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Abstract. 
 
Like other developing countries, forest conversion to agricultural land has been a common 
practice in Kenya for the last four decades. Apart from illegal logging, the main cause is the 
growing population. For most developing countries where majority rely on agriculture for food 
production, conversion of forests into agricultural land is likely to occur. Kenya is one among 
such countries and is where the study basin is located. Knowledge of hydrological studies is 
crucial for proper planning and decision making of limited water resources in river basins. Even 
in regions where data is limited, changes in land use is a concern to many basin communities over 
the globe including Arror inhabitants since it has an impact on stream flows. Despite Arror 
downstream communities’ claims on reducing river flows, scientific proof on this is lacking. Such 
kind of belief/claim can result to conflicts (Downstream vs. Upstream water users). The main 
objective of this thesis was therefore to determine the effect of land use changes on Arror basin 
hydrology, focusing on the impact of deforestation since it has been the main land use change for 
the last four decades. The overall intention of the study is to verify the downstream basin’s 
inhabitant’s hypothetical thinking and also create an information foundation base for other future 
studies in the basin. Based on the lessons learned in this study, several recommendations have 
been highlighted, including land satellite rainfall data to augment the rainfall data obtained from 
the relatively sparse rain gauge network in the basin.  
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Thesis Organisation 
 
This thesis has been organised into Nine Chapters with an outline as follows. Chapter One 
concerns itself with introduction of the study. It gives some light on the current state of 
knowledge in the field of the study as well as giving out the direction. It ends with a brief 
description of the study significance as well as the specific intention of the assignment. Regional 
background is discussed in Chapter Two, where a brief of the country profile emphasising on 
issues relevant to the study is given. The Chapter ends by narrowing itself to a description of the 
local study area. Study hypothesis and objectives are outlined in Chapter Three. Chapter Four 
explores the existing scientific knowledge in the field of the study which is divided into three sub 
headings. Methodology formed Chapter Five where, data collection & data base construction, 
Land use changes in the basin are discussed. Models in general and use of HBV model in data 
analysis are discussed in Chapter Six. Chapter Seven concerns itself with results and discussions 
while the subsequent chapter analyses lessons learned from the study with an emphasis on 
problems associated with use of models in environmental studies and possible alternatives in data 
acquisition. Chapter Nine completes the report with conclusions and finally recommendations 
which includes future direction. 

 vi



1.0 Introduction 
 
Deforestation has been a common practice in Kenya for the last four decades although highly 
resisted by the government. The effect of forest removal on water availability and rainfall changes 
has not been adequately explored in Kenya. However the way people utilise and convert their 
resources, be it for service or productive functions depends on how they perceive the 
environment and the future (Aspinal and Justice, 2003). Increased land use for the last century 
has affected the environment and this has future implications although sometimes unforeseen. 
Some of the underlying causes to increased land use are population growth, industrialisation, 
urbanisation and migration (McNeill, 2000). These economic growth related activities have led to 
environmental degradation, deforestation and pollution. For instance in most developing 
countries where the  majority  of people rely on fuel wood and agriculture for food production, 
population increase means increased demand for food & fuel supplies. Where land is limited, 
people resort to forest clearing in search of agricultural land and fuel wood. These social–
economic human activities particularly on river catchments have an impact on stream flows 
which affects the inhabitant’s livelihoods largely. 

Studies have shown that patterns of land use within river catchments have an impact on the 
river hydrology (SAF, 2004; Silberstein et al., 2003; Mustafa et al., no date). Deforesting a 
catchment can increase flood flows, decrease dry season base flows, and increase the sediment 
load within the rivers. Effect of land use changes on catchments’ hydrology is dependent on 
interaction of a number of factors including climate, vegetation, topography, soils and geology. 
The impacts of land use changes on hydrology in Kenya have been studied in the Nzoia, Nyando, 
Mara, Kericho and Kimakia catchments (Mati et al., 2005). Arror river catchment (Part of larger 
Kerio basin) lies within the Eastern Rift Valley in Kenya. Owing to the topographical nature of 
the catchment, the highland region has high potential for agriculture. The lowland has less 
potential and people rely on water from the rivers for agriculture and domestic purposes. The 
forested highland part of the basin has been undergoing massive land use change for the last two 
decades. Deforestation through illegal logging, search for commercial timber and agricultural land 
has been the main land use change. Of concern in this basin is whether complaints lodged by the 
downstream Arror inhabitants over forest conversion by the upstream users is valid. The effect 
of forest conversion on the river flow, deteriorating water quality and eventually on their future is 
what is of concern to them. The inhabitants claim that the river flow is decreasing. Importantly is 
the base flow since it is during the dry season when irrigation water demand outstrips supply in 
the area (Muchemi et al., 2002). No investigations have been done on water quality although 
water is of high turbidity indicating substantial sedimentation (ibid). This is however beyond the 
scope of this study. It is the intention of the study to find out what changes have taken place in 
the hydrology of Arror basin, the causes of change, with an emphasis on land use change and in 
particular deforestation. 

 More than 60 % of Kerio valley people are poor while food insecurity is still on the 
increase. Annual population growth is over 2.5% and this means more water demand (Muchemi 
et al., 2002). Understanding the basin hydrology dynamics with an aim of enhancing better 
planning for water and land use in Arror river basin is what makes this research of interest. 
Furthermore the Marakwet community in Kerio valley depend entirely on surface water from the 
catchment for both irrigation and domestic use.  
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There are some project proposals by the communities and Kerio Valley Development Authority 
(KVDA) although not fully developed to expand the existing irrigation schemes and develop 
hydro power plants in the river basin. However one of the limitations is lack of hydrological 
studies in the basin (KVDA, 2001). It is also worth to note that food insecurity in the basin can 
be addressed adequately through integration of water resource management in a river basin 
context and that is why understanding the catchment hydrology is crucial. The research attempts 
to establish the effect of land use changes on stream flows in Arror basin of Rift valley province 
in Kenya for the last 20 years. 

2.0 Regional Background 
 

2.1 Country Profile 
 

Geography and Administrative Units 

Kenya is located at the East Coast of Africa bordering Indian Ocean to the South East, Somalia 
to the East, Ethiopia to the North, Sudan to the North West, Tanzania to the South West and 
Uganda to the West with the Equator dividing the country into almost two equal halves (Figure 
1). Kenya ranks 22nd in terms of size within the African continent with an area of 587,900 km2 

(58,900,000 ha). 46,140,000 ha of the land surface is classified as arid and semi-arid, while 
11,530,000 ha is classified as medium to high potential agriculturally (KMD, 2000). These 
classifications are based mainly on average annual rainfall and evapotranspiration. The country 
lies between latitudes 500S and 500N and between longitudes 340E and 420E as shown in the 
outline map (Figure1). Administratively, Kenya is divided into 8 provinces, which are further 
subdivided into 71 districts (Figure 2). 

 

 

 

 

 

 

 

 

 

Source: FAO –AQUA STAT, 2005

Figure 1: Outline Map of Kenya in Africa Figure 2: Kenya Administrative boundaries Map. 
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Population  

Kenya's population stands at 31,686,607 people with an annual growth rate of 2.5% (GoK, 2005). 
Thirty years ago, the population was standing at 10,942,705 with annual growth rate of 2.1% 
(ibid). The average population density in Kenya is 56 inhabitants/km2, but its distribution is 
highly influenced by climate and agro-ecological zones. 

Climate 
 

General climate description 
 

In Kenya, 83% of the country is classified as arid and semi-arid (ASAL) and falls under agro-
climatic zones IV-VII (Appendix A). The remaining 17% is classified as medium to high 
potential areas and fall under agro-climatic zones I-III. Moisture availability with an indication of 
rainfall and vegetation is appended in table 1 (Appendix B). The country receives a bimodal type 
of rainfall where the "long rains" falls between March and May while the "short rains" fall 
between October and December. The intensity and spread of the rainfall in each region 
determines the effectiveness of the rainfall. Average annual rainfall ranges from 250 to 2500 mm, 
average potential evaporation ranges from less than 1200 mm to 2500 mm, and the average 
annual temperature ranges from less than 100 to 3000C. There are many different rainfall 
distribution types as descried below (Sombroek et al., 1990). 

A relatively wet belt extends along the Indian Ocean Coast and another wet area covers 
western Kenya just east of Lake Victoria. All the mountain ranges have high rainfall while dry 
tongues are found in the valleys and basins. The annual rainfall generally follows a strong 
seasonal pattern. The seasonal variations are strongest in the dry low lands of the north and east, 
weakest in the humid highlands of the Central and Rift Valley areas (ibid). 
 
Relative humidity 

Relative humidity in Kenya normally exceeds 90% in areas with vegetation, in arid areas it reaches 
between 60% and 70%. The minimum varies significantly with elevation and time of the year: 
typical values being 70% at the coast at all seasons, 60% for the highlands in the rainy season, and 
40% for highlands in the dry season. Sunshine is generally high (more than eight hours per day) 
throughout the country with one exception: Eastern-central and southern areas experience 
prolonged cloudiness during the period June-September (Sombroek et al., 1990). 

 Temperatures 

Mean temperatures in Kenya are closely related to ground elevation. The highest temperatures 
are recorded in the arid regions of the North-Eastern province along the Somalia Coast and to 
the west of Lake Turkana where the night minimum may be as high as 290C during the rainy 
seasons. Coldest are, naturally, the tops of the mountains where night frost occurs above 10,000 
feet and permanent snow or ice cover above 16,000 feet (Mt. Kenya). Annual temperature 
variations are generally small (less than 50C) throughout the country.  The hourly temperatures 
however, differ considerably between day and night and temperature ranges between maximum 
and minimum vary from 60C at the coast to 160C in the highlands (KMD, 2000). 
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Land Use and Trends 

Forests occupy about 3% of the high and medium agricultural potential land (Agro-climatic 
zones I-III), (Appendix A) with the rest of the land being used for cash or food crop production. 
The cash crops include tea, coffee and others. Food crops are invariably maize, legumes and 
others. Coffee, rice and various horticultural crops are produced under irrigation mainly in the 
agro-climatic zone III. The drier areas (Agro-climatic zones IV-VII) are mainly bush lands and 
scrublands (Sombroek et al., 1990). In the wetter areas food crops (maize, beans, pigeon pees, etc) 
are produced. The drier areas are predominantly used for livestock grazing. About 80% of 
Kenya’s population lives in the land category where also natural forests, which form the water 
catchments, are located. This means that there is high pressure on land, which results to conflicts 
in land use. Due to high population growth and changes in the social modes of production, the 
country is experiencing severe environmental problems associated mainly with forest depletion 
and soil degradation in the water catchments areas. The current trends in urbanization growth 
have resulted into socio-economic problems associated with their rapid growth. This trend is 
expected to continue with several attendant problems and land use conflicts such as 
encroachment on agricultural land, forestry and riparian reserves among others (Obare & 
Wangwe, no date). The effect of the changing LU on basin hydrology is vital for proper planning 
and decision making in water related projects. 

 

 

       Legend 
 
         Forest 
         
         Settled area 
    
         Crop land 
    
         Natural grazing land  
    
         Arable crop land 
 
         Improved grazing land 

Figure 3: Map of Kenya showing Land use (Date of land use 1987-1989) 

Source: Sombroek et al. (1990) 
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Water Resources  

The National Development Plan (NDP) 2002-2008 recognizes Kenya as a water scarce country 
whereby water demand exceeds renewable freshwater sources (MoWI, 2002). It is also clear from 
the National Water Master Plan (NWMP) of 2002 that out of 164 sub-basins with perennial river 
flows, 90 will suffer from surface water deficit by 2010 while already 33 sub-basins without 
perennial river flow have an apparent water shortage. There are five main drainage areas in the 
country namely Lake Victoria, Rift valley and inland lakes, Athi river & Coast, Tana River and 
Ewaso Ng´iro. The water distribution in the drainage basins is both skewed and uneven with for 
example, 282 600 m3/km2 in Lake Victoria basin and 21 300 m3/km2 in the Athi and Coast 
catchments (Sombroek et al., 1990). The five main catchments provide water to all installed 
hydro-power plants that produce about 70% of Kenya’s total electricity output (Akotsi and 
Gachanja, 2004). The rivers are also the main source of water for irrigation, domestic and 
industrial processes. 

 
 
Figure 4: Map of Kenya showing distribution of water resources (Rivers & lakes) 
 
Source: FAO- AQUA STAT, 2005 
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2.2 Local Study Area  
 

Location, Size and Climate 
 

Arror River catchment covers approximately 245 km2, lies entirely within the Eastern Rift valley 
in Kenya and drains into Lake Turkana. The basin is within Marakwet and West Pokot districts in 
Rift valley province. It is located roughly between longitudes 350 25´E and 350 40´E and latitudes 
00 55´ N and 10 15´ N. The catchment is characterised by three physiographic regions: the 
highlands, formed by the Cherangany Hills (forested); the midlands which is characterised by the 
Elgeyo escarpment; and the lowlands which is the base of Kerio valley within the Great Rift 
Valley. Rainfall distribution and pattern in the region is highly influenced by altitude which ranges 
from 3200m at its source to 1000m at the lowest point where it joins Kerio River. The high 
altitude highland receives high rainfall (1200-1700mm p.a), experiences moderate temperatures 
and low evaporation rates (900-1200 mm p.a). The lowland receives low rainfall (650-1000mm 
p.a.) and is characterised by high temperatures with high evaporation rates (2000-2500 mm per 
year) (Sombroek et al., 1990). The basin rainfall is bimodal with long rains occurring between the 
months of March to June with the peak period being the month of April/May while the short 
rains occur during the months of June to December with peak period being 
September/November. The driest period is January to February however, like any other basin in 
the country, there has been variations in rainfall figures from one year to the next with figures 
going to as low 850mm in the areas of high rainfall and 220mm in areas of low rainfall (ibid).  

Arror River which is perennial is approximately 112 km long and is the main tributary of 
the larger Kerio River which feeds into L.Turkana, the world’s permanent desert lake (Finke, 
2003). The river system is shown below together with location of the river and rainfall gauging 
stations (Figure 5) 
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Figure 5: Map of Arror Basin showing Location of Rainfall and River Gauging stations 
 
Land Use in the Basin 

Land use in the basin can roughly be divided into four categories: for cultivation of crops, for 
animal husbandry, for forestry and for non-agricultural purposes. The most common and 
important crops grown in the basin are maize and beans. These crops constitute the main staple 
food in the region. Also grown in the basin are pyrethrum, bananas, potatoes, sorghum, millet, 
vegetables, cassava, cotton and fruits. Open pastures and Napier grass are found for animal 
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production. Over 60% of the total basin area was under natural forests by 1960’s (MDFAR, 
2005). The forest resources in the basin are of great economic significance and can easily surpass 
that of any other resource in the basin. The forests are utilised both for commercial timber and as 
water catchment areas. In most of the forest areas, indigenous trees and bamboo are found. The 
predominant tree species are African pencil cedar, (juniperus procera), East African yellow wood 
(prodocarpus gracilior), rosewood and East African olive (olea Africana) (ibid). The forests are 
administered by Chesoi, Cheptongei and Cherangani forest stations (all located within the basin) 
under the Ministry of Environment and Natural Resources. 

Geology and Soils  

Owing to the fact that the basin lies within the Great Rift Valley where several phases of 
intensive volcanic activity have occurred, its geology is mainly of volcanic in nature. The rocks 
include the following types; basalts, phonolites, trachytes and pyrmiassic rocks. The rock 
formation in the basin is basically divided into three groups: 

Basement system or metamorphic rocks 
Tertiary volcanic or "extrusive" igneous rocks   
Quaternary alluvial deposits or sediments (Sombroek et al., 1990).   

Distribution of soils in the basin is complex having been influenced by the extensive variations in 
relief, volcanic activity and underlying rock types. The soils are derived primarily from weathered 
volcanic and basement rock system and also vary with location and altitude. Owing to differences 
in geographical zones i.e. the Highland, the Escarpment and the Valley, the upland soils are of 
two categories: those developed on olivine basalt and ashes of old volcanoes and those developed 
on undifferentiated basement system rocks, mainly gneiss (ibid). The highlands soils are fertile 
and deep except for the north-western part, where soils are generally shallow. The upland soils 
often occur with rock outcrops and their top soil is rich in organic matter and thus of high water 
absorption capacity. On the other hand, the escarpment comprises of infertile and shallow soils 
due to erosion on the steep slopes. Soil erosion is also aggravated by cleared vegetation leaving 
the land surface bare. The valley floor consists of poorly drained alluvial soils normally eroded 
from the highlands and too developed from sediments of volcanic ashes. The soils are fertile and 
suitable for agriculture. 

Forests/Land Cover Changes History 
 

Arror basin communities have lived and managed the forests since the 19th Century. Since 1933, 
the British colonial government recognized and implemented what is similar to semi-settlement 
inform of issuance of permits to communities near forests to graze animals in the forests but no 
agrarian activity. This practice was limited to people issued with permits who have since then 
multiplied to the current population living in the forests (Basin inhabitants, forest officer – pers. 
comm, 2006). As population grew, people started to encroach into those preserved areas from 
the glade areas in search of agricultural land and commercial timber. Forests were conserved by 
the old generation and by clan basis such that nobody would hunt, harvest any tree, hung log 
hives or graze in the other clan’s area without consent. Encroachers would otherwise receive 
reprimand from the elders if found (ibid). The communities valued forests in the early years for 
medicinal value and the believe that tress attract rain. This institution has since then degenerated 
to lawlessness and disrespect to the society, thus resulting in wanton destruction, which the 
government has been resisting. To date there is about 4600 ha cleared forests and turned into 
agricultural land, public institutions such as schools, dispensaries, cattle dips etc (MDFAR, 2005). 
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 Factors Contributing To Deforestation in Arror River Basin 
• Grazing permits which were issued to some families to graze in the forest glades back in 

1914 and 1922. Dorobo clans in Marakwet from time immemorial have depended on 
gathering and hunting in the forest.  As their population increased, they changed their 
lifestyle into farming and thus more pressure on land (MDFAR, 2005) 

• Insecurity in Kerio Valley (includes downstream of Arror basin) caused people to move 
from the valley to the escarpment where they experienced landslides forcing them to 
move into the Kipkunur & Embombut forest reserves. 

• Soil infertility caused by poor land management on the settlement schemes near Kapyego 
location has led to reduced soil fertility. The farmers have therefore preferred to move 
into the forest for fertile land. 

• Establishment of public institutions in the forest.  This has led to establishment of 56 
schools in the forest, several shopping centres, which are progressively expanding and 
encroaching into the forest land. 

• Land exchange for establishment of district headquarters in 1994 at Kapsowar town led 
into the proposal for forest excision at Chebara and Kapkoros forests (DFO-Pers.Comm, 
2006; MDFAR, 2005).  

 
Current State in the Basin 

Communities in the highland part of the basin value forests for productive functions. They 
normally use forests for commercial timber, fuel wood, herbal medicine and opening more land 
for agriculture and livestock production. The case of communities in the downstream part of the 
basin is different as they value forests more for service functions i.e. water catchment zone 
although they too extract herbal medicine. It is the highland communities who deforest the 
catchment more (Forest officer-Pers. comm, 2006). The highland has high agricultural potential 
as it receives more rain and thus the upstream communities do not practice irrigated farming. A 
part from logging, forest encroachment is on the increase as people search for more agricultural 
land. Examples of some of the deforested areas in the basin are Kapyego & Sinen locations 
(Figure 7). Some sections of the areas which have not been deforested are also seen as in figure 6 
below for comparison purposes. 

 

   
 
Figure 6: Picture showing some of the undeforested sections in Arror basin 
Source: (Akotsi & Gachanja, 2004) 
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Figure 7: Picture Depicting LU change in Arror basin (Kapyego & Sinen locations) 
                (June 2004)                                 
Source: (Akotsi & Gachanja, 2004) 

 
Inhabitants in the downstream part of the catchment rely on water from Arror River for 
agricultural production. Due to increased food insecurity and cattle rustling incidences from 
neighbouring communities, the Marakwets living in Kerio Valley changed from livestock keeping 
to crop production. The downstream of the basin has been experiencing water shortage for 
agriculture during the dry seasons for the last few years (Community leader-pers.comm, 2006). 
The sustainability of these projects (Small holder irrigation schemes and hydropower plants) 
depends on the future of Arror catchment and this explains the need of assessing the impact of 
land use on its hydrology. 
 
3.0 Study Hypothesis & Objective 

3.1 Hypothesis 
 

Forest removal has resulted in increased quick flows but reduced dry season flows in Arror basin. 
The hypothesis is formulated on the basis of the claim of Arror basin downstream communities 
who believe there is a negative trend of base flows in the basin (Basin inhabitants, Pers comm., 
2006). 

3.2 Objective 
 

The overall research aim is to attempt to test the hypothesis by establishing the effect of land 
use changes on stream flows in Arror river catchment. The Specific objective was to 
determine the impact of deforestation on stream flows in Arror through model simulation of 
runoff-time series for the catchment. 
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4.0 Existing Research 
 

Results from small catchments (< 1 km2) studies have been fairly consistent while large 
catchments (>1000 km2) ones have been contradictory over the effect of land use changes on 
hydrology (SAF, 2004; Daniel & Kulasingam, 1974; Rahim, 1987). This is possibly because large 
catchments vary widely in properties and characteristics. Small scale catchment studies may give 
consistent results due to their homogeneity as compared to large scale catchments which are 
influenced by diversity of land use types, vegetation types in various growth stages and different 
human activities which normally occurs concurrently. This is expected since different types of 
vegetation at various growth stages consume water differently. It is also likely that, soil conditions 
and properties will always vary in different sections of large catchments. This determines soil 
moisture which inturn influences evapotranspiration. Rainfall patterns and amounts vary 
depending on the nature of a catchment. For instance where there is wide variation in 
topography, altitude influences rainfall and due to high slopes erosion is likely to be more 
pronounced especially with poor land management and thus soil conditions changes. The overall 
effect is change in soil moisture storage and thus evapotranspiration rate of trees is influenced. 
Precisely the effect of land use change on stream flow in large catchments is subject to a number 
of complex factors including climate, vegetation type, soil type, topography and geology. 
Variation of these factors can partly explain the contradictions in large catchments. In view of 
this, most of the arguments in this chapter are opposing with of course some reasons as per the 
authors. The scientific knowledge available has been divided according to catchment size, climate 
and vegetation type simply because they are the major aspects determining water yield as a result 
of land use change. Geology and soils has also been given an emphasis since soil infiltration 
capacity among other properties has substantial influence on total water yield. 
 
4.1 Small vs. Large Catchments 
 
Past studies have showed that forest conversion results in increased water yield for small 
catchments (< 1 km2) (SAF, 2004; Rahim, 1987; Bosch & Hewlett, 1982). Over 99% of small 
catchment studies carried out in different parts of the world showed considerable increase in 
water yield with reduction in vegetation cover (Bosch & Hewlett, 1982). Experiments done in 
Malaysia on forest clearing in two small catchments of size 38 & 97 ha approximately showed 
significant increase in water yield. However the increase in water yield was high initially but 
declines with time with a relapse of the increase depending on the type of vegetation 
replacement. This can be explained by the fact that forested areas have low groundwater 
generation and thus low stream flow yield due to high transpiration from the trees. The case of 
large catchments (>1000 km2 ) is different from small ones as many studies reveal no meaningful 
change in stream flows after forest conversion (Wilk, 2000). A study conducted at Nam Pong 
river basin (12,100 km2) in North East Thailand showed no significant change in stream flow 
patterns and amounts after large indigenous forest reduction from 80% to 27% (ibid). This is 
explained by the fact that heterogeneous vegetation regeneration which occurs for prolonged 
periods normally "hides" the effects of the changes. Similarly Australian large catchment studies 
showed that, at high rainfall intensities land cover has no impact on hydrological balance. 
However with land cover reduced below 50%, runoff increased sharply and this increased peak 
stream flows (Harris, 2001). Such findings indicate that climate and the extent of clear cutting in 
large catchments determines the changes in stream flows. Results were slightly different when 
large scale forest clearing (but catchments of size range 100-500 km2 ) for agricultural use in 
Malaysia showed an increase in runoff (quick flows) but a decrease in base flows (Daniel & 
Kulasingam, 1974). Similarly 12 river catchments of average size 50 and 500 km2  in Cameron 
highlands had dry season flows reduced by 50% and 75% respectively when forests were 
converted to agricultural lands (Shallow,1956 cited in Daniel & Kulasingam, 1974). These 
findings may be in line with the hypothetical thinking of the Kerio inhabitants who feel that base 
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flows are decreasing due to land use change on the upstream end of the basin. An explanation to 
this kind of trend is that, land under forest is always covered with litter from trees and thus rich 
in organic matter. This promotes high infiltration rates and consequently low runoff. With forest 
removal, humus and organic matter is absent and soil decreases its absorption capacity. Due to 
this, runoff increases, water percolating into subsurface is reduced and thus ground water 
recharge is lowered. This eventually leads to low dry season flows (ibid). 

In general and with evidence from small catchments studies, clear cutting of forest in small 
scale catchments results in increased total water yield. On the other hand, discrepancies in studies 
from large catchments may arise. This is by virtue of different factors influencing the basin’s 
hydrology as explained in the first paragraph of this chapter. Results from small paired 
catchments are more convincing than from large ones since there is climate control (a calibration 
period and a control basin). This is because vegetation cover effects are clearly separated from 
climate effects (Bosch & Hewlett, 1982). Thus a study ought to always define the scale of a 
catchment since it is a factor determining changes in water yield after land cover change. 
Nevertheless large scale basin studies where results are based on analyses of existing data or less 
vigorous experiments can be said to give useful results even though not of the desired level of 
accuracy but is more representative to the "real world" situation. 
 
4.2 Differences between Temperate and Tropical Climate Regions 
 
Studies have shown some relative variations in trends on stream flows as a result of forest 
conversion in temperate zones as compared to the tropics though conflicting results still exists 
(Bruijnzeel, 1988; Rahim, 1987; Mayers,1986 ).  Findings from temperate regions have in general 
revealed immediate increase in water yield as well as runoff volume when forests are cleared. 
However rainforests converted into other land uses in Australia and Taiwan which are 
characterised by humid tropical climate depicted the same trend but water yield increase occurred 
after a short period rather than immediate increase as the case for temperate regions (Rahim, 
1987). The initial relative increase is connected with delayed flow. This scenario is also highly 
experienced in the equatorial and tropical-cyclone prone environment where there is a marked 
difference in mean annual precipitation (Bruijnzeel, 1988). It was concluded that in tropical 
climate areas, water increase occurs during the first year after treatment of the catchments, and 
then a regular decline follows with establishment of the new land cover (ibid). 

With an emphasis on dry season flows, Daniel & Kulasinghan (1974) and Mayers (1986) 
found that forest conversion resulted to reduced base flows in many rivers in tropical Asia and 
Malaysia. Similarly research conducted in dry catchments in sub-Saharan Africa showed a 
decrease in dry season flows after forest conversion to agricultural land by 13% (Calder et al., 
1994). This caused a decrease in water level of Lake Malawi which is drained by rivers emanating 
from the deforested catchments. The changes were however attributed more to changes in 
rainfall (due to the 1992 drought) rather than land use change (ibid). This is opposed to a study 
conducted in Western Kenya (Tropical-Equatorial Region) which revealed that base flows did not 
reduce in Nyando river basin after forest land was converted to agricultural land (tea and 
sugarcane), basin inhabitants still rely on water from the springs emanating from the forested 
zone of the basin (Onyango et al., 2005). One explanation to this is that, in tropical climate areas 
contrary to temperate regions, deeper ground water recharges streams and this normally hides the 
effects of vegetation removal (Bonell et al., 1998). It should also be noted that forests are 
important in dry tropical regions as their roots which constitutes part of macropores assist in 
ground water recharge process. When forests are cleared, the macropore network is reduced and 
this leads to reduced groundwater recharge via percolation and also to an increase in infiltration-
excess overland flow as the surface is bare. The end result is reduced base flows (Sandstrom, 
1995). 
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Similarly the same happens in steep dry climate areas when vegetation is cleared and then no 
regeneration due to lack of rainfall and poor eroded soils (Mustafa et al., no date). The high 
evaporative rates in the hot climate regions will deplete the soil moisture. Consequently there will 
be low infiltration, high runoff and ultimately minimal ground water recharge. This can lead to 
net decreased base flows when the increase in runoff exceeds increase in base flow associated 
with reduced ET (Bruijnzeel, 1988). However in cases where ground water storage is large 
enough such that it can recharge streams without getting contributions from soil moisture, dry 
season flow is not likely to be affected after forest removal (Bonell, 1997). With forests, base flow 
is likely to decrease due to depletion of the little soil moisture (common in dry climate regions) by 
the trees through evapotranspiration. It is also likely that, if runoff is not significantly increased, 
then ground water recharge would increase after forest removal due to reduced 
evapotranspiration and thus increase in base flow. In general, it is infiltration conditions and 
evaporative rates which control base flows in the tropics. 
 
43 Effect of Vegetation Type on Hydrology of Catchments 
 
Several studies have revealed that stream flow variation after land use change also depends on the 
type of new vegetation and period of establishment (Bosch & Hewlwtte, 1981; Dye, 1996; 
Mwendera, 1994). For instance South African catchments covered with eucalyptus grandis and 
pines showed a decrease in water yield (Dye, 1996). The results showed that the rate of water use 
of Eucalyptus trees was 1600mm per year while scrub forest consumed 500mm (less than a third) 
over the same period (ibid). Similar findings in South Africa, Japan, Australia & USA catchments 
were also revealed. Results showed that pines and eucalyptus forests causes an average of 40mm 
change in water yield per 10% change in cover while deciduous hardwood and scrub causes 
approximately 25 and 10mm, respectively (Bosch & Hewlwtte, 1981). An inverse trend was 
found in New South Wales, Australia where water yield increased by 150-250mm after a 
eucalyptus forest catchment was logged by (29-79%) (Cornish, 1993). The increase declined after 
2-3 years after logging (ibid). Similarly reduced base flows were confirmed in Luchelemu 
catchment in Malawi to be more when an area is converted from indigenous montane grass and 
shrubs to that with pine and eucalyptus trees (Mwendera, 1994). All these findings show that 
Eucalyptus and pine trees drain and transpire more as compared to scrub forests and deciduous 
hardwood. However the change in water yield will depend on the water storage capacity of the 
soil. 

Conversions of dry deciduous forests into agricultural land resulted in increased runoff in 
Southern African catchments (Calder et al., 1994). Increase in runoff when forests are replaced 
with crops is simply because forests allow higher evapotransipiration than agricultural crops. The 
explanation to this is for instance in wet climates, intercepted water remains on leave surfaces for 
long time and water is evaporated faster as compared to crops since the rough tree leave surfaces 
assist in aerodynamic transport of water vapour into the atmosphere. In addition tree roots go 
deeper as compared to a shallow crop root system, and thus trees reach more soil water to 
maintain their transpiration (ibid). The other main reason is explained by soil water storage under 
trees as compared to shallow rooted crops and pastures. It is also likely that higher moisture 
depletion will occur in forested catchment as compared to grassland covered areas since trees 
transpire more than crops. Thus, forest conversion contributes a lot to delayed flow as under 
deep percolation and groundwater is made readily available.  

Forest land converted to agriculture land planted with cocoa and oil palm resulted in 
increased water yield in Peninsular Malaysia. Water yield amounted to 706mm (157%) for cocoa 
and 822mm (470%) for oil palm (Rahim, 1988). It was noted that the increase was high during 
the second and fourth year after planting. The findings showed that the increase can be 
permanent when the conversion is to grassland or shallow rooted crops and temporary if 
conversion is to tree plantations (ibid). In Eastern Africa replacement of evergreen forest and 
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scrub by agricultural crops and grassland resulted to large increase in water yield which remained 
permanent after establishment of the crops. For instance replacement of large rainforest by tea 
estates at Kericho in Kenya depicted an initial increase in water yield followed by a decline and 
then a permanent increase when under mature tea bushes (Blackie, 1979a). Similarly, under 
relatively the same climate at Kimakia in Kenya, replacement of bamboo forest by  pine 
softwood revealed an initial increase (quick flow) but later declined when the pine trees matured 
(Blackie,1979b ). The decline is due to progressive increase in the transpiration rate and rainfall 
interception rate by the growing trees. This means that the initial and replaced vegetation cover is 
a determining factor to quick and delayed flow. The proposed study area Arror basin is in the 
North and Kericho is in the south of Rift valley and the catchments are approximately 400km a 
part. Most of the Kericho catchments are covered by tea estates while Arror catchment is 
covered by indigenous forests. Comparatively Kericho receives a higher amount of rainfall than 
Arror. Kericho findings can be of good comparison with the Arror basin study. This is simply 
because the case study area is under tropical-equatorial climate and is closely related to Kericho as 
they are both located in western Kenya in Eastern Africa. Owing to differences in topography, 
soils and vegetations which also determine changes in water yield, different findings may result in 
Arror catchment although they are relatively in the same climate zone with variations in rainfall 
amounts.  

 Undoubtedly vegetation type coupled with its growth stages will always influence total water 
yield in both small and big catchments. Nevertheless the linkage between stream flow generation 
and vegetation is also influenced by other factors. For instance with poor land management after 
forest removal, crusted soil surface formed will result in increased overland flow and 
consequently low infiltration rates (Falkenmark et al., 1997). The resultant effect will be reduced 
groundwater recharge and low dry season flow due to deforestation (ibid). Thus, soil conditions 
which is influenced by human activities on land also determines water yield when vegetation is 
removed. Another factor is the method of vegetation conversion. For example loss of vegetation 
by overgrazing can lead to a decrease in total evaporation over time and thus an adjustment in 
local fluxes of available energy (latent and sensible heat). This situation can lead to prolonged 
drought such as the Sahelian drought of 1970-1980’s and eventually reduced base flows (Savenije, 
1995).  

Comparatively more studies have been done on small catchments and in temperate climate 
regions. More studies are needed in tropical-equatorial climate areas in both large and small 
catchments in order to elucidate the observed effects of forest clearance. It is also base flows 
which are of more interest to the basin stakeholders in tropical areas since water demand always 
outstrips supply during the dry seasons. This is the scientific knowledge contribution context in 
which the study ought to be looked at. 
 
5.0 Methodology 
 
5.1 Data Gathering & Data Base Construction 
 
Climatic data was collected at the Kenya Meteorological department in the Ministry of 
Transport and Communication (MoTC) while hydrological data was obtained from the water 
hydrology and bailiffs department in the Ministry of Water and Irrigation (MoWI). 
Topographic maps (Scale 1: 50,000) were obtained from the Department of Survey, in the 
Ministry of lands and settlement (MoLS). Data on the area under different land use was 
obtained from various government departments and community leaders within the basin. 
Archival data search was more suitable for this research since the past climatic data and river 
flows for the last 20 years cannot be easily gathered by use of other methods like surveys. It is 
also a cheaper and faster method for data collection as compared to surveys. However the 
accuracy of such data cannot be guaranteed as the techniques used varies from period to 
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period and more so on standard of equipments and personnel used. For instance it was noted 
that both flow and rainfall data in both water and meteorology departments was mixed up in 
the data bases available.  

Discharge Records and River Flow Trends 

Monitored flow records in the catchment were collected for two river gauging stations 2C05 
and 2C18. The stations are marked in the basin map shown in Figure 5. Station 2C05 had 
more years of recorded flows (1961-1992) than 2C18 (1982-1992). Station 2C18 had more 
daily flow data gaps as compared to RGS 2C05 (Appendix B). From a plot of mean annual 
river flows against time in years, mean annual flows at station 2C18 were much lower as 
compared to 2C05 ( Figure 8). This was expected as there are 14 irrigation canals abstracting 
water at an average flow rate of 0.15M3/sec each in the upstream end of station 2C18 but on 
the downstream of RGS 2C05 (MDIAR, 2004). Recorded discharge values for both stations 
showed a fluctuating trend which was more pronounced for station 2C05. This is not expected 
for natural flow regime but could be possibly due to errors in flow measurements. Lowest 
flows were recorded in 1980 and 1985 while the highest flows were recorded in 1968 and 
1992. This could be attributed to rainfall amount changes during those years from calculated 
annual rainfall. 
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Figure 8: Hydrograph for RGS 2C18 & RGS 2C05 
 
Rainfall Data 

Rainfall data from five stations was collected. The stations were not evenly distributed 
throughout the basin (Figure 3). Two stations are located inside the basin but at the downstream. 
Three stations are outside the basin but within a distance range of less than 25 kilometres from 
the basin. Two stations were visited to verify their locations and equipment installation. It was 
found that both used cylindrical rain gauges placed about 0.5 metres from the ground. Kapsowar 
gauge was near a building while Kerio valley gauge was free from obstructions. The rain gauges 
were rusty and not upright.  
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Testing the Stations for Compatibility with Other Gauges 

Double Mass Curves
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Figure 9a: Double Mass Curves 
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Figure 9b: Double Mass Curves 

Monthly and annual precipitation was computed from daily values for purposes of testing the 
gauge records for compatibility with one another using double mass plots. Accumulative annual 
rainfall was plotted against time in years for each station as shown above. The purpose of this is 
to test whether the stations are compatible or if any station and the average deviates from the rest 
or at a certain period due to some uncertainties in the gauge or disturbance (Wilk, 2000). All 
stations seemed to be compatible (Figure 9a & b). Though data gaps existed, these gaps are taken 
care of by the model by using replacement stations and correction factors. The correction factors 
were the ratios calculated from mean annual rainfall of the two stations (i.e. one whose data is to 
be replaced and the one whose data is to replace). In order to find if there was a relationship 
between mean annual rainfall and altitude an elevation-rainfall graph was plotted (Figure10). The 
purpose of finding the relationship between rainfall and elevation was to see if calculation of areal 
rainfall needed some correction. The analysis showed that there was a strong correlation (R2= 
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0.89). A factor of precipitation changing with altitude (10% increase in every 100m) was therefore 
applied. The trend agrees with reports from Kenya meteorological department which stipulates 
that rainfall increases with altitude in the basin (KMD, 2000). Figure 10 also depicts that rainfall 
figures were not available for the higher altitude sections of the basin (2400-3300m). 

Elevation-Rainfall Relationship

R2 = 0.885

0

500

1000

1500

2000

2500

0 500 1000 1500 2000

Mean Annual Rainfall

A
lt

it
u

te Series1

 

Figure 10: Graph Showing Elevation- Rainfall Relationship 

Evapotranspiration 

Monthly averaged evapotranspiration data was collected from Kitale station which is outside the 
basin at a distance of around 22km. Pan Evapotranspiration method was used in estimation of 
the ET data.  The station is located at the western side of the catchment at an elevation of 2000 
m.a.s.l which can be considered average as the basin altitude range is 1000-3200m.a.s.l. 

Land Use Changes and Trends 
 
Data on land use changes was collected from four government departments namely 
Agriculture, Livestock & Fisheries, Forestry and Statistics. The departments are located 
within the basin in Kapsowar town which is the Marakwet district headquarters. Information 
on the densities and qualities of the vegetations was not available. This consideration is 
important since different vegetation type coupled with densities normally have different water 
use. Forest cover area for the early 1960´s was not available in the Forest Department. 
However approximation was made based on information provided by the local community 
leaders and the forest officer. Thus, the forest area was approximated on the areas where 
settlements and agricultural land existed (DFO, Community leader-Pers. comm, 2006). Forest 
cover area in the early 1960´s was also estimated from 1:50,000 scale topographic maps. 

For the purpose of analyzing land use changes in the basin, area under different land use was 
plotted against time in years. The trends showed a gradual decline for natural forest between 
1960 and 1994 and a more drastic reduction between 1995 and 2004 (Figure 11). Forest cover 
reduced by 11% from 1965 to 1984 while it reduced by 20% from 1985 to 2004. These periods 
were chosen to depict forested and deforested land conditions. Open fields on the other hand 
followed an upward trend with land under crops increasing rapidly compared to that under 
pasture and others. The rate of increase was more from 1978 as compared to the previous years. 
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This was possibly due to inhabitants changing from livestock keeping to crop farming as a result 
of food insecurity in the region in the 1970´s (Muchemi et al., 2002). 

Small differences between forest cover obtained from the forest Department and from 
topographic maps are recognized.  Forest cover in the early 1960´s estimated from aerial 
photographs was 61% as compared to a value of 57% from forest department. The total forest 
cover reduction during that decade was 1560ha in the basin. This period coincides with the era 
the Kenya government issued a warning on destruction of gazetted forests and embarked on 
eviction exercise (for those who had settled in forests) in all the five forests blocks of Kenya 
(Standard news, 2006). It is however worth to note that accurate and timely data on the extent of 
the loss and degradation of forests in Kenya is a bit hard to determine. For instance it has been 
estimated that 5,000 ha of gazetted indigenous forests are lost every year and industrial tree 
plantations have declined from 170,000 to 133,000 ha during the last few decades (the last figure 
is for the year 1998). However figures from the Kenya Forest Department indicate that 
plantations occupy approximately 161,000ha as of 1998 (Matiru, 1999). This indicates that land 
use data obtained from the basin of study may not be very accurate. 
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Figure 11: Land use Changes in the basin (1960-2004) 
 
Figure11 shows trends in land use changes over the period 1960 to 2004 although not 
continuously due to lack of data for the whole study period. More evidence of land use change in 
the basin can be seen from pictures of deforested areas of Cherangany forest and the Landsat 
images for 2000 & 2003 according to Akotsi & Gachanja (2004) (Appendix A). Land use 
classification was further done and a comparison of land cover under forest and open fields was 
made (Figure 12). The figure shows, open fields increased gradually while forested land decreased 
with time. 
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Land Cover Changes (1977-2004)
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Figure 12: Comparison of land cover under forest and open fields in the basin 
 
Geographical characteristics of the catchment. 
 
Three topographical map sheets (Scale 1:50,000) namely; Kapsowar-sheet 90/1, Cherangany-
Sheet 75/4, and Tot-sheet 76/3 all of series Y731 (D.O.S.423) were combined to form the river 
system. The total basin area derived is 245 km2. The basin was divided into four sub basins 
according to the drainage patterns and topography. Four sub basins (I-IV) were obtained. Sub 
basin IV covers the largest area of 87 km2, followed by II which covers 68 km2, III covers 67 km2 
and the smallest is Sub basin I of 23 km2. The highest elevation level is 3200m and is located in 
sub basin IV (upstream) while the lowest elevation was 1000 m and is located in sub basin I 
(down stream). Each sub basin was divided into different elevation zones and finally each 
elevation zone was further divided into two land use zones i.e. forested and open fields 
(Appendix B). 
 
6.0 Data Analysis 

6.1 Models  
 

Use of rainfall-runoff models in investigating various hydrological issues relevant to 
environmental managers and policy makers is common, however data availability and quality is 
always a limiting factor. This calls for use of models which can take into account of these 
shortfalls, in order to truly simulate hydrological processes occurring in catchments (Robert et al., 
2002). In general, models have been used to study the effects of land use changes on hydrology 
of catchments. One advantage of models is that, they can make predictions outside the range of 
given present conditions. However this precludes an empirical approach, since only through a 
high level of realism in representation of critical processes is it at all reasonable to expect a valid 
extrapolation beyond available data (Hanninen, 1995). There exist a wide range of models. Scale 
models where physical model is constructed at some manageable scale and processes observed 
accordingly. Mathematical models where mathematical equations are taken to represent the 
system behaviour. This was preferred for this study due to the relative ease of application and set 
up. There are stochastic models where predictions are based on having the same statistical 
distribution as historical observations and deterministic models where predictions are based on 
simulations of physical processes operating in the system and transforming one component into 
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the other. In this study deterministic approach was used (precipitation being transformed into 
runoff through simulations of physical processes). Models can be conceptual (with limited 
representation of the physical processes acting to produce the hydrological outputs) or physical 
(based on relevant physical processes). Physical models are a bit complex and physical parameter 
representation may not be easy while conceptual models are simpler but may lack inclusion of 
important processes of the issue in question. In general, conceptual models give better results for 
large catchments with more weather stations as compared to smaller catchments as errors cancel 
out. A technical criterion for selection of the model was simplicity, performance in relation to the 
study, data quality and realism in simulation of the physical processes in question. This qualified a 
mathematical, deterministic conceptual model to be more preferred for the research. Further 
consultation with experts in hydrological modelling resulted in selection of HBV model and thus, 
the model was used for data analysis. 

6.2 HBV Model  

 
The HBV model is a mathematical deterministic conceptual model designed to simulate runoff 
properties in a catchment. It includes conceptual numerical descriptions of hydrological 
processes at the catchment scale (Bergström, 1992). Precisely the model outputs are related to 
inputs through set of equations representing main processes in water transport. The general water 
balance is described as:  

 

Where:  

P = precipitation  
E = evapotranspiration  
Q = runoff  
SP = snow pack  
SM = soil moisture  
UZ = upper groundwater zone  
LZ =lower groundwater zone  
lakes = lake volume  

The model has been successfully used in many countries, including Sweden, Zimbabwe, 
Colombia, India and Thailand (SMHI, 2003). The HBV model was suitable for the study due to 
its modest input requirements and is particularly useful in situations where data is limited. It  has 
also been used in varying scales, i.e. from small-less than one km2 to big -more than one million 
km2 (Wilk, 2000). However its disadvantage lies in that it does not take into account the 
impervious parts of the catchment as it lacks a surface runoff routine. It uses daily precipitation 
and average monthly potential evapotranspiration to generate daily estimates of real precipitation, 
soil moisture, ground storage and discharge. 

The structure of HBV is presented schematically in Figure 13 showing the most important 
characteristics of the model. The classes of land use are normally open areas, forests, lakes and 
glaciers. Parameters connected with lakes and glaciers were ignored since Arror basin dos not 
have reservoirs and glaciers. 
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Figure13: Schematic structure of one sub basin in the HBV-96 model with routines for 
                 snow (top), soil (middle) and response (bottom). 
Source: (Lindström et al., 1997) 
 
Note: Snow parameters were ignored during model set up since the study basin is snow free. 

 
There are several routines incorporated in the model. They consist of snow accumulation & melt 
which was ignored in this study, soil moisture, runoff generation and runoff routing. Runoff is 
mainly controlled by soil moisture routine and is based on three parameters, LP, FC and BETA. 
LP is the soil moisture value above which evapotranspiration reaches its potential value. FC is the 
soil moisture which if exceeded; water drains from the soil thus contributing to runoff. Beta 
controls contribution to the response function (∆Q/∆P) or increase in soil moisture [(1- 
(∆Q/∆P)] from each increment (mm) of snow or rain.  

Runoff generation routine is the response function which transforms excess water from soil 
moisture zone to runoff. Water from soil moisture zone will always be added to storage in the 
upper response box. So long as there is water in this box water will always percolate to the lower 
response box according to parameter PERC. In cases of high water yields percolation alone is not 
enough to drain the upper box and thus the generated discharge will have some contribution 
directly from the upper box (practically this is drainage from superficial channels). The lower 
response box represents total groundwater storage of the catchment contributing to base flow. 
Total runoff from the catchment is calculated from the sum of outflow from the two response 
boxes. Each of the sub-basins has its soil moisture and response functions and thus runoff is 
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generated independently from each sub-basin. Routing of runoff generated from the response 
routine is done through a transformation function to get a proper shape of hydrograph at the 
outlet of the sub basin. The transformation function is a simple filter technique with a triangular 
distribution of weights. In case the hydrograph needs to be translated due to delay of water flow 
in a river channel then the parameters damp and lag can be used.  
 
Linking of Sub-Basins & Station Weighing  
 
After the basin was divided and the sub basins further subdivided into elevation zones and land 
use (forest & open fields), they were inter linked to enable the model know how water runs 
(inflow and outflow) in the different sub-basins. Stations to represent each sub-basin were 
chosen and then station weighting was done based on the thiessen polygon method. This 
approach is used in calculating areal precipitation by giving weight to stations data in proportion 
to the space between stations. The purpose is to give better representation of rainfall for each 
sub-basin and eventually for the whole basin. 

Adding Data 

The model was run on a daily time step although it has been shown that it also handles data taken 
even at shorter time steps of two hours (Hinzman & Kane, 1991). The input data was put into a 
database and then linked to the hydrological model (PTQW- file). 
 
Model Calibration. 
 

Calibration implies tuning up of a model to closely mimic or rather agree with the field 
measurements. It is a process which is done iteratively by changing some of the coefficients 
and parameters with an aim of improving the model performance. Logically the most 
sensitive parameters are considered as they affect the model output more. Calibration should 
be done using a special data set of field measurements. In this study, calibration was done 
using normal procedure in the order of volume, soil, response and finally damping parameters 
(SMHI, 2005). Evaluation of results during calibration was done in three different ways:  
 1. Visually inspecting and comparing the simulated and observed hydrographs. 
2. Continuously plotting the accumulated difference between the simulated and observed 
     hydrographs. 
         
         Accdiff = ∑ (QC-QR).Ct 

    
Where QC   = simulated discharge 

  QR  = observed discharge 
  C    = coefficient transforming to mm over the basin 
   t    = time 
3. Considering the calculated variance around the mean (R2).  
  
    R2 = [∑ (QR-QR mean)2 - ∑ (QC-QR)2 ]/ [∑ (QR-QRmean)2 ] 
   

  Where QR mean   = Mean recorded discharge over the calibration period. 
  
Nash and Sutcliff (1970) introduced the efficiency criterion described above and this measure is 
used commonly in hydrological modelling. An initial set of parameters was used (Appendix B) 
and every time a parameter was changed, the hydrographs were examined; an adjustment was 
done. Thus the calibration process was iterative. It is crucial to note that the parameters in the 
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model were calibrated to the basin but may not be physically representative even though they are 
based on physical processes (Carr, 2003). When setting up the model, efforts were made to keep 
the parameters representative of the system. The model was calibrated against observed discharge 
records (1964-1977) representing the forested period. The period was chosen based on the 
available flow records. The model was also calibrated against discharge records (1985-1992), the 
period when high deforestation occurred, to test if the model simulation improved. Additionally 
the model was calibrated using records for RGS 2C18 which had lower mean flows due to water 
abstraction through irrigation canals. It was the intention to find out if there could be a difference 
in the hydrographs. 
 

Assessing Impacts of Land Use Change on Hydrology of the Basin 
 

After calibration, the model was to be run for the forested and deforested periods. It was also to 
be run for the whole proposed study period (1961-2002) when conversion (61% to 43%) of 
indigenous forest to agricultural land and settled area occurred. Any change in flows revealed by 
the difference in observed and simulated flows during the low forest cover period was to be 
taken as due to the effect of the land use change.  
 
7.0 Results & Discussion 
 

7.1 Analysis of Annual Flows and Rainfall 
 
When studying stream flow during the forested and deforested periods, mean annual flow (Q) at 
RGS 2C05 for the period 1961-1973 was 2.41m3/sec and 2.22m3/sec for the 1980-1992 period. 
Thus, there was 19% reduction in annual flows between the periods of high and low forest cover. 
Mean dry season flow was 1.21m3/sec for the period 1961-1973 while it was 0.96m3/sec for the 
period 1980-1992 (dry season flow was chosen on basis dry season period -Jan/Feb). This shows 
that dry season flow decreased by 20% after deforestation. The mean annual rainfall (P) for the 
same periods 1961-1973 and 1980-1992 were 1139 and 1111 mm respectively based on the five 
rainfall stations. Thus, change in mean annual rainfall for the periods of high and low forest 
cover was insignificant. The water balance (Q/P) for the two periods was 0.27 and 0.26 
respectively. Actual evapotranspiration (Ea) and recorded stream flow (Qrec) are shown in Figure 
14. Despite similar amounts of precipitation under forested and low forested periods, there was 
insignificant decrease in Qrec in relation to P after forest removal. It is difficult to draw strong 
conclusions however as rainfall from the upstream section of the basin can not be sufficiently 
described. 
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Figure 14: Annual estimates of time series of water balance, dividing the areal  
                  precipitation (P) into recorded discharge (Qrec) and actual 
                  evapotranspiration (Ea)  
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7.2 Model Calibration Results 
 

Calibration Against Discharge Records (1964-1975)

-5,0

0,0

5,0

10,0

15,0

20,0

25,0
19

64
-0

1-
01

19
64

-0
8-

14

19
65

-0
3-

28

19
65

-1
1-

09

19
66

-0
6-

23

19
67

-0
2-

04

19
67

-0
9-

18

19
68

-0
5-

01

19
68

-1
2-

13

19
69

-0
7-

27

19
70

-0
3-

10

19
70

-1
0-

22

19
71

-0
6-

05

19
72

-0
1-

17

19
72

-0
8-

30

19
73

-0
4-

13

19
73

-1
1-

25

19
74

-0
7-

09

19
75

-0
2-

20

19
75

-1
0-

04

Time-Years

In
flo

w
 (
 M

3/
Se

c)

qrinfl
qcinfl

 
accdinfl

-1,200.0
-1,000.0

-800.0
-600.0
-400.0
-200.0

0.0

19
64

-0
1-

01

19
64

-0
6-

08

19
64

-1
1-

14

19
65

-0
4-

22

19
65

-0
9-

28

19
66

-0
3-

06

19
66

-0
8-

12

19
67

-0
1-

18

19
67

-0
6-

26

19
67

-1
2-

02

19
68

-0
5-

09

19
68

-1
0-

15

19
69

-0
3-

23

19
69

-0
8-

29

19
70

-0
2-

04

19
70

-0
7-

13

19
70

-1
2-

19

19
71

-0
5-

27

19
71

-1
1-

02

19
72

-0
4-

09

19
72

-0
9-

15

19
73

-0
2-

21

19
73

-0
7-

30

accdinf
l

 
Where qcinfl = Computed inflow 

                        qrinfl = Recorded inflow 
          accdinfl= Accumulated difference inflow 
 
Figure15a: Calibration against discharge records (1964-1975) 
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Figure15b: Calibration against discharge records (1977) 
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Calibration against discharge records (1976)
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Figure15c: Calibration against discharge records (1976) 

 

Calibration against discharge records (1964)
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Figure15d: Calibration against discharge records (1964) 
 

Calibration against discharge records (1968)
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Figure 15e: Calibration against discharge records (1968) 
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Calibration done against discharge records (1964-1977) gave very poor results including low 
calculated variance around the mean (R2=0.162) and high volume errors (Accdiff = -434) (Figure 
15a). The calibration results showed an undersimulation of 19%. Most of the peaks could not be 
simulated during the flood periods. Some of the fairly good fit simulated periods were April & 
November1977 and May 1976 (Figure 15b & c). There were abnormal peaks in April1964, 
August & November1968 (Figure 14d & e). This was possibly due to errors in the gauges or 
relative change in rainfall amounts during those periods. In an effort to normalise the peaks, data 
values from some stations supposedly assumed to be too high were ignored and the model used 
data from the nearby stations for such periods. This however did not improve the model to a 
level that it can be used for the intended purpose. Calibration done against discharge records 
(1985-1992), a period representing high deforestation did not show a remarkable improvement 
either. Similarly a trial calibration  was done using discharge records of station 2C18 which had 
comparatively lower flows with the other station records due to abstraction through irrigation 
canals did not show a significant improvement of the hydrographs also. It was assumed that the 
poor model performance was due to lack of rainfall data representantiveness and possibly 
uncertainties in the input data. Rainfall data from the stream section of the basin were notably 
absent. Thus, no more calibration was attempted as this would perhaps not improve the situation 
without additional data for the upstream sections of the basin. 

Efforts were made to search for additional rainfall data with an intention of getting better 
results. Data was searched from the ECMWF Reanalysis 40yrs (ERA40) data base. Unfortunately 
the data obtained was of coarse resolution and was assumed it could not improve the modelling 
results. Consequently the modelling exercise was aborted. 
 
7.3 Possible Shortcomings in the Rainfall Data. 
 
In Kenya mobilisation of hydrologists and water bailiff’s personnel who undertakes data 
observation & field monitoring is problematic due to lack of logistics like transport. This is one 
of the reasons perhaps for data gaps. It was not possible to verify data certainty from the 
hydrology and water bailiffs section as responsible personnel were not available. Random check 
of gauges done during field data collection showed that the gauge stationed at Kapsowar was 
near a building, a situation which could contribute to errors in rainfall measurements. Despite the 
fact there is always a tendency of rain gauges to under catch amount of precipitation especially 
where rain gauges are installed near obstructions like trees and buildings (Carr, 2003), there was 
no noticeable deviation of the Kapsowar gauge from others according to tests conducted. Efforts 
were however made to improve the model performance due to errors related to rainfall 
measurements. Double mass plots/homogeneity analysis showed that the available rainfall 
stations were homogeneous (Appendix A). The main shortcoming was thus attributed to sparse 
distribution of the rain gauges and lack of rainfall data for the upstream section of the catchment. 
Due to this the calculated areal rainfall is doubtful as far as representation of the basin rainfall is 
concerned. This possibly contributed majorly to errors when capturing rainfall inputs to the 
basin. It was eventually concluded that this was the contributing cause of the poor calibration 
results.  
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8.0 Lessons Learned From the Study about the Hydrology, Use of Models in  
      Environmental Studies & Possible Alternatives of Data Acquisition 
 
From lessons learnt in the study, it was deemed necessary to highlight some of the constraints 
and possibilities of using models as tools in environmental studies. This can be taken as 
expectations and perhaps precautions one needs to take when venturing into such studies. As an 
alternative data source and constituent part for future work in the basin, satellite rainfall data can 
be a possibility in areas where rain gauges are insufficient. This is because it gives a direction on 
the relevant satellite techniques applicable to Arror basin and in addition highlights merits and 
demerits of satellite methods.  
 
8.1 Constraints and Possibilities 
 
One advantage with models is the ability to use large quantities of data and to describe complex 
interrelated relationships (Alkan, 2003). While it is true that a model is a powerful tool, the 
modeling approach is sometimes laden with difficulties. For instance data availability, accuracy 
and incompleteness are always limiting factors. In other cases description processes are over 
simplified or complex and at times missing. Thus, some models are faced with difficulties related 
to processes while others are constrained by the availability of database with enough data on the 
relevant temporal and special scales. This study’s findings were hampered by lack of data 
representantiveness in the basin. Rainfall stations were lacking in the hilly upstream section of the 
basin, a situation which is common in mountainous catchments (Wilk, 2000). Five stations were 
available in the basin which gives a rain gauge density of one per 49 Km2 which is well within the 
range of WMOs recommendations (one gauge per 575 Km2) (WMO, 1994 cited in Wilk, 2000). 
Despite this, rainfall representantivenes was not attained in the basin. Out of the five stations 
available only two were inside the basin and moreover on the downstream end of the basin. The 
stations were thus sparsely and unevenly distributed. Thus, models ought to take into account 
data limitation while at the same time they should produce results which are similar and 
acceptable to the observed situation (Andersson, 2004). In this study, the model computed flows 
did not match the observed river flows. During calibration, most of the peaks could not be 
simulated. 

Nevertheless the use of models in environmental studies has been proven very useful. For 
instance they can produce a manageable description of a number of complex processes in the 
environment including the impact of anthropogenic actions such as deforestation on hydrology 
of catchments (ibid). They can also make predications outside the range of present given 
conditions. The modeling process has also been found successful in increasing awareness among 
lay people and decision makers and thus influencing decisions surrounding environmental 
problems and potential impacts of different remedies (Dahinden et al., 2000). The fact that results 
obtained in this study were not similar to the observed situation or rather of the required 
acceptable level, does not suggest the end of the road. Alternative methods of obtaining 
supplemental data and improving the existing databases can improve the situation. This forms 
the basis for future work in the basin since model based findings in hydrology of catchments are 
unavoidable if proper decisions are to be made in planning and management of water resources. 
 
8.2 Problems Associated With Data Collection in Under Developed Regions 
 
There is a general tendency by the Kenya government to marginalise most of the remote areas in 
the sense of development. Owing to underdevelopment, most of the river basins located in such 
regions are inaccessible due to poor infrastructure. Mountainous regions on the other hand are 
naturally inaccessible. Thus, monitoring of rainfall and river flows in such areas is limited and in 
most cases missing. Due to this, hydrological studies in regions of the sort are likely to be 
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constrained by lack of sufficient hydrological and climatological data. Arror basin is located in 
the remote districts of Marakwet and West Pokot. The upstream of the basin is hilly and 
forested and not easily accessed due to lack of infrastructure. Roads in the districts are not 
tarmacked, instead they are gravelled but poorly. They are always impassable especially during 
the rainy season (Muchemi et al., 2002). The recent further subdivision of the administrative 
boundaries and establishment of more divisions in the upstream of the basin is geared towards 
more development. Hopefully this will aid in establishing more rainfall stations in the new 
divisions of the districts. Remotely sensed rainfall data can be an alternative in such areas though 
shortfalls still exist especially in high altitude zones (Turk, 2006). 
 
8.3 Land Satellite Rainfall Data as an Alternative to Gauge Measurements 
 
Over large portions of the globe, the accuracy of rainfall data is a major source of shortfall in 
hydrological studies. Gauge-based networks are more extensive but still lacking in many tropical 
and arid regions of the world (New et al., 2001; Sorooshian & Gao, 2003). Despite the fact that 
there is insufficient data in these regions, basin communities have the urge to understand the 
hydrology of their catchments. Thus, reliable hydro-meteorological data is still needed. Other 
options of obtaining rainfall data have been seen in use of radars and satellites. Radar is used to 
estimate rainfall over a given area by observing the back-scatter of electromagnetic radiation from 
liquid water drops (Mohammedberhan, 1998). Although radars are not as widely used as rain 
gauges, they provide area estimates of rainfall which cannot be attained by rain gauge. They are 
also advantageous in that the data is computerised and thus easy for use by scientists or rather 
during analysis. A disadvantage with radars is when obstructions such as buildings and 
mountains, interferes with radar signals thereby affecting rainfall estimates (ibid). 

With the advent of space technologies, satellite data have become a more convenient 
alternative to standard techniques (ground surveys, aerial photo interpretation) (USGS, 2006; 
Samon et al., 1995; Haiyan et al., 2004). Mohammedberhan (1998) defines a satellite as a 
spacecraft that orbits the earth and returns images of the earth and the atmosphere back to the 
receiving station on the ground. Satellites are used to estimate rainfall using radiation signals 
reflected or emitted from the ground and atmosphere and observed by it. A satellite is 
inexpensive, covers more area and less sophisticated as compared to radar. Estimation of rainfall 
from satellites over Africa and developing nations in general is useful in order to augment the 
rainfall data obtained from relatively sparse rain gauge networks in such regions. Recent 
evaluation of satellite-based rainfall estimation techniques has shown that there is a reasonable 
agreement between the satellite estimates and gauge values (ibid). Although not as accurate as 
rain gauge data or surface radar measurements, the technique nevertheless provides an alternative 
over the worlds oceans and remote hilly areas where data is lacking such as Arror basin. 
Sometimes the satellite estimate is lower than the gauge value and this might be attributed to the 
fact that sometimes there might be enough moisture and favourable low level winds to give rain 
from warmer cloud than the optimum threshold (Abellera & Stenstrom, 2005).  

Satellite rainfall observation techniques are classified into two: 1) Satellite based infrared & 
visible observations. 2) Satellite-based radiometer observations. Various techniques that use 
visible and infrared channels have been found useful. An infrared satellite technique estimates 
rainfall using every new update of infrared data from a variety of geostationary satellites, 
including GOES (over United States and South America, and the Western Pacific), Meteosat 
(over Europe, Africa and the Middle East). Thus it updates the entire planet every three hours. 
Geostationary rainfall estimation is based on the assumption that rain rate is inversely 
proportional to cloud temperatures. That is, the lower the cloud top temperature the stronger the 
vertical development associated with that cloud; the stronger the up drafts, the greater 
condensation and collision/coalescence of cloud droplets to form rain, and in turn, the heavier 
the inferred rain rates at the surface (Mohammedberhan, 1998). The method gives fairly 
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reasonable rain rates but due to the indirect nature of the technique, the estimates tend to be 
accurate only in limited circumstances or geographical areas (Hossain & Anagnostou, 2005). 
Thus, traditional geostationary rainfall estimation fails to give estimates that can be used reliably 
across in all areas of the world, all seasons of the year and a variety of different weather 
regimes(for example, tropical vs. mid latitude rainfall). Other techniques which can give rainfall 
estimates in all climatic regions at all times of the year are necessary since it is lacking in infrared 
measurements. 
 An alternative is passive microwave estimation based on DMSP SSM/I (Special sensor 
microwave imager) and TMI (TRMM Microwave imager) (Haiyan et al, 2004). It is more direct 
and accurate because passive microwave derived rain rates are based on channels that sense the 
actual precipitation component with clouds and not rely on cloud top temperature. However a 
problem with microwave rates is that they are extremely sparse in space and time. It is therefore 
unlikely that a user in need of current estimate of rain over a particular region obtain a timely 
passive microwave-derived rain rate. A convenient solution is to tune the abundant geostationary 
infrared (IR) passes using the sparse but accurate passive microwave rain rates (blended 
technique) (Permeira et al., 2004; Turk, 2006). The tuning is done by co-locating in space and time 
the intermittent microwave data sets with more frequent geostationary data sets within 15-degree 
latitude/longitude boxes (Turk, 2006). In general the relevance of a particular technique will 
therefore depend on the time & season when the data is required, climate and geographical 
location of the basin of interest.  
 Some of the rainfall estimation techniques relevant to Arror basin Tropical-equatorial climate 
are CPC, ORSTROM and TAMSAT. They are applicable since they use data based on the four 
available geostationary satellites (GOES-E, GOES-W, Meteosat and GMS) which observes the 
earths Equatorial and Tropical regions, including the entire continent of Africa. Of the four 
satellites, Meteosat has the best obtainable resolution and thus may be more useful to Arror. The 
spatial resolution of meteosat images is 2.5km in the visible channel and 5km in the infrared 
channels and has a temporal resolution of one image every half an hour (Barret & Beaumont, 
1994 cited in Mohammedberhan, 1998). The four satellites have been used successfully in several 
countries in Africa including Eritrea and South Africa (Mohammedberhan, 1998; Washington & 
Todd, 1999). A brief discussion of these techniques follows since they are deemed useful and 
relevant for future work in the study basin. The Climate Prediction Centre (CPC) technique was 
developed by the National Centres for Environmental Prediction (NCEP) for estimating 
accumulated rainfall using Meteosat satellite data, rain gauge data obtained from Global 
Telecommunication System (GTS), model analysis of wind and relative humidity and orographic 
feature (Herman et al., 1997). It is capable of estimating rainfall from convective (cold) as well as 
stratified (warm) clouds. The ORSTOM technique uses ground surface temperature obtained 
from Meteosat images for estimating rainfall (Guillot, 1995). It was tested in West African 
countries and the technique is based upon the effect of the previous rainfall on the ground 
surface temperature i.e. there is an inverse relation between ground surface temperature and the 
corresponding rainfall totals of the same period. The TAMSAT technique developed by 
TAMSAT group in the University of Reading uses infrared images from Meteosat satellite and 
based on the assumption that convective clouds are the main source of rain (Mohammedberhan, 
1998). According to the technique there exist a linear relationship between cold cloud duration 
and estimated rainfall. Unlike the CPC and ORSTOM techniques, TAMSAT technique is entirely 
pre-calibrated i.e. it is calibrated against historical gauge data rather than contemporaneous data 
(ibid). 

 Satellite data in hydrological research has several advantages over other standard techniques 
such as field surveys but also with shortfalls. Merits and demerits of satellite based area rainfall 
estimation are listed; 
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Merits 
1. Real time satellite estimation solves the delay of information on rainfall that might be 

caused by ineffective means of communication from out-station to the central body. 
There is always time delay in getting the gauge data due to communication constraints 
between the observer and the main centre. 

2. Satellite can make a real time observation since satellite imagery is captured regularly, and 
the same area can be observed over time. Rain gauges are read once every day, to get real 
time information they should be located in places where there is easy access for an 
observer. In remote areas like the upstream of Arror basin which is difficult to be 
accessed every day, gauge networks can not make a real time observation.  

3. They are generally quicker to acquire and interpret than from standard techniques. 
4. They cover extensive areas. Rain gauge measures point data. Thus, even having a high 

density of gauge network, area estimate of rainfall with reasonable accuracy is difficult to 
achieve. Moreover, it is impractical and uneconomical to have a dense network that can 
measure the highly variable spatial distribution of rainfall like that in the tropics. 

5. Sources of errors are minimal with satellites. Rain gauges are riddled with many sources 
of errors; due to wrong orientation and exposure of the gauge, errors in human 
observation and transmission, errors due to evaporation from within the cylinder, gauge 
leaks and overflow.  

6. Satellite imagery's digital format can be directly studied with innumerable image 
processing programs. The processed image can also be incorporated in a geographic 
database and thus is more convenient. For instance raster-based format satellite data are 
compatible with GIS-based hydrological modelling software packages (Abellera & 
Stenstrom, 2005). 

Demerits 
1. High standard expertise is required. Rain gauge is easy to handle, maintain and read. 
2. High classification accuracy is needed. 
3. The equipment is costly although when the satellite is in orbit, it’s less expensive. Rain 

gauges are cheaper. 
4. Sometimes calibration with ground measured data is needed e.g. with TAMSAT 

technique. It is therefore bound to limitation if ground data is not available. 
5. Since the estimates are indirect contamination i.e. based on cloud temperatures (over 

estimate and/or underestimate) can occur (Mohammedberhan, 1998).  

Problems Associated with Radar & Satellite Rainfall Estimations 
 
Studies have pointed out some problems in radar and satellite rainfall estimations 
(Mohammedberhan, 1998; Hobish, 1998; Sorooshian & Gao, 2003). For instance, TRMM 
observations from the recent Model HII launch vehicle showed that, there are processes that give 
rise to the so-called "warm rains," such as what is experienced in Hawaii. In Hawaii, these rains are 
orographically induced, i.e., when very moist Pacific air runs into the mountains it's lifted up a 
little, and water condenses out dramatically. Hawaii is the rainiest place in the world, and yet these 
rains have no signature in the infrared data (IR) (Hobish, 1998). Considerable variations in diurnal 
circles of rainfall time series are also other sources of errors (Sorooshian & Gao, 2003). When 
analyzing rainfall data based on radar echoes in Australia, Samon et al., (1995) recognized large 
root-mean square errors (65%) when using satellite data with sampling intervals of 6-12hours and 
averaged grids of size 141 x 141 with an areal resolution of 2km x 2km. Rainfall is sometimes 
estimated poorly in mountainous areas due to land effects. Thus, checks for land (orographic) 
effects using corresponding data estimates and a terrain map need to be done and adjustment of 
totals done accordingly (enhancing rainfall on the windward side and diminishing estimates on the 
leeward side) (Turk , 2006). This may be applicable for Arror since the basin is hilly on the 
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upstream. Rainfall estimations may also be hampered by lack of ground data since some 
techniques like TAMSAT requires historical data for calibration. 
 
Recent Improvements on Satellite Rainfall Measurement Techniques 
 
Rainfall estimations started by use of rain gauges, radars and then satellites. With the exception of 
United States and Europe radar based systems are not well developed (Wade, 2003). Of these 
different measuring devices satellite is the recent and advantageous in providing continuous, large 
area coverage and real-time estimations of rainfall (ibid). Geostationary satellites (estimates 
rainfall using images of visible and infrared electromagnetic radiation) came into use before 
microwave technique which estimates rainfall by use of microwave sensors. The microwave 
technique, unlike the visible and infrared techniques, is a direct way of estimating rainfall 
although practically, it is based on empirical and statistical relationship for estimating rainfall over 
land (Mohammedberhan, 1998). Microwave rainfall estimating technique has low temporal 
resolution (i.e.1–2 images per day) and spatial resolution (at least 10km) (Barret & Beaumont, 
1994 cited in Mohammedberhan, 1998) and therefore may not be suitable for high variable 
rainfall areas in Africa. The most recent improvement (merging use of radars, infrared scanners 
and microwave imagers) and still in progress is rainfall estimations using precipitation radars (PR) 
on board the Tropical Rainfall Measuring Mission (Hobish, 1998). The satellite began to transmit 
data in 1998 and results are said to be beyond expectation of the science team. The instruments 
on TRMM are robust in design and thus capable of providing reliable good quality data. The 
primary scientific instruments on TRMM include the TRMM Microwave Imager (TMI), the 
Visible Infrared Scanner (VIRS), and the Precipitation Radar (PR) (ibid). These three instruments 
work in a complementary manner, and serve as a kind of "flying rain gauge". The VIRS will 
bridge the gap from the TRMM rainfall estimates to those estimates made with geostationary and 
low Earth-orbiting satellites using visible/infrared techniques. This will help overcome the 
temporal and spatial sampling problem inherent in a single satellite's coverage (Fleming et al., 
2001). However, the current spaceborne systems (e.g. TRMM and SSM/I) which are currently 
more reliable make observations of a given point at infrequent temporal rate (twice daily). This is 
not sufficient enough to provide accurate rainfall estimates at timescales shorter than monthly. 
There is therefore a need of sufficient temporal sampling to enable retrieval of accurate 
accumulation over finer timescales. Hopefully this shortfall will be solved by the Global 
Precipitation Mission (GPM) satellite scheduled to launch in June 2007 (ibid). As envisioned, the 
system will provide approximately eight retrievals of rainfall rates per day for most areas of the 
globe within a relative accuracy of about 25% (Adams et al., 2002). 

As space and computing technologies advance, there will be more opportunities for 
hydrological modellers to find more effective and efficient ways to estimate hydrologic 
components such as precipitation. Having an ungauged catchment, or having few rain gauges 
such as Arror, for example, should not be an obstacle in operating a hydrological model with  an 
acceptable accuracy, since supplemental data can be acquired from remotely sensed sources 
although deficiencies exist (Abellera and Stenstrom, 2005). While it is possible to re-undertake 
Arror basin study using satellite rainfall data, the success will depend on some factors like; 1) The 
finess of resolution attainable for the basin. 2) Effectiveness of checks for orographic effects 
since the basin is hilly especially on the upstream, an aspect which plays a crucial role in rainfall 
distribution. 3) It will also depend on the period when Satellite data began to be collected or 
rather available since data in early decades may not be available. 
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9.0 Conclusion, Recommendations & Future Direction 
 
9.1 Conclusion 
 
Arror catchment has been undergoing extensive land use changes for the last four decades. 
Deforestation through illegal logging, search for commercial timber and agricultural land has 
been the main land use change.  

It was the intention of the study to find out what changes have taken place in the hydrology 
of Arror as a result of forest reduction. From analysis of land use trends it was found that forest 
cover reduced from 61% to 43% during the last four decades. The rate of forest conversion to 
agricultural land was higher during the last decade (1995-2004) as compared to the previous three 
decades (1965-1994). This was possibly because of increased food insecurity in the region and 
thus conversion of more forest lands to agriculture in an endeavour to provide more food to the 
inhabitants. 

Due to the sparse distribution of rainfall gauges in the basin, data was not representative 
enough to be used for modelling. Even though station weighing was done based on the gauges 
available and thus creating data for the basin parts without, the model performance was still low. 
During model calibration, most of the flood peaks could not be simulated. Calibration done 
during the time of low forest cover did not improve the power of the model either. It was finally 
assumed that the poor results were due to lack of data representantivenes in the basin. Thus the 
model results could not be used to study the impact of forest cover reduction on hydrology of 
the basin. Consequently the formulated hypothesis could not be tested. However, according to 
analysis of annual flows (Q) and Rainfall (P) there is a considerable reduction in dry season flow 
which agrees with the study hypothesis. This cannot be conclusive enough since rainfall from the 
upstream section of the basin is not sufficiently described. 

Despite the fact that the model was laden with uncertainties surrounding data sufficiency, 
the study could still form a foundation base for future studies in the basin. For instance, studies 
to investigate the potentials of abstracting more water from Arror river for the proposed 
irrigation expansion and hydropower projects are necessary. While the catchment can be said to 
lack sufficient precipitation data for long term hydrological studies, it is still important to 
understand the hydrology of Arror basin for purposes of proper planning and decision making of 
the limited basins´s water resources. Furthermore knowledge of hydrology regimes is crucial in 
order to plan and alleviate the persistence irrigation water shortage during the dry seasons in the 
basin. The hypothetical thinking among the downstream basin communities on reducing base 
flows need to be cleared too. It is therefore necessary to search for more representative data and 
accomplish the initial aim of the study. Use of land satellite rainfall data to augment the rainfall 
data obtained from relatively sparse rain gauge network in the study basin is recommended. Some 
of the possible rainfall estimation techniques relevant to Arror basin climate are CPC, 
ORSTROM and TAMSAT. They are applicable since they use data based on the four available 
geostationary satellites which observes the earths Equatorial and Tropical regions, including the 
entire continent of Africa. 
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9.2 Recommendations & Future Direction 

 
Based on the lessons learned in this study some recommendations including proposed future 
work are listed below. 

1. More climatological and hydrological monitoring stations need to be established in Arror 
river basin especially in the upstream end for better results in hydrological studies. This is 
necessary since ground truthing is always needed even with estimations of satellite based 
rainfall data. 

2. There is need for the Kenya government to set a programme for monitoring of temporal 
and spatial change in land cover in its river basins. Landsat images can give continuous 
land use trends which was lacking in this study.  

3. Cost of data provision need to be realistic and regulated. For instance data is availed in 
Kenya government departments at a rate of Ksh.18, 000 (US$ 257) per station.  
Acquisition of landsat based information is even more expensive. The high cost hinders 
one to access important data and hence obstacles in the intended research/study aim.  

4. Personnel responsible for data observations and recording need to be trained more and 
facilitated enough for purposes of capturing more accurate/quality data. Although it was 
not possible to meet the personnel charged with data observation and recording, the 
rainfall and river flow records available were not well arranged.  

5. Equipments for data observation ought to be re-installed properly and serviced as this 
can minimize errors. Some of the rain gauges were rusty and not placed correctly as noted 
during field verification of the equipments. 

6. Data bases in most departments need to be upgraded interms of data processing and 
organization since this would decrease data errors. Much of the rainfall data is mixed up 
in the Kenya Meteorology Department database. The same case was recognized at the 
hydrology & bailiffs department in the Ministry of Water and Irrigation. 

7. The study ought to be undertaken again with other data acquisition techniques options 
described in Chapter Eight. This is crucial due to the current urge of the downstream 
Arror basin communities to understand the hydrology regime of the basin. Moreover 
there is need to investigate and verify their claims (reducing river base flows).  

8. Future work ought to include modeling the potentials of abstracting more water from 
Arror river for the proposed projects. Although this was not part of the study it was 
noted that many sectors are competing for the limited amount of water available in River 
Arror. Apparently potentials of such planned abstractions are not known. Agriculture 
being the main user (expansion of irrigation schemes) can perhaps be one of the causes 
of reduced flows as the downstream inhabitants claim. This is vital for balancing water 
use in various sectors and avoiding conflicts between downstream and upstream water 
users. 
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Figure 16: Graphs of Homogeneity tests for the five rainfall stations 
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Figure17: Upstream of Arror basin shown as one of the deforested areas in Cherangany 
                 forests (Marked 1) 
Source: (Akotsi & Gachanja, 2004) 

 

   
Figure18: Sample of Land sat images showing detected areas of LC change in Arror 
                     Basin (Taken in 2000 & 2003) 
Source: (Akotsi & Gachanja, 2004) 
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Figure 19: Map of Arror Basin Showing Sub-basins division 
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Figure 20: Agro climatic zone map of Kenya 

Source: Sombroek et al. (1990) 

Appendix B 

 
Table 1: Moisture availability zones with an indication of rainfall and vegetation 
 
Zone R/Eo 

(%) 
Classification Average 

Annual 
Rainfall(mm) 

Eo average 
annual potential 
evaporation(mm)

Vegetation 

Excluding areas above 10,000 ft altitude 
I >80 Humid 1100-2700 1200-2000 Moist forest 
II 65-80 Sub- humid 1000-1600 1300-2100 Moist and dry forest 
III 50-65 Semi-humid 800-1400 1450-2200 Dry forest and moist 

woodland 
IV 40-50 Semi- humid to 

semi-arid 
600-1100 1550-2200 Dry woodland and bush 

land 
V 25-40 Semi-arid 450-900 1650-2300 Bush land 
VI 15-25 Arid 300-550 1900-2400 Bush land  and 

scrubland 
VII <15 Very arid 150-350 2100-2500 Desert scrub 
Source: Sombroek et al. (1990) 
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Table 2: Monthly River flows (RGS2C18) 
Monthly River Flow -RGS 2C18 ( m3/sec ) 

YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
1982           1,282 1,258 3,022 1,301 2,978 8,107 4,066
1983 1,389 1,314 1,225 1,378 3,219 1,430   3,842 1,830 3,337 1,925 1,295
1984 1,058 0,967 1,030 1,266 1,051 1,132 1,048 0,949 0,687 0,741 1,007 0,885
1985 1,058 0,967 1,030 1,266 1,051 1,132 1,048 0,949 0,687 0,741 1,007 0,885
1986 0,735 0,709 1,117 2,470     0,858 1,344 1,190 1,066 1,072 0,961
1987 0,888 0,948 1,018 0,951 2,057 2,170 0,907 0,709 0,730 0,765 1,592 0,437
1988 0,785 0,683 0,811 2,930 2,820 0,884 1,183 2,049 1,926 2,506 1,813   
1989 1,063 1,059 1,020 1,767 1,728 1,187 1,831   1,273 2,847 2,489 2,334
1990 2,668 1,491 1,550       1,842   1,299 1,115 1,724 1,509
1991 0,916 0,651 0,864 1,277 2,384   1,163 4,196       1,091
1992 0,854   0,803                   
1993 0,740                       
1994 0,657 0,651 0,668                   

 
Table 3: Monthly river flows (RGS 2C05) 

Mean Monthly River Flow –RGS 2C05 ( m3/sec ) 
YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

1961   0,58 0,64 0,99 1,45 1,47 2,38 4,26 1,56 5,04 15,00 3,56
1962 1,67 1,22 1,47 3,07 4,22 1,46 1,59 2,09 2,40 1,54   0,97
1963 1,05 1,01 1,03 3,38 4,80 1,67 1,03 2,33 0,99 0,89 2,33 4,53
1964 1,45 1,05 1,34 2,65 2,28 1,28 1,89 4,91 3,31 2,31 1,39 1,31
1965 1,04 0,91 0,84 1,72 1,60 1,21 1,17 0,80 0,81 1,68 3,50 1,07
1966 1,06 1,18 1,62 5,28 2,91 1,17 3,65 4,45 3,22 2,35 2,98 1,06
1967 0,84 1,03 0,75 1,83 4,22 1,58 2,92 3,65 1,38 5,37 6,64 2,88
1968 1,41 2,05 3,14 2,96 3,84 2,10 1,65 3,33 1,33 2,14 12,47 3,46
1969 1,72 2,67 2,87 1,32 3,09 3,44 1,65 1,49 2,67 2,78 3,44   
1970 2,22 1,32 1,98 4,43 2,63 1,79 1,48 4,81 2,20 1,39 1,32   
1971 1,37 0,76 0,79 1,82 1,95 1,52 2,01 5,01 2,29 2,97 6,01 2,36
1972 1,08 1,02 1,02 1,31 2,61 3,49 3,80 3,36 3,20 2,76 7,47 2,48
1973 1,07 0,89 0,95 1,19 1,45 1,27 1,47 2,42 2,75 13,46     
1974                         
1975       1,36 1,57 1,28 1,71 4,93 2,98 1,38 1,13 0,92
1976 0,88 0,84 0,78 1,15 1,78 1,01   2,02 1,82 0,65 0,97 0,74
1977 0,77 0,73 0,67 3,51 6,23 1,29 1,99 3,04 1,36 2,61 12,24 1,94
1978 1,24 2,07 2,73 1,62 2,39 1,92 3,15 2,46 2,09 3,18 2,33 1,96
1979 1,78 2,56 3,35 3,77 2,06 1,90 1,32 1,69 1,21 1,05 0,93 0,71
1980 0,67 0,57 0,67 0,98 1,85 1,10 0,67 0,84 0,63 0,60 1,18 0,65
1981 0,64 0,66 2,18 3,17 1,81 0,90 1,51 3,01 1,98 1,50 1,33 1,21
1982 0,79 0,67 0,76 2,88 5,35 1,89 1,55 3,49 1,56 4,26 6,09 4,06
1983 1,34 1,04 0,86 1,70 0,36 1,86 2,25 4,38 2,60 4,12 4,23 1,56
1984 1,01 0,57 0,63 0,99 1,13 1,02 1,03 0,92 0,96 0,82 1,14 0,71
1985 0,80 0,71 1,75 3,37   1,42 1,22 1,95 1,55 0,96 1,46 0,81
1986 0,60 0,48 0,47 3,96   2,73 2,75 2,70 2,40 1,78 1,44 1,00
1987 1,09 1,35 1,42 1,48 3,38 3,87 1,47 1,55 1,09 1,08 4,08 0,94
1988 0,77 0,53 1,13 5,92 5,35 1,63 2,79 3,39 3,88 4,24 3,53   
1989 1,38 1,54 1,48 3,11 3,69 1,83 3,95 1,70 2,23 3,26 3,46 4,66
1990 4,76 2,15 4,36 5,97 1,99 1,98 3,33 2,50 2,27 2,09 2,91 4,20
1991 2,26 1,31 1,72 2,76 4,84 4,33 2,49 5,67 2,55 3,66 2,22 2,18
1992 2,42 0,86 4,21 6,38 3,47 3,88 4,21 4,71 2,86 2,17 1,98 2,86
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Table 4: Land use Trends in Arror Basin (1960-2004) 
 
YEAR LAND USE – AREA (HA)   
  CROPS PASTURE FOREST OTHERS REMARKS 
1960     15300   
1961     15300   
1962     15300   
1963     15150   
1964     15056   

1965     14980   

crops grown are maize, beans,  
sweet potatoes, Irish Potatoes, 
Pyrethrum, Cassava, Millet, 
Sorghum, Pawpaw, Oranges & Mangoes 
pasture includes ;open grasslands, 
Napier grass etc 
  

1966                   
1967                
1968                
1969                
1970                
1971                
1972 3826              
1973 3940              
1974 4060              
1975 4120              
1976 5240   14097          
1977 5300 3398 14020 1142        
1978 5360 3386 13910 1150        
1979 5447 3320 13880 1154        
1980 5476 3368 13796 1160        
1981 5517 3395 13720 1174        
1982 5540 3430 13650 1182        
1983   3450 13580        
1984   3500 13470        
1985   3540 13315        
1986   3599            
1987   3645            
1988   3700 12900        
1989   3730 12740        
1990   3765 12650        
1991   3780 12510        
1992 6270 3830 12400 1350        
1993 6376 3830 12280 1360        
1994 6386 3870 12210 1380        
1995 6390 3880 12170 1376        
1996 6470 3980 12050 1390        
1997 6490   11530          
1998 6520   11390          
1999 6540   11305          
2000 6680   11220          
2001 6740 4587 11090 1445        
2002 6798 4593 10970 1460        
2003 6995 4601 10730 1480        
2004 7135 4623 10630 1500        
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Table 5: Land use Categories in each sub basin in 1960´s according to Elevations-Derived   
              from the topographical maps. 
 

Land  use in each Sub Basin 
Sub-Basin       
 Elevation(m) Forest(Km2) Open land(Km2)
I <1000 0 1
  1000-1400 0 10
  1400-2200 0 9
  2200-2400 0 3
II 2000-2200 0 9
  2200-2400 24 21
  2400-2600 14 0
III 2200-2400 4 2
  2400-2600 12 0
  2600-2800 19 1
  2800-3000 20 4
  3000-3200 5 0
IV 2800-3000 13 13
  3000-3200 23 14
  3200-3400 16 8
Total   150 95

 
Table 6: Table showing suitable starting values for parameters and recommended 
               interval during model calibration. The values typed in bold are those to be 
               calibrated, the others are not normally calibrated. 
Parameter Starting 

value 
Approximate 

interval 
Comments 

Pcorr 1.0 
 Factor for precipitation, used when correcting none-

homogeneous series 
Pcalt 0.1  Factor for precipitation changing with altitude 

Pcaltl 800 
 Highest level when pcalt is used locked to the highest forested 

level. 

Pcaltup 0.0  Factor for precipitation falling in areas  above pcaltl 

FC 

Use a 
value, for 
the region 100-1500 

Maximum soil moisture storage(mm) 

Lp 1.0 ≤1 Limit of potential evaporation 

Beta 1.0 1 to 4 
Exponent in the equation for discharge from the zone of soil 
water. 

Cflux 0.5 0- 2 
Capillary flow from the upper response box to the zone of soil 
water. 

Cevpfo 1.15  Factor for potential evaporation in forested areas 
K4 0.01 0 001-0.1 Recession coefficient for the lower response box. 
Perc 0.5 0.01-6 Percolation from the upper to lower response box(mm/day) 

Khq 0.09 0 005-0.2 
Recession coefficient for the upper response box when the 
discharge is HQ 

Hq  
Should be 
calculated  

May be calculated as (MQ x MHQ)1/2 x 86.4 / area in Km2  or 
MHQ/2 x 86.4/ (area in Km2 ); unit (mm). Not to be 
calibrated 

Alfa 0.9 0.5-1.1 Used in equation Q= k x UZ(Alfa+1)

Maxbaz 1 1 to 5 
Number of days, doesn't have to be an integer,  in the 
transformation routine 

SOURCE:  (SMHI, 2005) 
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