’iOdS at
different stations (mm)
P RS ) Statistical parameters for 1935 to 1986
Station Kolda Sare Sara | Madina |Sare Keita| Toukara
Ziguinch Kold Veli
'guinehor oca einogar |1 Mean 4.059 1.188 0.598 0.163 0.038
Mean 26.9 27.6 28.6 Std 2.427 0.579 0.315 0.089 0.021
Mini 26.1 26.7 27.2 Cv 0.60 0.49 0.53 0.55 0.55
Max 27.8 28.4 30 Mini 0.22 0.108 0.09 0.004 0.001
Std 04 0.3 0.7 Max 8.9 2.42 1.26 0.342 0.093
Cv 0.017 0.014 0.025 Skewness 0.009 -0.04 -0.06 -0.01 0.03
Period 1951 to 1968 Statistical parameters for 1935 to 1968
Station Kolda Sare Sara | Madina |Sare Keita | Toukara
Ziguinchor Kolda Velingara Mean 5.222 1.475 0.761 0.203 0.047
Std 1.837 0.44 0.23 0.072 0.018
mler‘:" gg'? gg'g 22782 ov 0.35 0.30 0.30 0.35 0.38
Max 2'7 28.3 28.6 Mini 0.761 0.516 0.184 0.009 0.001
Std 0.2 0.3 0.3 Max 8.9 2.42 1.26 0.342 0.093
Cv 0.009 0.014 0.013 Statistical parameters for 1969 to 1986
Period 1969 to 1990 Kolda Sare Sara | Madina |Sare Keita| Toukara
Station Mean 1.863 0.648 0.289 0.088 0.022
Ziguinchor Kolda Velingara Std 1.821 0.394 0.199 0.067 0.015
Cv 0.98 0.61 0.69 0.76 0.68
Mean 27.2 27.6 29 Mini 0.22 0.108 0.09 0.004 0.001
Mini 26.5 26.7 27.8 Max 7.07 1.25 0.762 0.253 0.048
Max 27.8 28.4 30
Std 0.3 0.4 0.6
Cv 0.014 0.015 0.021

with a5-year moving average of annual temperature exhibited an
increase in the mean temperature from the coast (low Casamance)
totheinterior (high Casamance). Therefore, thefurther thedistance
from the ocean, the greater the temperature range (Singh, 1992).
The temperature analysisindicated that the climate changed from
around the mid-1960s throughout the Casamance River basin. The
temperature increase would increase evaporation and exacerbate
sdlinity in the basin.

Temporal and spatial analysis of annual runoff

Theannual runoff analysiswas performed for five stations|ocated
upstream in the Casamance watershed. They were Kolda, Madina
Omar, Sare Sara, SareKeita, and Toukara. Thedrainageareaof the
Casamance River at Koldais 3 700 km?. Except for the Toukara
Station, all others are inside the Casamance River watershed at
Kolda. The coefficient of variation of the annual discharge for 52
years(1935to 1986) ranged from 0.49 to 0.60, denoting the spatial
variability of runoff over theCasamanceRiver basin. Thisvariability
ismore pronounced in three different periods shownin Table 5 at
different stations. For instance, the coefficient of variationfor 1935
to 1986, 1935 to 1968, and 1969 t01986 at Kolda Station is 0.60,
0.35, and 0.98, respectively. The runoff time series plots with 5-
year moving average for the whole period (1935 to 1986) as well
as the pre-change (1935 t01968) and the post-change periods
showed a decreasing runoff pattern from approximately 1968 to
1986 at different stations, whilethevaluesrel ated to the pre-change
period appeared more stable around the mean than for the post-
change period.
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TABLE 6
Quantiles estimated from the annual discharges, for
1935 to 1986 at different stations (mm)

Estimation of quantiles for 1935 t01986

Frequency analysis of annual runoff

On checking the skewness of annua runoff (in m%s) data, the
Normal distribution was found suitable. The runoff quantiles at
different stations were computed for different probabilities from
the Normal probability distribution as shown in Table 6. Also

Kolda | Sare Sara| Madina | Sare Keitad Toukara shown in t_he table are quantiles _of_ runoff qleficits for _different
recurrenceintervals. Therunoff deficit wasdefined asthedifference
5% 0.382 0.14 0.107 0.028 | 0.001 between the runoff value before 1968 and that after 1968 for the
10% | 0.761 0.367 0.16 0.05 0.008 sameprobability of occurrenceor recurrenceinterval . Itisseenthat
25% 2.02 0.914 0.299 0.08 0.026 forthesamereturn period, therunoff quantilesignificantly decreased
50% | 4.055 12 0.622 0.157 | 0.039 duringthepost-changeperiod. Thisrunoff decreasewoul dtrans ate
75% 6.38 152 0.873 0.24 0.053 into increased salinity and the resulting decrease in agricultural
90% 6.9 1.98 0.983 0.269 | 0.063 productivity in the Casamance River basin.
Estimation of quantiles for 1935 t01968 Rainfall-runoff relation
Kolda | Sare Sara | Madina | Sare Keita|Toukara . )
The Casamance River watershed has far more rain-gauges than
5% 1.95 0.668 0.306 0.08 0.009 stream-gauging stationsand hasmorerainfall datathanrunoff data.
10% 3.29 1.03 0.519 0.125 | 0.028 By relying on rainfall data, runoff was calculated using a linear
25% 3.92 1.17 0.603 0.148 | 0.036 regression model developed by Hargreaves (1995) as
50% 5.35 1.38 0.754 0.219 | 0.046
75% | 67 1.86 0947 | 0259 | 0.061 R=a+bs @
90% 7.02 2.01 1.02 0.288 | 0.075 )
where:
Estimation of quantiles for 1969 t01986 R isthe annual runoff
Kolda | Sare Sara | Madina | Sare KeitaToukara S.IS the surplus defined & the difference between annual
rainfall (R) annual evaporation (E)
5% 0.22 0.108 0.09 0.004 | 0.001 aand b are parameters.
10% 0.32 0.13 0.106 0.028 | 0.001
25% 0.52 0.34 0.151 0.05 0.008 For example, for Madina Omar a= 0.0302 and b = 0.0015 and the
50% 1.11 0.57 0.195 0.07 0.023 coefficient of determination = 0.7742; and a = 0.0359 and b =
75% 238 0.98 0.361 0.091 | 0.028 0.0081 for Kolda and the coefficient of determination = 0.7372.
90% 4.89 1.24 0.65 0231 | 0047 The coefficients of determination are not great but are acceptable.
The mean annual discharge (m® /s) for a given location was
Runoff deficit up to 1968 correlated with the annual rainfall series (mm). Regardless of the
Kolda | Sare Sara | Madina | Sare KeitaToukara conditionsof geology and vegetation cover, therel ationshi p between
annual rainfall and the mean annual discharge was good, as
5% 1.73 0.56 0.216 0.076 | 0.008 indicated by sufficiently high coefficients of determination, as
10% | 297 0.9 0.413 0.097 | 0.027 shownin Table 7.
250 3.4 0.83 0.452 0.008 | 0.028 From the quantiles estimated for thewhole, pre-change (1935
50% 4.24 0.81 0.559 0.149 | 0.023 t01968), and post-change (1969 t01986) periods summarised in
75% | 4.32 0.88 0.586 0.168 | 0.033 Table 6, the annual rainfall deficit and the corresponding mean
920% | 2.13 0.77 0.37 0057 | 0028 annual discharge for different return periods at different stations
were obtained. It was found that the rainfall deficit is
generally amplifiedinrunoff deficit. Oncetherel ationship
betweenrainfall and runoff i sestablished, runoff prediction
TABLE 7 may be made based ontherainfall dataand other climatic
Linear equations of rainfall-runoff realtion parameters, such as temperature.
Rain-gauge | Stream-gauge | Equations Analysis of monthly rainfall
stations stations (P =rainfall; R =runoff)
(1] (2] (3] (4] Temporal analysis
Toukara Toukara P =68942 **R +2781.3 0.9696 The monthly rainfall analysis was based on the mean
KOl.d a Sare_Sara P=436.48 . R+769.73 0.7594 monthly rainfall depths over the Casamance River basin
Velingara Madina P=20.829* R + 66.439 0.5068 obtained using the Thiessen polygon method, asshownin
Kolda Kolda . P= 100‘95: R+ 878.66 0.7149 Fig. 1. During the rainy season, there is pronounced
M.Y.Foula | SareKeita P=11580* R +2700.7 0.8041 variability inrainfall fromonemonthtoanother, asshown
in Table 8. The coefficient of variation and standard
deviation for 1951 to 1990 ranged from 0.26 to 1.68, and
108 mm to 130.3 mm, respectively, confirming the great
variability of the mean monthly rainfall over the basin.
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TABLE 8

Statistical parameters of the monthly mean rainfall, for
1951 to 1990 over the Casamance Watershed (mm)

May June | July Aug Sept Oct. Nov.
Mean 105 | 111.6| 279.3 | 380.9 | 280.0 | 104.3 7.0
Mini 0.0 15.2 | 150.2 | 131.1 | 1429 | 19.0 0.0
Max 36.6 | 234.8| 438.1 | 9151 |4829 |2759 | 517
Std 10.8 51.0 72,5 | 130.3 | 89.0 64.5 11.7
Cv 102 | 046 | 026 | 034 | 032 | 0.62 | 1.68
Skewness| 1.071| 0.606 | 0.181 | 1.467 |0.482 |1.192 | 2.199
Kurt -0.019| -0.089| -0.402 | 6.435 |-0.399 | 0.791 | 5.116

TABLE 9

Quantiles estimated from the monthly mean rainfall series,
for 1951 to 1990, throughout the Casamance Watershed

Estimation of quantiles for 1951-1990

May June | July Aug Sept Oct. Nov.
5% 0.4 458 | 160.8 | 174.2 | 155.2 | 285 0.0
10% 0.7 56.5 | 183.1 | 2225 | 163.2 | 429 0.1
25% 34 72.6 | 229.3 | 312.6 | 2149 | 62.2 0.5
50% 6.8 975 | 2745 | 3818 | 2651 | 86.1 34
75% 155 | 142.6| 330.3 | 4459 |333.6 |127.7 | 146
90% 285 | 187.7| 356.0 |487.8 | 4075 | 2149 | 274
Estimation of quantiles for 1951 t01968

May | June | July Aug Sept Oct Nov
5% 0.7 634 | 1316 | 1545 | 1499 | 574 1.0
10% 0.7 73.0 | 181.3 | 267.7 | 2259 | 66.7 11
25% 34 93.7 | 273.1 | 3799 | 2624 | 85.6 34
50% 5.9 128.4 | 3205 |415.7 |315.8 |120.3 | 120
75% 15.3 | 152.9 | 343.8 |478.2 | 387.6 | 1759 | 233
90% 250 | 2044 | 3994 |492.7 | 4549 | 2598 | 274
Estimation of quantiles for 1969 t01990

May June | July Aug Sept Oct Nov
5% 0.3 41.7 | 160.8 | 188.7 | 1545 | 24.0 0.0
10% 0.6 50.4 | 1849 | 212.7 | 156.0 | 33.8 0.0
25% 4.7 66.0 | 219.2 |287.1 | 165.7 | 47.9 0.2
50% 7.1 80.6 | 254.7 | 366.9 | 2375 | 64.7 0.5
75% 17.3 | 124.0| 304.9 | 3954 | 284.3 | 95.6 8.7
90% 313 | 1724 | 3438 |437.0 |317.3 | 106.7 | 13.6
Monthly Rainfall Deficit

May June | July Aug Sept Oct Nov
5% 0.4 218 | -291 |-342 | 46 334 1.0
10% 0.1 22.6 -3.7 55.0 69.9 329 1.0
25% -14 277 53.9 92.8 96.8 377 3.2
50% -1.2 47.7 65.9 48.8 78.3 55.6 11.5
75% -2.0 29.0 38.9 82.7 |103.3 | 80.3 14.7
90% -6.3 32.0 55.6 55.7 |1375 | 1531 | 138

Available on website http://www.wr c.or g.za

This shows that outside of the 5-month rainy period,
thereislittlerainfall during the rest of the year.

Spatial analysis

When monthly rainfall was mapped over the basin, it
was found to vary from one location to another. Along
a west-east transect joining Oussouye, Ziguinchor,
Sedhiou, and Kolda Stations, where the respective
distances between these stations are approximately 30,
70, and 65 km, the monthly rainfall for these stations
over aperiod of 40 years (1951 to 1990) is depicted in
Fig. 5. Except for the month of June, the mean monthly
value decreases from west to east, or from the coast to
theinterior. Themonthly standardrainfall deviationand
coefficient of variationdistributionfromwest toeast are
showninFig. 6. Except for the month of September, it
increases with the distance from west to east. For all
other months, it remains either constant or increases
moderately. The coefficient of variation also shows a
similar patternof variability. Thisvariability isrelevant,
especially during rainy months.

Frequency analysis

The monthly rainfall series of each rain-gauge station
was partitioned into two sets. The first set consisted of
data up to the period 1968, and the second set had the
datafor theperiod 1969 onwards. Thesemonthly rainfall
data, when plotted as histograms, indicated that they
were not normally distributed. Using the power
transformationmethod (Jainand Singh, 1986), thewhole
mean monthly series and the series related to the pre-
changeand post-change periodswerenormalised. Since
theNormal distribution haszero coefficient of skewness
and kurtosisequal to 3, the efficiency of transformation
was judged by checking whether the coefficient of
skewness tended to zero for the transformed series. In
cases where kurtosis was not always zero in the
transformed series, the power transformation method
was improved by better accounting for its departure
from avalue of 3.0 in the coefficient of kurtosis of the
transformed data (Jain and Singh, 1986), following the
procedureintroduced by Box and Tiao (1973) and Tiao
and Lund (1970). Table 9 shows quantiles estimated for
different periods for the whole series, and for the pre-
change period and post-change period series. For
different return periods, a monthly rainfall deficit was
found upto 1968. Thesedeficitsvary from onemonthto
another throughout the chosen return periods. For each
recurrenceinterval, therainfall quantileislower for the
post-change period than it is for the pre-change period.
Thiswould imply lower rainfall for a given frequency
and hence lower runoff, leading to increased salinity in
the basin.

Conclusions

The following conclusions are drawn from this study:

e Annual rainfall, monthly rainfall, and temperature
data at respectively 33, 8 and 3 stations show a
decreasing trend in rainfall magnitude, and an
increasing trend in mean annual temperature at
these stations.
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Monthly rainfall standard deviation and coefficient of variation distribution

from west to east

180

* Ingeneral, higher temperatures are related
to lower precipitation. Thisis also true for
annual values used in this study.
Thereisabout 0.5°Cwarmingintheaverage
annual temperatureduringthefirst part (pre-
1968 period) and 0.7°C in the second part
(1968 to 1990). The warming trend is aso
apparent at individual sites.
Rainfall has decreased since 1968 over the
Casamance River basin and temperature
has increased simultaneously. The impli-
cation isrunoff deficit and salineintrusion.
e From the station position and the corres-
ponding rainfall magnitude on monthly and
annual bases, a south-north gradual rainfall
increase is detected. However, the longi-
tudinal gradient, say, west-east, is not well
marked. Consequently, many variabilities
are detected in the spatio-temporal rainfall
regimes over the Casamance River basin.
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