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ABSTRACT Efficient water resource planning in 
developing countries, such as Zimbabwe, requires not only 
an estimate of the mean annual runoff (MAR) and the 
coefficient of variation (Cv) of a particular river 
system but also some method of assessing the expected 
annual yield from the system. The concept of the 
theoretical potential yield is developed. The potential 
yield is a function of the MAR, the C and the total 
volume of water that can be stored. In semiarid regions, 
evaporation from reservoir surfaces can absorb a 
significant part of the MAR. Curves are presented for 
estimating the potential yield of a system. These have 
been calculated using the 'transition probability matrix1 

method based on the Markov process. This theoretical 
potential yield is the first approximation to the total 
amount of surface water that can be developed within a 
river system. Simple rules are also presented for 
determining the yields from combinations of dams and the 
potential yield can be modified as these dams are 
constructed. 

INTRODUCTION 

Water is essential for development. It is a finite, natural 
resource. Water resource planning requires an estimate of how much 
can be exploited, where it should be exploited and which sector 
(agriculture, mines, towns etc.) should benefit. 

In semiarid zones, one of the main hydrological characteristics 
is the unreliability of the dry season river flow in the months 
before the onset of the rains. The provision of water for 
irrigation, urban purposes etc. throughout the year usually entails 
the construction of impoundments to store the flood flow during the 
rains and to release this water during the dry season. There is 
considerable variation in rainfall from year to year so that the 
reservoirs also need to be of sufficient size to store water during 
years of above average rainfall to make up the deficiencies during 
years of low rainfall. This type of seasonal and annual store-and-
release procedure can be analysed quickly and efficiently with the 
transitional probability matrix (TPM) method of yield analysis that 
was pioneered by Moran (1954). The basic requirement is a desk-top 
computer that can mathematically invert a 12 x 12 matrix. If this 
facility is not available then an approximate estimate of the yield 
(permissible drawoff) from the particular reservoir can be obtained 
from the yield curves shown in Fig.l. These curves have been drawn 
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FIG.l Reservoir yield curves. 

up using the results from various TPM computer runs under standard 
conditions that will be explained hereunder. 

Using this tool (the TPM method) and knowing the basic 
hydrological characteristics (MAR, C v and evaporation) of a drainage 
basin together with details of location and full supply capacities of 
the various possible reservoir sites, it is possible to calculate 
the water yield that can be sustained by various combinations of 
reservoirs. The TPM yield estimation method assumes that the order 
of occurrence of each year's volume of runoff is random. 

HYDROLOGICAL CHARACTERISTICS 

Mean annual runoff, MAR 

In semiarid regions the unit MAR can be very low (10 mm or less). 
The unit MAR can be estimated by: 

(a) Analysing long term river flow data; 
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(b) Transposing data from drainage basins with data to ungauged 
basins; 

(c) Rainfall/runoff simulation, if long term rainfall records are 
available; or, when these approaches are impractical: 

(d) Using the following type of empirical relation, assuming that 
an estimate of the rainfall, P, can be made. 

Q = P 
, -m -m. -1/m 
(P + L ) (1) 

where Q is the annual runoff (mm), P the annual rainfall (mm), L the 
maximum annual catchment loss (mm), and m an exponent. This type of 
formula ensures that the calculated values of annual runoff are 
meaningful in that they cannot be negative nor greater than the 
rainfall less the potential loss. 246 values of annual rainfall and 
runoff from river gauging stations in granitic drainage basins in 
Zimbabwe are shown in Fig.2. Average values for the parameters are 
L = lOOO mm and m = 3. 

If monthly figures for rainfall are available, then a more 
accurate figure for the annual runoff can be obtained in summing up 
the monthly runoff using the same type of formula and using m = 3 as 

Q = P-[P~3 + 1000"3] 3 
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FIG.2 Plot of annual rainfall vs. annual runoff for 
246 station years on granite basins. 
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before but L m = 330 mm for the average monthly loss. 

Coefficient of variation, C , of annual runoff 

In semiarid regions the Cv (ratio of the standard deviation of the 
annual volumes of runoff to the MAR) is high, usually in excess of 
120%. There seems to be some evidence for high runoff years to occur 
in sequence followed by years of low runoff, the Hurst (1956) 
phenomenon. For this reason the author suggests that, in assessing 
the yields of reservoirs with high storage ratios (full supply 
capacity/MAR), it is preferable to use the multi-year C v rather than 
the single year Cv. 

Thus, given a history of annual volumes of runoff in a river, if 
C v n is the C v of the running n-year mean runoff, then the 
equivalent single year C v j_ should be taken as 

C, , 1 <- v r j (2) 

If this phenomenon is present then it will be found that the 
equivalent C v j_ (derived from C v n) is greater than the simple single 
year Cv. The value of n depends on the critical drought sequence 
and is about 4-6 years for a dam with a storage ratio of 3. 

To illustrate, consider Fig.3 which shows 49 years from 1929/1930 
of observed unit runoff (runoff volume ^ catchment area) on the 
Umshagashe River which is a river feeding Kyle Dam (full supply 
capacity = 1370 x IO m ; MAR = 400 x 10bm ; basin drainage area = 
3989 km ) in Zimbabwe. The drought sequence in the I9601s between 
two periods of unusually high runoff in the 1950's and 1970's is 
very evident. The Umshagashe unit MAR is 88.7 mm and the single 
year C v is 101.6%. For the same series of 49 years the running 
5 year mean is 435 mm and C v 5 is 
single year C v 1 = 64 x /5 = 143%. 

649 which gives an equivalent 

If this series of 49 years were to be rearranged artificially 
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FIG.3 49 years of unit annual runoff at Umshagashe 
recorder station. 
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that a high runoff year is always followed by a low runoff year 
which is followed by a high year runoff year etc., then it will be 
found that although the single year Cv would remain 101.6%, the 
5 year running C v 5 would be less than loi. 6 "=" /5 = 45%. A value 
of 45% would be the C v 5 obtained from a rearrangement that was 
perfectly random, i.e. the sequences of drought years and high runoff 
years would be no longer than one would expect in a random sample of 
49 years. 

Possible causes of the phenomenon illustrated in Fig.3 are sunspot 
cycles, rate of change of sunspots, serial correlation of annual 
rainfall, persistence etc. None of these explanations is 
satisfactory because this phenomenon is not exhibited by all rivers 
in Zimbabwe. 

Evaporation 

In semiarid regions, the evaporation loss from the water surface of 
a reservoir is significant and can amount to 50% of the useful 
yield. This loss is the product of the evaporation rate and the 
surface area. 

Surface area A power curve can usually be fitted to the surface 
area (A)/capacity (S) curve of a reservoir thus: 

A = K S r (3) 

The value of the exponent can vary between 0.4 and 0.8 with an 
average value of 0.667. Analysing the area (kmz) capacity (iO6 m ) 
characteristics of the major reservoirs in Zimbabwe (Table 1) the 
average value for K is 0.523 (for r = 0.667). Accordingly, a 
reservoir with an average shape is defined in this paper as one for 
which the following relation holds: 

2/3 
A = 0.523 S ' (4) 

Corrections to the estimated yields of reservoirs with untypical 
shapes are shown below. 

Evaporation coefficients Although the above power curve fits 
the area/capacity curve for most reservoirs it does not lend itself 
easily to manipulation when allowing for evaporation losses in the 
transition probability method (TPM) of yield estimation. An outline 
of this TPM method is given by Mitchell (1977). The straight line 
relation A = a + bS is much more amenable but has the disadvantage 
that, for one particular dam site, different sizes of dam will have 
different values for a and b whereas the power relation fits over a 
wide range of capacities. 

However, the power curve A = KS2/3 c a n foe approximated, with 
little loss of accuracy in yield estimation, by a straight line 
(A = a + bS) over the range from S = 0 to S = full supply capacity 
sp, as follows: 

a = 0.15 K S ^ / 3 (5) 
F 
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TABLE 1 Surface area/capacity parameters of 12 
Zimbabwean reservoirs 

Kyle 
Manjirenji 
Mcllwaine 
Bangala 
Ingwezi 
Lesapi 
Gwenoro 
Mazoe 
Ngesi 
Shashani 
Tiyabenzi 
Eben 

Reservoir 
capacity 
(106m3) 

1286.0 
274.0 
247.0 
126.5 

67.0 
66.5 
41.63 
38.8 
26.0 
21.0 
20.0 
11.7 

Least 
estima 
K 

0.913 
0.629 
1.455 
0.354 
0.458 
0.266 
0.407 
0.377 
0.085 
0.579 
0.424 
0.330 

squares 
:te: 

r 

0.643 
0.619 
0.522 
0.717 
0.697 
0.746 
0.709 
0.695 
0.707 
0.637 
0.777 
0.742 

K 

(for r = 

0.775 
0.484 
0.692 
0.441 
0.512 
0.359 
0.467 
0.412 
0.655 
0.534 
0.563 
0.384 

= 0.667) 

Mean 0.684 

Mean 0.523 

b = 0.9 KS-
-1/3 

(6) 

Using this straight line relation, the annual evaporation loss can 
be divided into two parts : 

(a) The greater part of the loss which is directly proportional 

to the volume of water in storage and to the volumes of inflow and 

drawoff; 

(b) The secondary loss which is constant and independent of 

volume, inflow or drawoff. 

With this straight line approximation all computations become 

linear, i.e. 

ej.I = S 2 - elSl + (D + En) (7) 

where 
I annual volume of inflow (constant rate during the year); 

start capacity; 
end capacity (one year later); 
annual volume of drawoff (constant rate); 
annual depth of evaporation (m); 
exp (- b E0) ; 

v,I eD = exp(- b E 0/2). 
The evaporation coefficients e^, e,- etc. can be suitably modified to 
allow for rates of drawoff and inflow that are not constant and that 
vary during the year, provided the variation follows the same pattern 
every year. 

°1 
S2 
D 
E0 
e l : 

Evaporation factor The yield curves shown in Fig.l have been 
plotted for reservoirs of average shape (equation (4)) where the 
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annual net evaporation is 1.5 m year , i.e. standard reservoirs. 

It is shown in an Appendix to this paper that, provided the 

variation of volume with area follows the 2/ 3 power law, reservoirs 

with untypical shapes and different evaporation rates can be 

converted to standard reservoirs by using an evaporation factor (EF) 

The evaporation factor for an untypical reservoir is: 

EF = S2 [o.785/(E0 A p ) ]
3 (8 

where Ap is the full supply area, and S F the full supply capacity 

(10 6m 3). For a standard reservoir EF = l.O and is dimensionless. 

YIELD CURVES 

The TPM method of analysis can provide realistic and reliable 

estimates of permissible yield at a given risk level (Mitchell, 

1977). However, in those cases where computer facilities are not 

available or where the unreliability of the basic input data (MAR, 

C v, etc.) does not warrant the full TPM treatment, then the yield 

curves shown in Fig.l can provide a first approximation to the yield. 

Construction of curves 

Using the TPM method these curves have been produced with contours 

of MAR x EF. The assumptions used in preparing these curves are: 

(a) The risk level is 10%, i.e. the yield can be attained in 

90 years out of 100. During the remaining lO years there will be 

insufficient water to meet this yield; 

(b) The rate of drawoff is constant throughout each year; 

(c) The annual runoff into the reservoir follows a cycle of 

3 months constant inflow followed by 9 months with no inflow. This 

pattern of inflow is fairly representative of a semiarid region with 

a single rainy season; 

(d) The variation in volume of annual runoff from year to year is 

given by the Welbull type of probability distribution: 

S 
PR = 1 - exp (- CXQ)

 M (9) 

where PR is the probability of Q or less, Q the annual volume of 

runoff 

MAR = a_1r(l + B~x) (10) 

cv
2 = { ru + 23~1)/r2u + I T 1 ) } - i ( I D 

(e) The curves have been smoothed by fitting a reciprocal-type 

formula to the plotted points. The reciprocal formula is: 

D~2 = (f. M A R T 1 + (g. S ) " 1 (12) 

where the coefficients f and g depend on the C v and storage ratio 

S/MAR; 

(f) NOTE: At storage ratios below h, errors can occur because of 
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deviations from assumption (c) above. 

Shape of the curves 

(a) The reciprocal formula ensures that the yield (permissible 

volume of drawoff per year) cannot be greater than a factor f times 

the MAR or greater than factor g times the full supply capacity. 

The formula also ensures that the yield is positive if the values 

for the MAR and capacity are also positive. 

(b) The volume of the evaporation loss each year depends on the 

depth of water in the reservoir. If the evaporation rate is 1.5 m 

year - the evaporation loss from a reservoir 6 m deep will be much 

greater in proportion to the yield that the loss from a reservoir 

100 m deep, where the loss will be relatively small. This aspect is 

allowed for in the yield curves by means of the contours of EF x MAR. 

A low value of this product will obtain from a very shallow reservoir 

of large capacity and with a large drainage basin and also by a 

normal small reservoir with a small drainage basin. In both cases 

the yield ratio (ratio of yield to MAR) will be small because of the 

relatively high evaporation losses. The scale of the EF x MAR 

contours is logarithmic to reflect the diminishing effect of the 

evaporation loss with increase in area of drainage basin, with mean 

annual inflow, and with the volume of reservoir and so depth of 

water. 

Theoretical potential yield 

At a dam site From inspection of the yield curves it is evident 

that there is very little additional yield to be obtained in 

designing large reservoirs with storage ratios of more than 3.0. 

It is therefore assumed that the potential yield at a site is that 

yield that can be obtained from a standard reservoir with a capacity 

3 x MAR. 

Of a drainage basin This is a function of the reservoirs 

already constructed or that can be constructed within the basin. 

These reservoirs interfere with each other. It can be shown 

(Mitchell, 1978) that, for a hydrologically homogeneous basin, simple 

rules can be derived for the yield from combinations of reservoirs 

in series on a river system. These rules, for two reservoirs in 

series, are: 

(a) If the upstream storage ratio S/MAR is greater than the 

downstream ratio, then treat the two reservoirs as two separate 

reservoirs in two separate basins - the downstream basin must of 

course exclude the upstream basin; 

(b) If the upstream storage ratio is less than the downstream 

ratio, then the combined yield is that derived from both reservoirs 

combined into one single reservoir located at the downstream site. 

In order to ensure optimum water utilization within a basin it 

usually happens that the downstream sites have high storage ratios 

in which case rule (b) above applies. 

It follows therefore that the combined yield of n reservoirs in a 

basin is that obtained from a single reservoir with a storage ratio 
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i=l F,i 
MAR 

and that the evaporation factor, 

(13) 

EF = (En 1 S p )
2 [0.785/ (En E

1? 1 A ) ]
3 (14) 

1=1 i L 0 i=l F J 

In assessing the potential yield of a virgin basin where nothing is 
known of the potential dam sites, it is the practice in Zimbabwe to 
work out the potential yield with a combined storage ratio of 3.0 
and combined EF = 0.15. 

DISCUSSION 

The method of water resource analysis for semiarid zones that is 
proposed in this paper is economical in that the method uses only 
those hydrological variables that have a direct bearing on the 
problem. 

There is a tendency to think that this type of water resource 
analysis can only be carried out with complicated multivariate 
rainfall-runoff simulation computer models. This is not so. In 
order to obtain reliable results from the simulation models it is 
necessary to have a high density of rainfall recording stations. 
In Africa it is doubtful whether this prerequisite will be met. 

The philosophy behind the multivariate simulation models seems to 
be that if it is possible to put a correct combination of numbers to 
these variables (infiltration rate, soil moisture capacity, 
interception storage, lag factors etc.), then eventually a perfect 
explanation of the runoff response to rainfall will be obtained. 

To illustrate the futility behind this thinking, consider Fig.4 
which shows 56 years (from 1924/1925) of annual volumes of runoff in 
the Zambesi River at Victoria Falls derived from daily gauge plate 
levels. The first 25 years have a MAR of 34 500 x 106m3 with a C v 

of 25%. The next 31 years have a MAR of 49 100 x 106m3. 
Statistically, there is good evidence to conclude that the MAR 
samples originate from two completely different rivers. 

Possible explanations for the increased MAR in the later period 
are: 

(a) Higher rainfall. Using the rainfall figures from the few 
available stations in the Zambesi basin it seems that the rainfall 
during the second period was slightly higher but not high enough to 
account for the wide discrepancy in MARs; 

(b) Land use. Increased development in the Zambesi drainage 
basin has resulted in deforestation and so increased runoff. This 
is a likely explanation; 

(c) Change in the stage/discharge relationship at Victoria Falls. 
This is a possibility but it seems unlikely. The discharge is 
controlled by the lip of the Victoria Falls which is slowly, in 
geological terms, retreating upstream. Accordingly, the lip of the 
Falls should be eroded now to a lower level than it was 50 years ago 
and the true discharge should, if anything, be lower than the 
measured discharge (the same gauge plate datum and stage/discharge 


