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Rainfall reliability, drought and flood vulnerability in Botswana
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Abstract

Rainfall datafrom 14 stations (cities, towns and major villages) spanning 26 years (1970 to 1995) were used to calculatereliability
and vulnerability of rainfall in Botswana. Time seriesdatafor 72 yearswere generated from thelong-term rainfall gauging stations
and the number of wet and dry years determined. Apart from Mahalapye, most places have rainfall reliability greater than 0.5 but
lessthan 0.7. Palapye and Serowe are the most vulnerable to flooding. During the 1995 floods, 87% of casualties were from these
areas. Other factors such as rivers, topography, land use etc. can influence flooding vulnerability, but these have not been dealt
with in the study, and hence vulnerability is purely based on rainfall amounts. Using two methods, the correlation coefficient is
0.9 (p<0.005) for reliability and risk values. The first method was originally developed for water resource system performance
evaluation and the second method is based on dry/wet year sequences.
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Introduction

Itiswell known that rainfall in Botswanais generally low, erratic
and unreliable. To define how severe and how frequent periods of
droughtsand floodsare, itisuseful to quantify theabove statement.
Hashimoto et al., 1982 proposed criteria that capture particular
aspects of possible water resource system (WRS) performance.
Thesecriteriaarevery important during drought, peak demands, or
extreme weather sequences. The two criteria for evaluating the
performance of aWRS are reliability, which measures how likely
asystemisto fail, and vulnerability, which measures the severity
of the consequences of failure (Hashimoto et al., 1982). Failure
frequency and system reliability are indices, which are normally
used to describe the system’s performance (Hall and Dracup,
1970). It hasbeen customary to refer to the safeyield of areservoir
asif itwereaguaranteed minimumyield. Analysisof thehistorical
record or simul ated stream flow providesno evidenceregarding the
reliability of areservoir (Lingly et a., 1982). When a stochastic
analysisisaccepted as arealistic example of what may happenin
the future, storage probability curves can provide useful informa-
tion (Lingly et al., 1982).

A system’ s output state or status can be denoted by a random
variable X, at timet, wheret isdiscrete. The possible values of X,
canbepartitionedintotwo sets: S, theset of all satisfactory outputs,
and F, the set of all failure outputs. At any timet the system output
can bein any of the two sets, hence the reliability of asystem can
be described by frequency or probability a that a systemisin a
satisfactory state (i.e. rainfall of year n is above long-term mean
rainfall) (Loucks et a., 1981; Hashimoto et & ., 1982).

a =Prob[X, ¢ S )

Therisk, r or probability of failure is one minusthe reliability.
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System vulnerability refers to the likely magnitude of failure, if
failure occurs. It should be noted that even if the probability of
failureissmall, attention should be paid to consequencesof failure.
To construct a mathematical index of system vulnerability v,
assume that the system performance variable X, can take discrete
values x,, ... ,x, To construct a quantitative indicator of system
vulnerability to severefailure, assign to each failure state x. <« Fa
numerical indicator of the severity of the state (i.e. cost function,
denoted by s.Lete be the probability that X corresponding to S,
isthe most unsatisfactory and severe outcome, hence vulnerability
(Loucks et al. 1981; Hashimoto et a. 1982) is estimated as:

©)

Windsor (1973) developed and provided a solution for non-linear
cost function curves for the damage centres; these types of func-
tionswill be needed if Eq. (3) isto be used to calculate vulnerabil-
ity. Equation (4) does not require estimation of a cost function
athough it gives the most unsatisfactory and severe outcome,
hencevulnerability. Thisequationisusedto cal culatevulnerability
in thiswork.

v=MaxqX, - X,] (4

where X issomethresholdva uei.e. themean|ong-term minimum
or maximum rainfall. For drought vulnerability, X is the mean
long-termminimumrainfall, whilefor flood vulnerability X jisthe
mean long-term maximum rainfall at a station.

In this paper we borrow the Hashimoto et al. (1982) criteria
developed for WRSto quantify rainfall characteristicsin semi-arid
Botswana.

Therainfall patternimpactsonthelivesof Batswanain several
ways. There have been severe floods and droughts in the past
whereby agreat deal of human suffering resulted. Riversaresubject
tomany random influencessuch asrainfall extremes, givingriseto
floods or drought (Hall and Dracup, 1970). During the 1983/84
drought, it cost the Botswana Government US$ M51 939 to
mitigatetheimpactsof drought (CSO, 2000). M ost of the Batswana
still depend on agriculture (commercial and subsistence) for both
food and income, hence rainfall deficiency affects crop and live-
stock production. During the 1985 drought, there was areduction
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Figure 1
Locations of some rainfall stations used in this study

of 87% in crop production (CSO, 2000). Moreover, the cattle birth
rate is positively correlated to rainfall (Clark and Quin, 1949;
Frisch and Vercoe, 1977; Frisch and Vercoe, 1984; King, 1983).
Both the surface water and groundwater resources depend on
rainfall for recharge.

InBotswana, theknownreliablerecord of floods startsin 1995.
Areas severely affected were Palapye, Serowe, Mahalapye and
Boteti (fatalities were recorded in these areas). In five veterinary
districts, 128 farmers were affected. They lost 26 cattle, 1 139
goats, 20 sheep, 90 donkeys and 3 535 chickens (CSO, 2000).
There has since been other flood in 2000 though the damage was
less severe than during the 1995 floods.

The majority of towns and villages in Botswana use sewage
ponds to treat sewage and landfills for solid waste. It isvital that
areas vulnerable to severe floods be identified to enable designers
to mitigate the impacts of floods on these waste facilities and
protect against contamination of scarce water resources.

The objective of this study is to quantitatively characterise
rainfall reliability and vulnerability in semi-arid Botswana.

Methodology

Rainfall data from 14 stations (cities, towns and major villages)
spanning 26 years (1970 to 1995) were used to cal cul ate reliability
(Eq. 5) and vulnerability (Eqg. 4) of rainfall in Botswana. Botswana
isatotally land-locked country lying between latitudes 18°S and
27°Sandlongitudes 20°E and 29°E in Southern Africa. For simplic-
ity itisassumed that rainfall depth isthe major determinant of the
flood peak inthe cal culation of flood vulnerability. Figure 1 shows
the locations of rainfall stations used in this study.

To caculatereliability, let us define thefollowing conditions:

Z=1if annual rainfall X, for aparticular stationisgreater than
thelong-termannual rainfall for that particular station (X, e S)
andZ =0if annual rainfall X for aparticular stationislessthan
thelong-termannual rainfall for that particular station (X, F).
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where:
Z, value approximates cumulative distribution function of X..

Then:

©)

Recordsfrom therainfall stations network operated by the Depart-
ment of Meteorological Services (DMS) and the Department of
Water Affairs (DWA) in Botswana show that a few stations had
been operating as early as 1939. Because of the missing data and
coarsedistribution of stationsintheearlier yearsof datarecording,
only about 25to 30 yearsof reliabledataisavailable. Multiplenon-
linear regression techniques were used to generate 72 years of
rainfall data for different stations used in this study (NAMPAD,
2000; BNWMP, 1991). These data were generated by developing
regression equations using available long-term rainfall data and
then using these equationsto fill in missing data. The accuracy of
the results was measured by the coefficient of determination. The
coefficient varied from 0.70 to 0.90 (BNWMP, 1991). Double
mass curve technique was used to verify the consistency of the
rainfall dataprior to the above analysis. A dry year was defined as
ayear with rainfall less than or equal to 0.9 of the multi-annual
average at agiven station. A wet or rainy year was defined as one
with rainfall to 1.2 of the multi-annual average at the station
(NAMPAD, 2000).

Correlation coefficientswere cal culated for reliability and risk
values obtained using the Hashimoto et al. (1982) method, which
uses actual rainfall data and the NAMPAD (2000) method which
uses the number of dry and wet years based on 72 years of actual
and calculated rainfall data.

Results and discussions

Thereliability valuesarebased onthelong-term annual rainfall for
each station, so a 0.50 reliability value means that the rainfall for
that particular stationishalf of thetime equivalent tothelong-term
rainfall. If other benchmark val uessuch aspercentage of maximum
attainable rainfall at a particular or the average for the whole
country; probabilities of exceedance of annual rainfallswere used,
then reliability values would be much lower than 0.5 because
Botswanaisarid. Thisapproach isconsi stent with the definition of
drought in Botswana (i.e. when annual rainfall isbelow long-term
average then the Government normally declare the year as a
drought year). Figure 2 shows the reliability values for rainfall to
beabove0.5inagivenyear, for most rainfall gauging stations. The
risk graph showsthe probability of having drought at eachlocation.
Risk isbased onrainfall amountinaparticular year being lessthan
thelong-termaveragerainfall for aparticular station. Water supply
for citiesand major townsis from surface reservoirs or a network
of reservoirs. Hencehighrisk doesnot necessarily mean*“ nowater”
though water conservation measures like water rationing could be
imposed. The capital city Gaborone has areliability of about 0.5
that is half the time the rainfall will be above or below long-term
average. Thisis similar to Serowe, atown in the central region.
Apart from Mahalapye, most placeshaverainfall reliability greater
than 0.5 but lessthan 0.7. Theimplication hereisthat Mahalapye
isproneto drought. hencerisky for rain-fed agriculture. Inthe past,
alot of dry-land farmingtrialswerecarried outinthisregion (MoA,
1978). Asexpected theresultswere not good. Had thisinformation
been available, these trials may never have been carried out in the
first place. Shakawe and Maun are located in the northern part of
Botswana; hererainfall reliability isaround 0.7.

Figure 3 is a plot of reliability calculated by using the two
methods of Hashimoto et al., 1982 and number of wet/rainy year
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Figure 2
Rainfall reliability and
risk using Hashimoto et
al. method for selected
stations in Botswana
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Rainfall reliability values for
selected stations using the
two methods
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sequences (NAMPAD, 2000) for some stations. The correlation
coefficient 0.28 (P<0.2), Fig. 3, showssignificant differencesinthe
two methodsat Gaborone, Maun, Francistown and Gantsi stations.
Removing these stations from the correlation coefficient calcula-
tion improves the correlation coefficient to 0.90 (P<0.005). An
explanation of these differencesisnot obvious, but it might be due
tothe generated datafor these four stations. For Gaborone, thewet
year sequencemethod givesahigher reliability whiletheHashimoto
et a., 1982 method gives a higher reliability for the other three
stations.

Figure 4 is a plot of risk and number of dry years for some
stations. The correl ation between the risk and number of dry years
i150.28 (P<0.2), though thereareagain significant differencesat the
four stations previously identified. Removing these stations from
theequationimprovesthecorrel ation coefficient to 0.90 (P<0.005).
Statistics from data shown in Fig. 3 and Fig. 4 are similar because
reliability isdefined asone minusrisk (o = 1 - r) and aso (number
of wet/rainy years = 72 —number of dry years)

Figure 5 shows the vulnerability to drought (rainfall below
long-term average for each station) and vulnerability to flooding
(rainfall above long-term average for each station) at different
stations in Botswana. Gaborone is the least vulnerable to drought
(i.e. the maximum annual rainfall deficit of about 200 mm ever
recorded). Thisresult isinteresting as Gaborone is the capital city
and has the largest population. Water supply for the city of
Gaborone comes from a series of surface water reservoirs, though
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for along timeit relied on the Gaborone dam and Molatedi damin
South Africa. The vulnerability to drought is more or less similar
forall theplacesconsidered. Thetownsof Gantsi, Maun, Molepolole,
Kanyeand L obatseareslightly moredrought vul nerablethan other
places (i.e. maximum rainfall deficit, (]X, — X | > 300 mm). It is
thereforevital that their water supply beaugmentedi .e. beincluded
inthewater resource systemwhich drawswater fromthereservoirs
in the north of the country. For vulnerability to flooding, Palapye
and Serowe were the highlight during the 1995 floods; 87% of
casualtieswerein these areas (CSO, 2000). Although the town of
Maun seems not vulnerable to flooding (the lowest in this study),
international rivers could increase the potential to flooding.
Mahalapyeisaso rated low in terms of vulnerability to flooding,
but the two rivers passing through this town could significantly
increase this vulnerability.

Conclusions

Apart from the town of Mahalapye, most places have rainfall
reliability greater than 0.5 but less than 0.7. The implication here
isthat Mahalapyeis prone to drought hence too risky for rain-fed
agriculture. Shakawe and Maun towns are located in the northern
part of Botswanawhererainfall reliability isaround 0.7. Theseare
areas where commercia dry-land farming or rain-fed agriculture
could be practised. Most wildliferesidesin these areas. It can also
be pointed out that Pandamatenga (area declared for commercial
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farming), falls within this belt.

Vulnerability todroughtismoreor lesssimilar for all theplaces
considered. For vulnerability to flooding, Palapye and Serowe
werethe highest during the 1995 floods; 87% of casualtieswerein
these areas. The highest ever rainfall of 1 103 mmwasrecorded in
Seroweinthe 1987/88 season. Therainfall intensity datathat could
have enhanced this analysis are regrettably not available.
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