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ANALYSIS OF DROUGHT EFFECT ON ANNUAL 
STREAM FLOWS OF RIVER MALEWA IN THE 
LAKE NAIVASHA BASIN, KENYA
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Department of Agricultural Engineering, Egerton University, P.O. Box 536-20115, Egerton, Kenya.

ABSTRACT
The main parameters of drought phenomenon are the longest duration and largest severity for a desired return period. These 
parameters form the basis for designing water storage structures to cope with drought effects. In this study, these drought pa-
rameters were estimated using the probability based theory. The sample estimates of the mean, coefficient of variation, skew-
ness, correlation and information on the probability distribution of flow sequence, were used as the basic input parameters. The 
truncation level was considered at mean level of the annual flow sequences of River Malewa in Lake Naivasha basin. In this 
basin, 100, 50, 10, 5 and 2-year droughts may persist continuously for 6, 4, 3, 2 and 1 years respectively. From the probabilistic 
approach for a normal probability distribution function, high values of coefficient of variation resulted in high values of the actual 
severity. The results show that there is drought severity in Lake Naivasha basin especially in parts experiencing high inter-annual 
variability in annual flow regimes.
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INTRODUCTION

In the design, planning and management of water re-
sources, it is necessary to estimate the hydrological 
drought characteristics under certain return periods. 
This provides a scientific base for estimating engineer-
ing design and water resources utilisation. Changing 
drought characteristics have affected the function and 
operation of existing water resources management prac-
tices (Below et al., 2007). Adverse effects of hydrological 
droughts have aggravated the impacts of other stresses, 
such as population growth, changing economic activities, 
land-use change and urbanisation (Mogaka et al., 2006; 
Jahangir et al., 2013). The current water management 
practices need to be made dynamic so as to cope with 
the changes in hydrological characteristics which have 
direct impact on water resources (Wilhite and Easterling, 
1997; Svoboda et al., 2002; Abad et al., 2013). Hence, 
the characteristics of hydrological drought events need 
to be studied so as to apply the appropriate adaptation 
and mitigation measures (Mishra et al., 2009). 

The effects of drought in many activities depend on the 
severity, duration and geographical extent of precipita-

tion deficiency, and on whether precipitation is used di-
rectly to maintain soil moisture or whether water sup-
plies are drawn from the stream flows (Below et al., 
2007). Different types of drought have been described, 
for instance by the World Meteorological Organisation 
(Subrahmanyan, 1967; Hayes et al., 2011), by Wilhite 
and Glantz (1985) and also by Zoljoodi and Didevarasl 
(2013).

Of importance among the different types of droughts is 
the hydrological drought, defined in terms of reduction 
of stream flows, reduction in lake or reservoir storage, 
and lowering of ground water levels below a predefined 
threshold level. Such a threshold level has been termed 
as the truncation level in hydrological droughts (El-Jabi 
et al., 2013). This truncation level reflects the demand 
level for water hence the reason for the examination of 
this type of drought as presented in the paper. The choice 
of truncation level is largely governed by the purpose of 
investigation (Meigh et al., 2002; Sung et al., 2013). 
Studies have considered it as long term mean flow (Shar-
ma, 1997), while others took it as a percentile level of 
the flow duration curve ranging from Q50 (flows exceed-
ing 50% of the time) to Q95 (Hisdal and Tallaksen, 2003).
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A flow duration curve could be constructed based on 
annual, monthly or daily flow sequences. For example, 
when the interest is in the design and planning of a wa-
ter storage system, on a permanent or long-term basis, 
for ameliorating drought, then a truncation level corre-
sponding to the mean level of flow could result in a con-
servative design to produce a desirable drought mitiga-
tion scenario. In contrast, in regional drought frequency 
analysis, a value of truncation level such as Q70 or Q80  
would portray more tangible drought impacts over the 
region (Panu and Sharma, 2002). However, in short-
term contingency planning for drought amelioration, 
when drought impacts are tangible, drought investiga-
tion could even be carried out at a truncation level of Q90, to 
allow mobilisation of resources on a cost- effective basis.

There are two principal methods for predicting the dura-
tion and severity of droughts associated with return peri-
od. In the time series simulation approach, the simulated 
stream flow is truncated at the desired level. The drought 
episodes (runs of deficits) are analysed empirically using 
the theory of runs or through counting technique (Chung 
and Salas, 2000). For instance, Horn (1989) successfully 
used this approach to describe the behaviour of droughts 
in Idaho, USA. In the probability theory-based approach, 
the properties of a drought, including the length (dura-
tion) and depth (severity) are derived from basic axioms 
of probability. This approach enables estimates of length 
of the longest run and associated greatest severity for 
a desired return period (Sharma, 1997). This approach 
requires information on the underlying probability dis-
tribution of the stream flow series. This method was 
adopted in this study because it can be computed using 
the drought probability (q) and return period (T). The 
main objective of this study was to determine the critical 
parameters of hydrological drought using the probability 
based theory.

MATERIALS AND METHODS 

Study area
The Lake Naivasha basin which is approximately 3376 
km2, is located in the Kenyan Rift Valley and it is approxi-
mately 70 km from the Kenyan capital city, Nairobi. The 
maximum altitude is about 3990m above mean sea level 
(a.m.s.l) on the eastern side of the Aberdare ranges to a 
minimum altitude of about 1900m (a.m.s.l). There are 
two rainy seasons experienced in this basin with the long 
and short rains occurring in March to May and October 
to November respectively. The Lake Naivasha basin re-
ceives an average annual rainfall of 610 mm, with the 
wettest slopes of the Aberdare ranges receiving as much 
as 1525 mm per annum. The lake is fed by two main per-
ennial rivers namely; the Malewa and Gilgil. The River 
Malewa (Figure 1) with a catchment area of 1600km2 is 

the major river feeding the lake, contributing about 90% 
of the total discharge into the lake (Lukman, 2003). Due 
to the difference in altitude, diverse climatic conditions 
exist within the Lake Naivasha basin. 

Data Acquisition 
To analyse hydrological droughts in the River Malewa, 
the daily flow data at the gauging station 2GB1 were 
acquired from Water Resources Management (WRMA) 
Naivasha regional office. The 2GB1gauging station was 
chosen since it had uninterrupted streamflow data re-
cords for over 50 years (from 1959-2008). 

Prior to trend analysis, the hydrological records were 
tested for homogeneity and normality. Homogeneity of 
time series records is confirmed when observed varia-
tions result entirely from fluctuations in weather and cli-
mate. Testing for homogeneity was done to find out if or 
not there were any errors that could have resulted from 
gauge station and environmental changes (Wijngaard et 
al., 2003). The non-parametric Pettit’s test (Mann, 1945; 
Mann and Whitney, 1947; Petti, 1979; Libiseller and 
Grimvall, 2002) was used to check for the homogeneity 
of the time series records. 

Evaluation of Extreme Drought Severity based 
on Drought Duration and Intensity
The length of a drought spell and its associated sever-

Figure 1: Map of study area showing Malewa River and its 
tributaries
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ity for a given return period were calculated using the 
probability based analytical relationships. The theorem 
of extremes of random variables using q and r provided 
a basis for derivation E(LT) and E(ST) relationships. Any 
uninterrupted sequence of deficits below the mean flow 
was regarded as drought length equal to the number of 
deficits in the sequence. This was carried out at gauging 
station 9036002 on River Malewa which is the main river 
draining the basin and feeding Lake Naivasha.

Critical Drought Duration, E(LT) and Severity 
E(ST) 
In order to identify the underlying probability of the an-
nual stream flow and their dependence structure, natu-
ral flow sequences were used in the analysis. The values 
of µ, γ, ρ, σ and cv were computed using the standard 
procedure as documented in Chow et al. (1988). For a 
time series xi truncated at a level x0, the truncation level 
m0 is equal to ( )0x m

σ
− , Further, if x is normally distributed, so 

would be u. Thus, for a normally distributed sequence, u 
will be written as a standard normal deviate (z) and the 
probability:

  (1a)

 (1b)

For instance, the value of q at a truncation level equivalent 
to the mean level for a normal probability distribution of 
flow sequence is 0.5, which can be integrated from the 
above standard normal probability function from -∞ to 0 

. For a flow sequence with a coefficient of 
variation of cv and the truncation level at Tl of the mean 
flow, the value of u0= z0= . 

In this study, the value of q was obtained by using stand-
ard probability tables. 

The probabilistic relationship for  and  was 
obtained by applying the theorem of extremes of random 
variables as applied by Sharma (2000) and Biamah et al. 
(2005) as expressed in equations (2) and (3).

 (2)

 (3)

Where, j stands for the length of the drought duration 
and takes on values 1, 2, 3,…, up to infinity. In this study, 
the value of j was considered at a maximum of 25, as 
probabilities beyond j >25 are extremely small and can 
be regarded negligible. Equation (3) thus was expressed 
as:

 (4)

The value of r, representing an extended continuance of 
drought years, was related to q, as shown by Sen (1977):

 (5)

Where, v is a dummy variable for integration. The inte-
gral in equation (5) was evaluated using excel spread-
sheet and values of r for a given q and z0 were computed. 
For an independent or random stream flow series r = q 
and a value of drought intensity I was estimated using a 
formula by Sharma (2000):

          (6) 

The value of I in equation (6) turned out to be negative 
(since drought epochs are below the truncation level and 
hence negative in terms of sign); therefore absolute val-
ues were used in the calculation of the severity defined 
as:

  (7)

It is noted that, when the analysis is implemented in the 
standard domain,  and  are all dimensionless and 
without units. Thus, the actual drought severity  
was computed using the relationship  which 
results to:

  (8)

RESULTS AND DISCUSSION 

Evaluation of Extreme Drought Severity based 
on Duration and Intensity
The probabilistic approach was used to estimate the du-
ration and severity of a T-year drought on historical data 
of annual flows. The truncation was at the mean level 
of the gauging station 2GB1 in Lake Naivasha basin. For 
the probabilistic approach, the assumption that annual 
flow sequences are normal and independent was a rea-
sonable choice for analysis, since ρ and γ happen to be 
insignificantly small. This is because, this assumptions 
yields marginally conservative values of severity which is 
a desirable feature for design aspects of water resources 
systems for ameliorating drought conditions. The value 
of zo is 0.0 for the truncation level equal to the mean 
flow, and the corresponding value of q is 0.5 as given in 
Table 1. 

For a flow sequence, the value of r = q = 0.5 indicates 
that flows are random and, consequently, the drought 
episodes are also random. By using the values of zo, q, r 
and T = (2, 5, 10, 50 and 100 years) in equations (2) to 
(7), the values of LT, I and ST were calculated and their 
results are presented in Table 2. The Table also presents 
results of the values of DT for different return periods that 
were calculated using equation (8).
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From the results given in Table 2, it can be observed that 
on average, the 100-year drought in Lake Naivasha basin 
is expected to last for 6 years in a row and with a cor-
responding severity of 4.78. Similarly, the 2, 5, 10 and 
50-year droughts are expected to last for 1, 2, 3 and 4 
years respectively with the drought lengths rounded off 
to a whole year. All these computations were done using 
the MS Excel spreadsheet and the summary of the com-
putations for a 10-year drought is presented in Table 3. 

For any desired design return period, the important 
elements of a drought phenomenon considered are 
the longest duration and the largest severity (Sharma, 
1998). These elements form the basis for designing wa-
ter storage structures to cope with droughts for adapta-
tion planning to climate variability. It is evident from the 
probabilistic approach for a normal probability distribu-
tion that high values of cv result in high values of DT. 
Based on this, drought severity is expected to be greater 
in the basin parts experiencing high inter-annual vari-
ability in annual flow regimes. Such occurrences will be 
common in the semi-arid regions of the Lake Naivasha 

Table 1: Values of zo, q and drought density I at the 
mean level of truncation for various cv values

Value 
of cv

Normal pdf Lognormal pdf Gamma pdf

zm q I zmg q I zml q I

0.2 0.5 0.5 0.8 0.099 0.54 0.83 0.069 0.53 0.82

0.4 0.5 0.5 0.8 0.19 0.58 0.87 0.13 0.55 0.85

0.6 0.5 0.5 0.8 0.28 0.61 0.91 0.21 0.58 0.88

0.8 0.5 0.5 0.8 0.35 0.64 0.94 0.27 0.611 0.90

1.0 0.5 0.5 0.8 0.42 0.84 0.97 0.33 0.63 0.93

Table 2: Values of LT, I, ST and DT at various Return 
Periods in years

Return 
Period

2-year 5-year 10-year 50-year 100-year

LT 0.85 1.74 2.66 3.97 5.98

I 0.80 0.80 0.80 0.80 0.80

ST 0.68 1.39 2.13 3.99 4.78

DT(m3) 4.3 x 107 8.5 x 107 1.3 x 108 1.7 x 108 2.6 x 108

Table 3: Summary of computation for , I and 
 for 10-year drought

Statistics of annual flow 
regimes

J P(LT = j) P(LT = j) x j

Mean = 3.35 m3/s
Std deviation = 1.69 m3/s
Skewness = 0.15 (≈ 0)
ρ = 0.19 (≈ 0)
T = 10-years
µo = 0
cv = 0.193
zo = 0
q = r = 0.5

1 0.204419798 0.20442

2 0.248756632 0.497513

3 0.1963542 0.589063

4 0.123729698 0.494919

5 0.069503486 0.347517

6 0.036841788 0.221051

7 0.018967648 0.132774

8 0.009623655 0.076989

9 0.004847185 0.043625

10 0.002432483 0.024325

11 0.00121847 0.013403

12 0.000609793 0.007318

13 0.000305036 0.003965

14 0.000152553 0.002136

15
7.63085 x 
10-5

0.001145

16
3.81448 x 
10-5

0.00061

17
1.90729 x 
10-5

0.000324

18
9.53661 x 
10-6

0.000172

19
4.76834 x 
10-6

9.06 x 10-5

20
2.38418 x 
10-6

4.77 x 10-5

21
1.19209 x 
10-6

2.50 x 10-5

22
5.96046 x 
10-7

1.31 x 10-5

23
2.98023 x 
10-7

6.85 x 10-6

24
1.49012 x 
10-7

3.58 x 10-6

25
7.45058 x 
10-8

1.86 x 10-6

E(LT) 2.661456

I 0.8

E(ST) 2.129165
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basin which routinely experience variable precipitation 
patterns. 

The values of drought duration for normal independent 
flows were predicted using two independent variables, T 
and q. The results show that critical droughts will persist 
for the same number of years in the entire Lake Naivasha 
basin. Likewise, standardized severity is also expected to 
be the same in the entire basin. However, each river will 
undergo a different level of actual severity DT (m3), be-
cause of different values of mean flows and associated 
coefficient of variation. 

These results have a significant implications pertaining 
to future water resources planning in the Lake Naivasha 
basin, especially against the backdrop of a higher likeli-
hood of multi-year droughts due to climate variability. 
This risk must be considered in planning, design, opera-
tion and selection of water resources development sce-
narios in the Lake Naivasha basin. In particular, when 
attention is being focused on developing the lower parts 
of the basin, planners have to appreciate the fact that this 
region is very prone to droughts, unlike the abundantly 
water-rich upper parts of the basin near the Aberdare 
forest.

CONCLUSIONS

The overall objective of the study was to analyze hydrological 
drought characteristics with a view to providing information 
for planning local coping mechanisms to water resources man-
agement. The critical drought parameters, namely the longest 
drought duration and the greatest severity were predicted us-
ing the probability based approach. The analysis revealed that 
the annual stream flow sequences can be construed as samples 
from the normal independent flow sequences. The probabilis-
tic analysis of drought revealed that, in the prevailing hydro-
logical regimes, 100-year, 50-year, and 10-year droughts will 
persist for 6, 4 and 3 years respectively. The longest drought 
duration and severity have uniform values for the entire study 
area in view of the normal and random probability structure 
of annual flows. However, actual severity will display vari-
ability in proportion to the coefficient of variation or standard 
deviation. These results can be applied in the design of water 
storage systems to combat the persistent extreme hydrological 
drought. This study was important because it has enhanced the 
understanding of hydrological drought characteristics, which 
can be used to enhance water sources management within 
Lake Naivasha basin.
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