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Abstract:

The impacts of historical land cover changes witnessed between 1973 and 2000 on the hydrologic response of the Nyando
River Basin were investigated. The land cover changes were obtained through consistent classifications of selected Landsat
satellite images. Their effects on runoff peak discharges and volumes were subsequently assessed using selected hydrologic
models for runoff generation and routing available within the HEC-HMS. Physically based parameters of the models were
estimated from the land cover change maps together with a digital elevation model and soil datasets of the basin. Observed
storm events for the simulation were selected and their interpolated spatial distributions obtained using the univariate ordinary
Kriging procedure. The simulated flows from the 14 sub-catchments were routed downstream afterwards to obtain the accrued
effects in the entire river basin. Model results obtained generally revealed significant and varying increases in the runoff
peak discharges and volumes within the basin. In the upstream sub-catchments with higher rates of deforestation, increases
between 30 and 47% were observed in the peak discharge. In the entire basin, however, the flood peak discharges and volumes
increased by at least 16 and 10% respectively during the entire study period. The study successfully outlined the hydrological
consequences of the eminent land cover changes and hence the need for sustainable land use and catchment management
strategies. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION

The need for environmental sustainability through proper
resource management has prompted accurate and timely
monitoring of land cover changes and their interac-
tions within the immediate environments to provide vital
information for decision making. In Kenya, land cover
degradation arises primarily due to uncontrolled activi-
ties from the up-surging human population. Coupled with
lack of appropriate land- and water-management strate-
gies, this degradation is considered to amplify hydro-
logical processes related to surface runoff, soil erosion
and sedimentation (Kundu et al., 2008; Githui et al.,
2009). In the flood-prone Nyando River Basin, the head-
water catchments fundamental for the regeneration of
the water resources have been drastically depleted in
the recent past. More questions are thus being raised
about the possible effects of this degradation on flood
runoff characteristics. Like many rural river basins in
the developing countries, however, a major impedi-
ment towards hydrological investigations in the Nyando
Basin is a lack of reliable datasets (Corey et al., 2007).
Most of the land cover datasets for the basin have
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very coarse spatial resolution and carry little informa-
tion on the temporal changes (Awiti et al., 2002; Olang,
2009). There is also a deficiency of reliable hydro-
logical data for understanding the interactions within
the complex catchment system (Beasley et al., 1980).
The availability of global spatial datasets, consequent of
the recent advances in remote sensing and geographic
information system (GIS) techniques have provided the
possibility to quantify spatially distributed hydrological
processes in regions with data scarcity (Moore et al.,
1991; Carpenter et al., 1999; Coppin et al., 2004). Per-
tinent physically based catchment properties can be esti-
mated from global digital topographic and soil datasets.
Consequently, several computer-based hydrological mod-
els that exploit these provisions have been developed
and successfully employed for hydrological analyses
(Andersen et al., 2001; Miller et al., 2002; Legesse et al.,
2003).

Physically based hydrological models attempt to relate
the model parameters to observable land surface charac-
teristics. As a result, such models are extensively uti-
lized for studies of the effects of land cover changes
on surface and sub-surface hydrologic processes (Xu and
Singh, 2004; McColl and Aggett, 2007; Saghafian et al.,
2007). In hydrological simulation studies, the selection of
appropriate spatial and temporal scales to represent a
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hydrological variable of consideration is essential to
capture the relevant random and non-random patterns
(Grayson and Blöschl, 2000; Cerdan et al., 2004; Doll
et al., 2008). A careful evaluation of the hydrological
attributes versus the quality of the existing datasets is
hence important. While distributed models tend to capture
more hydrological information than the lumped models
(Refsgaard and Knudsen, 1996; Reed et al., 2004), their
application within most of the data-constrained areas,
however, is limited by their vast data demands (Onyando
et al., 2005; Corey et al., 2007). Moreover, most of
the conventional hydrological models were developed
in regions with different hydro-climatic characteristics.
Their application elsewhere, therefore, requires adaption
to the local data constraints, the existing landscape pat-
terns and characteristics of the hydrological processes
(Gumbricht et al., 1997; Mutua and Klik, 2007). In this
contribution, therefore, the objectives of the study were
as follows: (1) To parameterize the selected hydrolog-
ical models using remotely sensed land cover datasets
in combination with other available spatial datasets. The
land cover changes were obtained through a comprehen-
sive change detection strategy carried out by process-
ing selected Landsat satellite images. (2) To apply the
hydrological models to simulate the possible effects of
the detected land cover changes on peak discharges and
runoff volumes during flood events of the study area.

THE STUDY AREA

The Nyando River Basin covers an area of about
3550 km2. It is located in western Kenya, in the scarps
of the Kavirondo Gulf, between 0°250S and 0°100N and
34°500 E and 35°500E. The climate is largely influenced
by the inter-tropical convergence zone (ITCZ), modified

by local orographic effects. In terms of rainfall seasonal-
ity, the basin is classified as bimodal, having a long rainy
season predominantly between the months of April and
June, and a short rainy season between September and
December. The average annual rainfall depth is about
1300 mm on a normal year devoid of extreme rainfall
events due to climatic variations such as the El Niño
southern oscillation (ENSO). Soils with high content of
silt and clay consequent of Ferrasols, Nitisols, Cambisols
and Acricsols are predominant in the upland areas. The
lowland floodplains are dominated by Luvisol, Vertisol,
Planosol, Cambisol and Solonetz soil types from the
Holocene sedimentary deposits and occurring in saline
and sodic phases (Andriesse and Van der Pouw, 1985).
The basin is drained by the Nyando River with a total
length of about 170 km. The river has two major tribu-
taries originating from the Nandi Hills in the northern
part at altitudes of about 2600 m a.m.s.l and Londi-
ani Hills in eastern sides at altitudes of about 3000 m
a.m.s.l. The Nyando River finally drains into the trans-
boundary Lake Victoria situated at about 1100 m a.m.s.l.
(Figure 1).

MATERIALS AND METHODS

The major building blocks of the study were grouped
into spatial data processing and hydrological modelling.
Spatial data processing largely revolved around the land
cover change detection and geographical data process-
ing. Hydrological modelling was then applied to study
the impacts of land cover change on flood characteris-
tics. Figure 2 is a schematic illustration of the general
methodology of the study.

Figure 1. The study area showing the sub-catchments, the elevations and the rain gauge stations of the Nyando Basin
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Discharge
(Data)

Hydrological zoning
(Basin scale)

GIS Processing
(DEM, Soils, Land

cover data)

Physical Parameter
Derivation

Rainfall-Runoff
Modeling

Hydro-met.
Data

Processing
Land Cover

Classification

Accuracy
Assesment

Land cover Data
(Validated)

Rainfall
(Data)

HEC Data
Storage
System

Flood Characteristic
(Peak Discharges and

Volumes)

Routed Flood
Hydrograph

Image
Preprocessing
(DEM, Landsat

Images)

Figure 2. Methodological framework of the study

Spatial datasets and processing

Changes in the historical land cover states were
quantified through a comprehensive land cover change
detection carried out in 2008 (Olang, 2009). This was
achieved through classifications of selected satellite
images for 1973 [Landsat Multispectral Scanner (MSS)],
1986 [Landsat Thematic Mapper (TM)] and 2000 [Land-
sat Enhanced Thematic Mapper plus (ETMC)] based on
the major land cover classes including agricultural fields,
forest, shrubland, wetland and water. To obtain spatially
representative and consistent land cover datasets, a per-
pixel classification of the images was applied. The accu-
racies of the derived maps were assessed on the basis of
standard procedures with the help of the FAO-Africover
dataset and ground-based information (Di Gregorio and
Jansen, 1998; Congalton and Green, 1999; Yuan et al.,
2005; Baldyga et al., 2007; Rambaldi et al., 2007). The
spatial distribution of the validated land cover classes is
summarized in Figure 3.

Topological and morphometric characteristics of the
basin were derived from the global digital elevation

model (DEM) developed by the Shuttle Radar Topo-
graphic Mission (SRTM) (Reuter et al., 2007). Four tiles
encompassing the study area were acquired and resam-
pled to a nominal pixel resolution of 80 m in consis-
tency with the land cover datasets using bilinear inter-
polation. The dataset was then hydrologically corrected
through sink removal and a DEM burn-in procedure
(Martz and Garbrecht, 1998; Callow et al., 2006). The
sub-catchments and their attributes were derived using
standard procedures based on the D8 (eight-pour-point
algorithm) concept of flow directions and accumulation
(Moore et al., 1991; Burrough and McDonell, 1998). In
order to use the land cover change maps together with
other spatial datasets for subsequent hydrological analy-
ses, a 7 ð 7 majority filter was used to eliminate small,
isolated landcover units. The images were later on con-
verted into vector coverages in conformity with the model
demands and used to derive the required land cover
change statistics. A digital soil map for Kenya, at a scale
of 1 : 1 million, was acquired from the Global Environ-
ment Facility Soil Organic Carbon database and used to
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Figure 3. Distributions of the land cover classes
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derive the major hydrological soil groups (HSG) with
the help of FAO/UNESCO revised manual for soil maps
of the world (FAO-UNESCO, 1998; Batjes and Gicheru,
2004). The other relevant spatial datasets processed for
specific applications included the approximate areas of
the local administrative centres and roads, used to esti-
mate the impervious zones within the sub-catchments
(Olang, 2009).

Hydro-meteorological data
Daily rainfall data from 18 pluviometric stations were

obtained from the Kenya Meteorological Department
(KMD). Daily discharge data from 13 stream gauges were
collated from the Ministry of Water and Irrigation, Kenya.
A comparison of the acquired rainfall and runoff data on a
common graphical plot revealed many uncertainties in the
recordings. The runoff data, in particular, exhibited poor
recordings and large data gaps especially during flood
events. Moreover, an exemplary review of the stage-
discharge curves used for conversion of the recorded
river stages into discharge revealed them to be highly
unreliable. These shortcomings limited the ability to
calibrate the hydrological model during the periods of the
three land cover states. Nevertheless, the acquired runoff
data were deemed, at least, sufficient for approximating
initial baseflow discharges for the selected periods. The
geographical locations of the stream gauges were also
considered to be helpful in defining spatial units for the
modelling exercise. Some of the characteristics of the
acquired stream flow data, sorted out according to their
representative areas from upstream to downstream, are
provided in Table I.

Since the acquired stream flow data could not be used
for a reliable model calibration and validation procedure,
only plausibility checks of the simulated results were pos-
sible (Wagener, 2003; Refsgaard and Henriksen, 2004).
This was done through visual comparison if the simulated
runoffs fell within the range of the available discharge
records for the respective sub-catchments. Runoff coeffi-
cients, defined by the simple ratio of the simulated runoff

depths to the rainfall amounts, coupled with expert judg-
ments were also used to judge the simulated estimates
(Onyando, 2000; Merz and Blöschl, 2007).

A physically based lumped modelling approach involv-
ing rigorous use of GIS-based techniques to derive the
model parameters was adopted to simulate storm events.
A number of observed storm events were selected, and
their interpolated spatial rainfall distributions within the
sub-catchments subsequently obtained using the univari-
ate ordinary Kriging procedure (Cressie, 1993). To fur-
ther assess the unique response of the sub-catchments
due to the mapped changes, synthetic storm events of
varying magnitudes were proposed on the basis of the
rainfall characteristics of the basin. The storms were
also assumed to have the same durations corresponding,
approximately, to the times of concentration of the sub-
catchments. The selected observed and synthetic storm
events were subsequently stored in the Hydrologic Engi-
neering Center (HEC) Data Storage System Visual utility
engine (DSSVue) for the simulation (USACE, 2000a).
The characteristics of the selected observed storm events
used for illustration in this paper are provided in Table II.

HEC-HMS model and parameterization
A hydrological model, whose parameters are sensitive

to the detected land cover changes, was required. The
use of a fully distributed physically based approach to
achieve this was, however, constrained by the availability
and quality of the required data. Therefore, a conceptual
lumped model whose parameters could be largely derived
from the land cover change maps was considered to be an
appropriate approach. (Xu and Singh, 2004; Bahremand
et al., 2006). The HEC Hydrological Modelling System
(HMS) provided a sufficient and easily accessible plat-
form to achieve this (USACE, 2000a). The modelling
system generally offers a variety of options for simulating
various hydrological processes while providing flexibil-
ity in representing the hydrological processes at lumped
or distributed scales, on event or continuous basis. Sev-
eral studies have hence utilized the modelling software

Table I. Major statistics of stream flow data for the sub-catchments

ID Sub-catchment Stream gauge Spatial location Total area
upstream

Missing
data

Maximum
discharge

Latitude (°) Longitude (°) (km2) (%) (m3/s)

1 Tugunon 1GC04 �0Ð25 35Ð41 73Ð7 7 50
2 Mbogo 1GB06 �0Ð06 35Ð14 77Ð2 60 4
3 Kapchure1 1GB07 �0Ð01 35Ð10 130Ð7 15 14
4 Ainapsiwa 1GB11 �0Ð03 35Ð18 147Ð7 10 75
5 Kapchure2 1GB10 �0Ð06 35Ð07 176Ð0 26 31
6 Masaita 1GC05 �0Ð19 35Ð54 285Ð6 12 57
7 Namuting 1GG01 �0Ð20 35Ð34 365Ð3 5 62
8 Ainamotua2 1GB05 �0Ð03 35Ð18 594Ð1 11 75
9 Ainamotua3 1GB09 �0Ð07 35Ð08 753Ð3 9 25

10 Ainamotua1 1GB03 �0Ð07 35Ð06 957Ð7 19 539
11 Nyando3 1GD07 �0Ð16 35Ð16 1472Ð1 11 306
12 Nyando2 1GD04 �0Ð10 35Ð04 2650Ð4 40 320
13 Nyando1 1GD03 �0Ð13 34Ð96 2711Ð7 8 360
14 Lower SB Outlet — — 3543Ð5 — —
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Table II. Selected observed storm events

Date Highest gauge
measurement (mm)

Approximate rainfall
duration (h)

Major spatial distribution
of the event

Areal rainfall for
the basin (mm)

3 January 1998 66 5 South eastern 18
2 May 1972 72 5 Upland headwaters 27
8 April 1974 92 6 Mid to lowlands 41

for various hydrological applications (e.g. Cunderlik and
Simonovic, 2007; McColl and Aggett, 2007; Saghafian
et al., 2007).

For this study, the Natural Resource Conservation
Service-Curve Number (NRCS-CN) model, Clark’s Unit
Hydrograph model, exponential recession baseflow model
and Muskinghum–Cunge flow routing model were
selected. The model elements for the basin were derived
using Geo-HMS, a GIS extension to support the HEC-
HMS (USACE, 2000b). The NRCS-CN model was used
for generating runoff volumes (USACE, 1994). The
model approximates runoff volumes using the physi-
cally based dimensionless curve number (CN) parameter,
which could be easily derived from the land cover maps
for 1973, 1986 and 2000. The application of this model
within HEC-HMS requires specification of the CN, ini-
tial abstraction and percentage of impervious area (Olang,
2009). The general procedure used to determine the com-
posite CN parameter is provided in Figure 4.

A look-up table for retrieving CN estimates was devel-
oped for normal moisture conditions (AMC II) with the
help of standard tables (Chow et al., 1988). Initial esti-
mates for agricultural land use were adopted and later
re-adjusted to wet moisture conditions (AMC III) preva-
lent during storm events. The initial abstractions were
assumed to be 20% of the maximum potential reten-
tion of the soils (USACE, 2000a). Impervious areas,
assumed to be largely due to the local administrative cen-
tres and roads, were derived from the acquired GIS layer
representing their approximate areas within the regions.
Transformation of the generated runoffs into correspond-
ing hydrographs was achieved using Clark’s UH concept
(USACE, 1994). The application of Clark’s UH requires
the determination of the times of concentration and the
storage coefficient. These parameters can be established
from the physical catchment conditions based on proce-
dures for the time lag (Soil Conservation Service, 1986)

and the storage coefficients (Sabol, 1988). Since changes
in the land cover affected these two parameters, the
dependence between the runoff generation and transfor-
mation parameters was captured.

The exponential recession model was used to represent
baseflow processes. The model requires estimation of
the recession constant and the initial base flow. A
similar approach outlined by Pilgrim and Cordery (1992)
was used to estimate the recession constant based on
the relative sizes of the sub-catchments. Ground water
was assumed to be the main component of baseflow.
Routing of the channel flow was performed using the
Muskinghum–Cunge hydrologic model (Ponce, 1989;
USACE, 2000a). Estimates for the depth and width of
the river channel bottom and other flow characteristics
were collated from the Lake Victoria Environmental
Programme (LVEMP) in Kenya, supplemented by direct
measurements where necessary. The length and slopes
of the river reaches were derived from a DEM of the
basin in the GIS. Other channel characteristics, including
Manning’s roughness coefficient at every reach of study,
were estimated from field observations (Cowan, 1956).
The stream channel characteristics were assumed to be
time invariant from 1973 to 2000 and thus a plausible
representation was considered to be sufficient in the
context of this study, focusing on the effects of land cover
change.

RESULTS AND DISCUSSION

Model Parameters

The land cover maps, together with the catchment
properties and the hydrological soil groups, were used to
estimate the main parameters of the selected models for
the sub-catchments as shown in Table III. The parameters
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Figure 4. Procedure for derivation of the composite CN parameter
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Table III. Estimated parameters of the rainfall-runoff models for
the land cover states

ID Mean curve
number (CN)

Time of
concentration

(tc)

Storage
coefficient

(R)

1973 1986 2000 1973 1986 2000 1973 1986 2000

(%) (%) (%) (h) (h) (h) (h) (h) (h)

1 68Ð0 73Ð3 75Ð8 2Ð6 2Ð3 2Ð1 1Ð9 1Ð7 1Ð5
2 68Ð0 70Ð1 74Ð3 2Ð6 2Ð4 2Ð2 1Ð9 1Ð8 1Ð6
3 67Ð7 71Ð2 72Ð1 2Ð5 2Ð3 2Ð2 1Ð8 1Ð6 1Ð6
4 68Ð0 71Ð2 74Ð3 2Ð2 2Ð0 1Ð8 1Ð5 1Ð4 1Ð3
5 77Ð9 78Ð2 78Ð9 1Ð3 1Ð3 1Ð3 0Ð9 0Ð9 0Ð9
6 66Ð1 68Ð6 71Ð9 4Ð7 4Ð4 4Ð0 3Ð3 3Ð1 2Ð8
7 67Ð4 70Ð4 71Ð2 4Ð1 3Ð8 3Ð7 2Ð9 2Ð7 2Ð6
8 59Ð3 62Ð3 64Ð0 5Ð6 5Ð2 5Ð0 4Ð0 3Ð7 3Ð6
9 82Ð2 82Ð0 82Ð5 1Ð6 1Ð6 1Ð5 1Ð1 1Ð1 1Ð1

10 79Ð1 81Ð0 78Ð9 1Ð3 1Ð2 1Ð3 0Ð9 0Ð9 0Ð9
11 69Ð0 71Ð3 72Ð9 6Ð5 6Ð1 5Ð8 4Ð7 4Ð4 4Ð2
12 80Ð8 81Ð2 82Ð5 3Ð8 3Ð8 3Ð6 2Ð7 2Ð7 2Ð6
13 85Ð7 86Ð0 87Ð3 3Ð8 3Ð7 3Ð6 2Ð7 2Ð7 2Ð6
14 78Ð1 79Ð1 80Ð1 5Ð9 5Ð7 5Ð5 4Ð1 4Ð0 3Ð9

have been sorted on the basis of the sub-catchment ID as
mapped in Figure 1.

From the derived composite CN values, different
regions in the basin were noted to have significantly
changed. Sub-catchment Nos 9, 10, 12 and 13 generally
produced the largest values of the CN parameter. A
decrease in the CN value was, however, noted in sub-
catchment No. 10 between 1986 and 2000, perhaps due
to seasonal fluctuations between agriculture and grassland
land cover classes. In terms of changes in the CN
parameter relative to 1973, the largest increases were
noted in the upstream sub-catchments Nos 1, 2, 3 and
4, where the highest rates of deforestation occurred over
the years. Sub-catchment No. 11 exhibited the largest
times of concentration and the storage coefficients due to
its longer shape and relative size. The smallest value of
the runoff transformation parameters was noted in sub-
catchment No. 10, which is the smallest (28 km2).

Simulated flood peak discharges and volumes

Using the model parameters, the arising local flood
flows from each sub-catchment were simulated. The
impact of the land cover changes were subsequently
evaluated relative to the simulated values for 1973. First,
the local flows from the sub-catchments were simulated
using uniformly distributed synthetic storm events.

Synthetic storm events: Synthetic storm events with a
spatially uniform distribution of 20, 40 and 60 mm were
analysed. The rainfall depths correspond to crudely esti-
mated return periods of 1–5 years. The storm duration
was selected at 5 h, corresponding to the time of con-
centration of the larger sub-catchments. Rainfall depths
for 1-h time intervals were uniformly assumed to be 20,
25, 35, 15 and 5% of the event depth, respectively. This
pattern of aggregation is typical of the area as could be

Table IV. Simulated peak discharges and runoff depth from the
40-mm synthetic storm event

ID Sub-catchment Runoff peak
discharge (m3/s)

Runoff depth
(mm)

1973 1986 2000 1973 1986 2000

1 Tugunon 47Ð6 60Ð6 67Ð5 12Ð1 14Ð1 15Ð2
2 Mbogo 49Ð0 54Ð2 65Ð4 11Ð6 12Ð4 14Ð1
3 Kapchure1 84Ð1 98Ð5 102Ð4 11Ð0 12Ð2 12Ð6
4 Ainapsiwa 102Ð6 115Ð8 137Ð7 11Ð3 12Ð5 13Ð7
5 Kapchure2 56Ð3 57Ð2 59Ð2 17Ð1 17Ð3 17Ð6
6 Masaita 114Ð4 129Ð5 156Ð8 10Ð3 11Ð2 12Ð4
7 Namuting 169Ð0 196Ð6 204Ð7 10Ð8 11Ð9 12Ð2
8 Ainamotua2 122Ð0 145Ð5 158Ð8 8Ð1 9Ð0 9Ð5
9 Ainamotua3 112Ð4 113Ð6 115Ð2 22Ð6 22Ð7 22Ð9

10 Ainamotua1 41Ð6 45Ð0 42Ð1 11Ð6 11Ð7 11Ð8
11 Nyando3 251Ð7 286Ð3 310Ð0 11Ð2 12Ð1 12Ð8
12 Nyando2 181Ð7 185Ð9 198Ð4 21Ð2 21Ð5 22Ð3
13 Nyando1 68Ð7 69Ð8 74Ð3 23Ð4 23Ð6 24Ð7
14 Lower SB 426Ð4 451Ð9 483Ð3 16Ð2 16Ð8 17Ð4

derived from the observed records. Table IV illustrates
the simulated peak discharges and runoff depths pro-
duced by the sub-catchments from a 40-mm uniformly
distributed synthetic storm event selected for illustration.

Generally, the sub-catchments of the basin exhibited a
consistent response to the land cover changes in the sim-
ulated results. In terms of the simulated peak discharges,
sub-catchment No. 2, for instance, produced peak dis-
charges of 49 m3/s in 1973, 54 m3/s in 1986 and 65 m3/s
in 2000. These values correspond to increases of 11, 23
and 34% for the periods 1973–1986, 1986–2000 and
1973–2000, respectively. In the same area, the runoff
volumes increased by 7, 15 and 22%. The peak dis-
charges produced by sub-catchment No. 6 corresponded
to relative increases of 13, 25 and 38% over the same
time intervals. In sub-catchment No. 14 located within
the floodplains, the simulated peak discharges exhibited
increases of about 6, 8 and 14%, respectively, within the
three time intervals. Runoff volumes on the other hand
increased by 9, 11 and 20% in sub-catchment No. 6, and
by 5, 3 and 8% in the Lower SB.

Results obtained from the 60-mm synthetic rainfall
event generally replicated the same trends, with sub-
catchment No. 2, exhibiting simulated peak discharges of
about 96 m3/s in 1973, 105 m3/s in 1986 and 125 m3/s
in 2000. These values were noted to almost double the
values produced by the 40-mm synthetic storm event and
corresponded to relative increases of 10, 20 and 30%
for the three intervals of time. The relative increases
in the runoff depths for the same sub-catchment were
7, 13 and 20%. In summary, an evaluation of the
model results obtained from the synthetic storm events
tested demonstrated that the relative changes in the peak
discharges tended to decrease with increase in the rainfall
amounts. This observation proved the possibility that the
detected land cover changes did not have a very strong
influence during large storm events. In sub-catchment
No. 1, for instance, the relative changes in the peak
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discharge between 1973 and 2000 obtained from the 20,
40 and 60 mm synthetic storms were noted to be 45, 42
and 37% respectively. For the same storm events, sub-
catchments Nos 7 and 3, located within the headwaters
of the basin, also exhibited decreasing trends by 22, 21
and 19% and 24, 22 and 20% respectively, from the 20,
40 and 60 mm synthetic storms. Generally, the results
also indicated that upstream sub-catchments characterized
by the higher catchment slopes, and rates of land cover
changes exhibited the highest relative changes in the
peak discharge values in the range of 30–47%. The
rainfall-runoff plots for an upstream sub-catchment (No.
1) and downstream sub-catchment (No. 14), selected for
illustration purposes, are provided in Figures 5 and 6.

From Figures 5 and 6, a higher rise in peak discharge
value consequent of the larger rate of land cover changes
occurred between 1973 and 1986 in sub-catchment No.
1 located in the headwater area. This area generally
produced the highest change effects in the basin due to its
larger slopes and the increased deforestation. In the lower
sub-catchment, the peak discharges increased almost by
the same amount from 1973 to 1986 and from 1986 to
2000, respectively. This catchment is located within the
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Figure 5. Rainfall-runoff plots for sub-catchment No. 1 (Tugunon)
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Figure 6. Rainfall-runoff plots for sub-catchment No. 14 (Lower SB)

flood plains of the basin largely dominated by agricultural
and grassland land cover classes.

Observed storm events: Table V illustrates the accumu-
lated flood peak discharges and volumes obtained from
the storm event observed on 3 January 1998. This flood
event approximately conforms to a flood with a return
period of about 2 years in the basin.

As a plausibility check, the simulated peak discharges
for the land cover state of the year 2000 were compared
with observed maximum discharges as listed in Table I.
In general, simulated and observed peaks are rather
similar, except in 1 GB03, 1 GB07 and 1 GB09. From
the results, the entire basin witnessed peak discharges
of 382, 425 and 459 m3/s in 1973, 1986 and 2000
respectively. These represented an increase by 20%
between 1973 and 2000, with 11% occurring in the first
period of 1973 and 1986. The decreasing times to peak,
with the same event taking approximately 1 h less to
reach peak in 2000 than in 1973, were also noted. In
terms of the flood volumes, this event produced flood
volumes on the order of 17, 18 and 19 million m3 in
1973, 1986 and 2000, representing increases of about
10% between 1973 and 2000 and about 6% between
1973 and 1986 when more land cover changes was
witnessed in the basin. The results of the storm event
for 2 May 1972 approximated a flood event with a
return period of about 3 years. Peak discharges for 1973,
1986 and 2000 were noted to be 586, 658 and 708 m3/s
respectively. This represented increases by 12 and 9% for
the periods of 1973–1986 and 1986–2000 respectively.
Flood volumes on the other hand increased by 12% over
the entire period of study. The simulated results from
the 8-April-1974 storm event conformed approximately
to a flood event with a return period of about 10 years.
The results at the outlet, assumed to reflect the overall
effects of the changes in the whole basin, indicated
peak discharges of 1417, 1544 and 1645 m3/s. These
values suggested relative increases of 9, 7 and 16% for

Table V. Simulated flood peak discharges and volumes for 3
January 1998

ID Gauging
station

Runoff peak discharge
(m3/s)

Runoff volume
(ð106 m3)

1973 1986 2000 1973 1986 2000

1 1GC04 48 64 74 0Ð89 1Ð04 1Ð12
2 1GB06 3 4 4 0Ð14 0Ð14 0Ð15
3 1GB07 25 30 31 0Ð43 0Ð48 0Ð49
4 1GB11 21 25 29 0Ð37 0Ð40 0Ð44
5 1GB10 31 38 40 0Ð70 0Ð74 0Ð76
6 1GC05 22 25 31 0Ð66 0Ð70 0Ð77
7 1GG01 71 84 89 1Ð75 1Ð92 1Ð97
8 1GB05 27 31 34 0Ð79 0Ð85 0Ð90
9 1GB09 44 49 55 1Ð56 1Ð62 1Ð68

10 1GB03 117 118 117 4Ð46 4Ð73 4Ð93
11 1GD07 231 273 302 7Ð06 7Ð73 8Ð17
12 1GD04 315 362 400 11Ð37 12Ð17 12Ð71
13 1GD03 329 374 411 12Ð67 13Ð48 14Ð04
14 Outlet 382 425 459 16Ð86 17Ð83 18Ð55
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Table VI. Runoff coefficients and change in peak discharges in the sub-catchments (8 April 1974)

ID Sub-catchment Runoff coefficient (%) Changes in peak discharge (% of Qmax 1973)

1973 1986 2000 1973–1986 1986–2000 1973–2000

1 Tugunon 29Ð2 34Ð0 36Ð8 28Ð9 18Ð4 47Ð4
2 Mbogo 34Ð0 36Ð1 40Ð9 9Ð4 21Ð9 31Ð3
3 Kapchure1 27Ð6 30Ð7 31Ð6 16Ð3 4Ð7 20Ð9
4 Ainapsiwa 31Ð4 34Ð6 38Ð1 14Ð8 15Ð7 30Ð4
5 Kapchure2 43Ð6 44Ð1 45Ð0 1Ð8 5Ð3 7Ð0
6 Masaita 18Ð0 19Ð5 21Ð6 17Ð5 25Ð0 42Ð5
7 Namuting 20Ð0 22Ð1 22Ð5 18Ð3 7Ð0 25Ð4
8 Ainamotua2 19Ð3 21Ð3 22Ð5 15Ð4 10Ð6 26Ð0
9 Ainamotua3 56Ð0 56Ð3 56Ð7 0Ð9 0Ð9 1Ð8

10 Ainamotua1 31Ð6 32Ð5 31Ð7 8Ð2 �6Ð1 2Ð0
11 Nyando3 28Ð4 30Ð6 32Ð4 13Ð8 9Ð5 23Ð3
12 Nyando2 54Ð8 55Ð4 57Ð5 2Ð6 7Ð7 10Ð3
13 Nyando1 65Ð2 65Ð9 66Ð7 1Ð5 5Ð8 7Ð3
14 Lower SB 45Ð0 46Ð6 48Ð1 6Ð3 6Ð0 12Ð3

1973–1986, 1986–2000 and 1973–2000 respectively.
Table VI provides estimates of the runoff coefficients
and changes in peak discharges obtained from the sub-
catchments from this storm event. The changes have been
defined relative to the simulated peak discharge (Qmax)
for 1973.

From results, the sub-catchments Nos 1, 6, 2 and
4 located in the headwaters of the basin provided the
highest relative changes in the peak discharges. All of
these sub-catchments are located in the head waters of the
basin. Apart from sub-catchment No. 1 with 47%, sub-
catchments Nos 2 and 6 exhibited increases of about 31
and 43% respectively over the entire period (1973–2000).
Generally, sub-catchments Nos 10 and 9 produced the
lowest relative changes in the peak discharge over the
entire period of 1973–2000. Between 1986 and 2000,
however, sub-catchments No. 10 indicated a decrease in
the peak discharge value due to the seasonal fluctuations
of the land covers in this area as also reflected by the
CN parameter between the years. Sub-catchments Nos
13, 9 and 12 provided the highest estimates of the
runoff coefficients. These catchments are located in a
region largely dominated by poorly drained soils with low
infiltration characteristics. Onyando (2000), in his study
of various humid catchments in Kenya, obtained runoff
coefficient estimates in the range of 30–50% from storm
events of about the same depths. A critical assessment of
the simulated results from the three storm events revealed
that bigger floods tended to attenuate quickly downstream
within very short times to peak. Most of the storms tested
over this observation revealed that the land cover changes
tended to result in decreased times to peaks in the range of
1–3 h, with smaller storms exhibiting larger differences
between the years than bigger storms. Figures 7 and 8
illustrate the flood hydrographs from the 8-April-1974
and 3-January-1998 storm events obtained at the final
outlet assumed to represent the cumulated effects for the
basin.

Figure 7. Simulated flood hydrograph for the basin (8 April 1974)

Figure 8. Simulated flood hydrograph for the basin (3 January 1998)

CONCLUSION AND RECOMMENDATION

This study successfully attempted to estimate the effects
of historical land cover changes on flood peak dis-
charges and volumes. The simulated results revealed
that the detected land cover changes have increased
peak discharges and flood runoff volumes within the
sub-catchments. This effect was more severe within the
upstream areas where higher rates of deforestation and
agricultural expansion were rampant. However, the rel-
ative increases in the simulated peak discharges were
noted to diminish with increasing rainfall amounts. This
portended that the detected land cover changes did not
have a strong influence during large storm events. Also,
between the years of study, the flood times to peak
indicated a decreasing trend with the increasing rainfall
amounts, with smaller storms showing more variation in
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their times to peak than the bigger storms. Since changes
in the land surface conditions can modify flow paths and
storage capacities of catchments, this study emphasized
the dependence of the model parameters that define these
two processes. However, due to the inability to obtain
morphological datasets for the three land cover states, the
same parameters, derived from the acquired digital eleva-
tion model coupled with direct measurements, were used
in routing the arising flows. Consequently, the possible
effects of factors such as fluctuations in the river channel
morphology likely to modify flood peak discharges and
volumes could not be factored in. Moreover, the flow
routing model used could not account for flood inun-
dations normally prevalent within the floodplains. It is
hence likely that the simulated peak discharges within
the lower floodplains could be over-estimated.

Land use changes due to agricultural expansion remain
one of the notable threats to the hydrology of most
regions in Kenya. The study results of the Nyando
Basin generally depict good trends in conformity with
similar studies carried out in the region (Mati et al.,
2008; Githui et al., 2009). The results, therefore, can be
used to support policy options and catchment strategies
geared towards flood runoff management. Nonetheless,
further investigations in the study basin are inevitable.
The application of a fully distributed modelling approach
may help in detailing the flood characteristics within the
vulnerable floodplains. Future studies aimed at inves-
tigating land cover/use scenarios best suited for mini-
mizing flood flows in the basin should be investigated
for catchment management purposes. Generally, con-
sidering data constraints in most of the catchments in
Kenya, future hydrological studies can consider the appli-
cation of other global spatial datasets such as soil mois-
ture data derived from satellite sensors through various
approaches independent of field observation or canopy
biophysical measurements. Potential evapo-transpiration
datasets from sources such as Moderate Resolution Imag-
ing Spectro-radiometer (MODIS) and Advanced Very
High Resolution Radiometer (AVHRR) remote sensors
may also be imperative in this respect (De Jeu and Owe,
2003; Mallick et al., 2007; Fisher et al., 2008). It is also
essential to explore procedures for quantifying modelling
uncertainties within ungauged regions in order to under-
stand the reliability of the simulated estimates.
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