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ABSTRACT

This study involved the assessment of runoff and design of three different farm ponds
for harvesting runoff to supplement irrigation. The study was carried out in Maragua
watershed in Murang'a County where farmers face the challenge of water shortage
during the dry season and therefore require water for supplemental irrigation of their
horticultural crops. This was achieved by; assessing the water requirement for crops
within the watershed, assessment of the runoff from the agricultural fields and design for
the storage volume of a farm pond for the generated runoff from the agricultural fields.
In this research, CropWAT model was used to determine the crop water requirement,
while the Soil Conservation Service — Curve Number Model using ArcGIS 10.1
software was used in the estimation of the runoff depth in mm. The value of runoff depth
was converted to runoff volume which was then used to design for the water storage
facility. AutoCAD 2019 was used to make technical drawings for the farm pond. The
design of the farm pond was done based on different slopes; gentle slopes and steep
slopes in accordance to Design manual 2015. The study results showed that ETo varied
from 3.01 to 5.10 mm/day and the effective rainfall varied from 8.0 to 154.4 mm. The
ETc values for the garden pea, sweet pepper and tomato were 395.6, 460.1 and 432.7
mm per the growing season respectively. The irrigation requirements were 181.4, 216.6
and 187 mm per season for garden pea, tomato, and sweet pepper respectively. The
results indicate increasing ETc throughout the growth stages which is high at the mid-
season stage and starts to decrease slightly at the later stages. The results for runoff
estimation demonstrated that the SCS-CN method by using satellite imagery data to
estimate runoff is convenient and effective. The runoff volume calculated from the area
and depth of runoff indicates that the crop land had the highest volume of runoff since it
occupied the largest area among the three land use classes which was at 9,368,519.10
m3, 2,858,923.47 m?, 2,511,768.72 m?, for Kambirwa, Gituamba and Maragua ridge
micro-watersheds respectively. This runoff come from the entire sub watersheds which
will supply water to the farm ponds in the area. The values indicate that there is enough
runoff to be harvested to the farm ponds. The design of farm ponds was done for each of
the ponds surveyed in the different micro watersheds using the practice manual for small
dams. The different capacities for the three farm ponds were; the design criteria was
obtained for the three different farm ponds in slopes of 1%, 2% and 3%. the design
criteria was able to achieve the water demand, evaporation and seepage losses , dead
storage, average storage capacity, spillway channel size and slopes. The study
recommends CropWAT model as a suitable decision support tool for policy makers and
investors on irrigation and water resources in the region with regard to irrigation water
management.
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CHAPTER ONE
INTRODUCTION
1.1 Background to the Study

Water is one of the most precious and common resources naturally occurring on
earth. It covers more than 70% of the earth's surface and all living things including
human, animals and plants rely on water (Chellaney, 2013). Its uses are quite
massive and its importance can never be assumed since it plays a great role both in
human and animal life (FAO, 2016).

Globally, close to 771 million people in the world - 1 in 10 - lack access to water.
According to a report by the World Economic Forum, the water crisis is the number
five global risk in terms of impact to society. Lack of water of adequate quality and
quantity is a major constraint to development in many areas of the world. It affects
every aspect of human life including health, agricultural yields, food security,
technical development and the economy of every state. Water scarcity and water
quality problems are of particular concern in the tropical regions of the world where

many countries are less developed (Fauraes et al., 2012).

Kenya is an agricultural country that relies on its land and water resources to meet
the needs of its rapidly increasing population. In the arid and semi-arid areas of
Kenya, insufficient water for household use, crop and livestock production has been
the major constraint to rural development (Fauraes et al., 2012). Due to great
variations in rainfall, several rainwater harvesting systems have been tested in
previous years, both in Kenya and in other water-stressed nations, with the aim to
reduce drought and water shortages. Kenya is classified as a water scarce country
with annual water supplies below 1000m?® /person (UNEP, 2002). Out of Kenya's
population, approximately 75 % lives in rural areas where rain-fed farming and

livestock keeping are the main livelihoods (Wani et al., 2009). Moreover, the



population is increasing at a rate of 2.6 % every year. There is a high level of
dependability on the seasonal rains (World Bank, 2010).

The situation is predicted to worsen drastically within the near future. In semiarid
regions temperatures are projected to increase and precipitation decline by 2030 due
to climate change. Some figures estimate annually available freshwater at around 250
m® per capita in 2025 (Leal, 2011). Most precipitation that falls on human
settlements is lost to the atmosphere through evapotranspiration or runs into rivers
away from settlements before it can be used. However, if the rain is collected using
appropriate structure, it can contribute greatly to the volume of water available for
agricultural use. This is particularly relevant in arid and semi-arid regions, where the

little rainfall received is usually very intense and often seasonal (Bush, 2017).

As water remains a critical input in agricultural production, its demand is still too
high hence making it insufficient to meet the crop water needs especially during the
dry season. This is due to high water usage in the agricultural sector accounting for
over 70% of water usage in farming. One of the solutions to address water shortage
is by rainwater harvesting during the rainy season and store for use in the dry season.
While irrigation may be the most obvious response to water stress in crops, it has
proved costly and can only benefit the fortunate few. Currently, the interest for water
harvesting has increased due to the low cost associated with it (Oweis et al., 1999)
hence can be implemented as a feasible alternative to conventional water supply or
on-farm irrigation projects considering that any land in any part of the world can be
used to harvest rainwater (Pielke, 2013). Irrespective of the type of water harvesting
technology, rainwater harvesting is just to harvest and store water in days when it is
in abundance and use it in thin days. This water can be harvested using simple and
eco-friendly low-cost technologies such as tanks, dams, ponds and plastic-lined
water ponds. Such technologies are sustainable, cost-effective and affordable to
farmers. Despite this, most farmers have serious challenges in getting the right
structure for their farms due to lack of construction knowledge contributed by lack of

proper design guidelines for the structures (DeBusk & Hunt, 2014). This results to



the farmers ending up with insufficient water harvesting structures to store enough

water for their crops hence the water doesn’t meet the crop water demand.

Rainwater harvesting refers to the collection, conveyance, conservation and storage
of rainwater for various purposes like drinking water, livestock watering or
agriculture. It also involves harnessing and improving the productive use of excess
rainfall by turning surface runoff from a destructive element into an asset. The
rainwater is normally collected where it falls, through in-situ conservation and/or
channeling excess runoff water in a guided manner from catchment areas to storage
reservoirs for various uses, especially for agriculture or stored in the soil profile for
soil moisture replenishment (Mati, 2012). It is one of the practices that can be
adopted by many nations as a viable decentralized water source to meet the growing
water demand (Jacobsen et al., 2012). Rainwater harvesting is either rooftop or
runoff. Surface runoff water harvesting is the collection, accumulation and storage
of rainwater for its eventual reuse. Sources of runoff water include catchment areas
from manmade surfaces, such as roads, or other urban environments, parks, gardens
and agricultural fields. If surface runoff catchment systems are properly designed,
they can collect large quantities of rainwater (Gould & Nissen-Petersen,
1999). Precipitation in arid and semi-arid regions is scarce, unreliable, and unevenly
distributed throughout the year. A large proportion of the precipitation is therefore
converted into runoff due to various factors such as a lack of vegetation and high
intensity. Runoff harvesting has the potential to alleviate the water shortage in Kenya
(Bates et al., 2008). If rainwater was effectively utilized through runoff harvesting,
the rainfall contribution is more than adequate to meet the needs of the current

population several times (Novak et al., 2014).

The inhabitants of Maragua watershed in Murang'a County majorly rely on the water
although restricted from the Maragua River for domestic and agricultural purposes
(MUWASCO Project Report, 2017). This has led to over-exploitation leading to
declining water levels even in the downstream water bodies that rely on this river.

Due to the increased water demand, there was the need for alternative water supply



since the major sources which are surface water and subsurface are either constant or
declined over time (Murang’a County Integrated Development Plan, 2018). The
Nature Conservancy (TNC) with the help of the Nairobi Water Fund began to
construct farm ponds for water storage during the rainy season. One of their
interventions, is reducing dry season water demand from rivers and streams by
irrigators by engaging smallholder farmers who harvest rainwater, storing it in water
ponds, and applying it to their crops during the dry season, the quality and quantity
of the river improves which is good for downstream water users, hydropower
generation, and other water needs. In Maragua watershed, more than 1,000 small-
scale farmers are adopting water harvesting structures like ponds that capture and
store runoff for use in the dry season and making use of the drip irrigation method to
support their horticultural crops. This has helped them even further reduce the
amount of water that goes into the entire farm (TNC, 2015). The report from TNC
indicates that the already constructed water ponds are insufficient to sustain crop
production due to poor design guidelines. This study, therefore, seeks to assess the
runoff and formulate a design criterion for farm ponds which is a viable solution that

can address water shortage for crops during the dry season.
1.2 Statement of the Problem

Like most developing countries, the water status in Kenya cannot satisfy water
shortage which is driven mainly by population growth. This happens in most
arid and semi-arid areas of the country like some parts of Murang’a County
especially Maragua sub county which lies in the Eastern part of the county.
Since the 1970s, large areas of forests in the Upper Tana where the Maragua
watershed lies have been replaced by agricultural fields (Geertsma et al., 2009).
During the 2019 census, the Murang’a population was recorded as 1,056,640 with an
average increment rate of 1.2 % which recorded a density of 413 persons per sg. km
(KNBS, 2019). Due to this rate of population increase, the amount of food required
to meet the population demand was set to increase in the area to meet the population

needs. This would be increased by irrigation in the sense that farmers are able to
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grow high value crops all year round. This motivates farmers to invest more on
farming activities hence increasing the overall agricultural productivity.
Encroachment on natural wetlands that once stored runoff water and recharged
aquifers reduced dry-season flows hence less water reaches the agricultural land
(TNC, 2015). In order to meet the increasing water demand for agriculture, farmers
in Maragua in Murang’a County are currently constructing farm ponds for runoff
harvesting to meet the crop water requirements during the dry season (Murang’a
County Integrated Development Plan, 2018). This is to supply water for
supplemental irrigation to support horticulture crop production that is done over the
dry season. However, the farmers still face challenges of water shortage because the
ponds are not able to hold enough water to last a crop season. This has been
attributed by the limited technical know-how and inappropriate design approaches.
Most farm ponds especially with small scale farmers have been constructed not
considering farmers’ water demand and the available catchment area hence the
farmers do not harvest enough water in them. Some of them are either oversize
reducing the crop land or undersize hence cannot hold enough water to satisfy the
crop water demand. Therefore benefits can only be realized through technical
improvements of the existing water harvesting initiatives and technologies. To
minimize on crop loss, land wastage, reduced land productivity, there is the need to
provide design guidelines and essential technical data to properly design a farm pond
that can hold enough water to meet the crop water demand. This will be a viable
solution to increase water availability to crops during the dry season which will go a
long way in increasing agricultural productivity amongst the smallholder farmers in

Maragua watershed.
1.3 Justification of the Study

This research study falls within the lower area in Maragua Watershed where there is
limited availability of water and farmers have to look for extra source of water for
their crops to avoid constrained crop production. The amount of rainfall received is

not only insufficient to sustain a crop through to maturity but it is also unevenly



distributed hence creates below optimal cumulative soil water availability during the
growing season. Currently, farmers in the Maragua Region have benefited from
funding to enable construction of water harvesting facilities like farm ponds which
enable harvest water during the rainy season to use it when rains decline. The
farmers have also benefited from increased agricultural yields from their farms since
there is sufficient moisture to keep the crops to maturity. Simple and sustainable
rainwater harvesting technologies could be the long awaited solution for improving
rain fed agriculture and overall food security. In areas of Upper Tana and especially,
Maragua watershed where the study has been carried out, a number of water
harvesting systems have been set up including water pans and farm ponds to curb the
problem of water shortage in crop production. Out of this, few have succeeded in
combining technical efficiency with low cost and local farmer acceptance but quite a

number of them have not.
1.4 Objectives
1.4.1 General Objective

The general objective is to assess runoff for the design of farm ponds for irrigation in

Maragua watershed, Murang' a County in Kenya.
1.4.2 Specific Objectives

i.  To determine the crop water requirements of garden pea, tomato and sweet
pepper in the Kambirwa, Maragua ridge and Gituamba sub catchments of
Maragua watershed.

ii.  To determine the runoff from the Kambirwa, Maragua ridge and Gituamba
sub catchments in Maragua watershed.

iii.  To formulate design criteria for farm ponds for harvesting the generated
runoff in the Kambirwa, Maragua ridge and Gituamba zones for farmers to

meet Crop water requirements.



1.5 Research Questions

i.  What are the crop water requirements for garden pea, tomato and sweet
pepper in the Kambirwa, Maragua ridge and Gituamba sub catchments of
Maragua?

ii.  How much runoff can be harvested for a farmer in Kambirwa, Maragua ridge
and Gituamba sub catchments in Maragua watershed?

iii.  What are the design guidelines for farm ponds for harvesting the generated
runoff for Kambirwa, Maragua ridge and Gituamba sub catchments in

Maragua watershed?
1.6 Scope and Limitation

The study was limited to Kambirwa, Maragua ridge and Gituamba sub catchments of
Maragua watershed zones with different gradients in Maragua watershed in Murang'a
County which is within the Upper Tana Catchment. Water Regulation Authority
activities in the catchment area were considered since it was one of the key sources
of the information for this research during data collection. However assessment of
crop water requirement was done on garden pea, tomato and sweet pepper which are
the three major crops grown under irrigation in the areas delineated for the study.
Estimation of runoff was achieved by the use of SCS-CN approach which was
modified to fit the conditions of the area. The design criteria of the farm pond was
done based on three different gradients; steep, middle and gentle slopes and the

technical drawings were done using AutoCAD 2019.



CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction

This chapter covers the various aspects incorporated for design of farm ponds which
includes, water requirement by the crops in the particular area under consideration
and the methods of determination, the available runoff that can be harvested and the
various approaches used in determination of the runoff. Most of the work is normally
in the Arid and semi-arid areas (ASALs) which suffer seasonal water scarcity,
although they receive some little rainfall, which may be low or erratic. Most ASALS
receive between 250 and 850 mm of annual rainfall which is insufficient for crop
production (Mati, 2018). But much of this rainfall is lost through surface runoff that
end up in unrecoverable water bodies and the rest is lost through seepage and
evaporation losses. Harvesting this water and storing in farm ponds enhances
utilization of a free and less costly water resource after the rains have elapsed
(Ahmed & Gemeda, 2021).

2.2 Crop Water Requirement

Crop Water Requirement (CWR) is defined as the depth of water needed to meet the
water loss through crop evapotranspiration (ET¢) of a disease-free crop, growing in
fields under non-restricting soil conditions including soil water and fertility and
achieving full production potential under the given growing environment
(Seethapathi et al., 2008). Both CWR and ET. concepts apply to either irrigated or
rainfed crops. Their determination is highly significant in the calculation of the
equilibrium of water and soil resources, design, operation, and management of the
irrigation projects (Johl, 2014). There are various methods of measuring and
estimating crop water requirement that have been proposed all over the world. Four
methods namely, the Blaney-Criddle, Radiation, FAO Penman Monteith method and

Pan Evaporation method, are reviewed herein for predicting water requirement of
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crops (Abtew & Melesse, 2013). Each of the four methods predicts reference crop
evapotranspiration (ET,) and only one set of crop coefficients is required since they
relate ET, to (ETc). Procedures for selection of appropriate kc values take into
account the crop characteristics, time of planting or sowing, and stages of crop
development and general climatic conditions.

2.2.1 Blaney-Criddle

This method applies in areas where available climate data cover air and temperature
data. This involves calculation of the consumptive use factor (f) from mean
temperature (T) and percentage (p) of total annual daylight hours that normally occur
during the period of consideration in the particular area of study. The consumptive
use crop coefficient (K) which is empirically determined is then applied to obtain the

consumptive water requirements (CU) (Zhan & Lin, 2009).

CU=K=*f = P'Tflm (2.1)

Where T is in °F.
Consumptive use being referred to as 'the amount of water required to meet the

evapo-transpiration needs of vegetative areas so that plant production is not affected

by water shortage
2.2.2 Radiation Method

This method applies for areas where available climate data include measured air
temperature and sunshine, cloudiness or radiation, but not wind and humidity. The
Knowledge of humidity and wind levels is significant and can be estimated by use of
published weather descriptions or extrapolations obtained from nearby areas.
Relationships are given between the presented radiation formula and reference crop
evapotranspiration (ETo). This method is more reliable in equatorial zones or high

altitudes areas. In cases where measured sunshine or cloudiness data are not



available; solar radiation maps can be used to provide the necessary solar radiation
data.

Calculation of Solar Radiation (Rs)

To calculate solar radiation (Rs) from sunshine duration or cloudiness data, the
weighting factor (W) from temperature and altitude data and the appropriate
adjustment given by the relationship between W.Rs and ET, for different mean
humidity and daytime wind conditions, the following procedure is suggested;

The amount of radiation received at the top of the atmosphere (Ra) is dependent on
latitude and the time of year. Part of it is usually absorbed and scattered when
passing through the atmosphere. The remaining bit, is identified as solar radiation
(Rs). Therefore, Rs is dependent on R, and the transmission through the atmosphere,
which is largely dependent on cloud cover. Radiation is expressed in several units
then converted to heat and further related to the energy required to evaporate water

from an open water surface.

Rs can be measured directly but is frequently not available for the area of
investigation. In this case, it is obtained from measured sunshine duration records as

follows:

R, = (0.25+ 0.50n/N)R, (2.2)

Where n/N is the ratio between measured sunshine hours and maximum possible
sunshine hours.

Data for n, can be obtained locally using the Campbell Stokes sunshine recorder.
Both n and N are expressed as mean daily values, in hours. Rs is obtained in mean

equivalent evaporation for the period under consideration (Masoumeh et al., 2019).
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2.2.3 FAO Penman-Monteith Method

This applies in areas where measured data on temperature, humidity, wind and
sunshine duration or radiation are available. It determines the evapotranspiration
from the hypothetical grass reference surface and provides a standard to which
evapotranspiration in different periods of the year or in other regions can be
compared and to which the evapotranspiration from other crops can be related. It
uses mean daily climatic data; since day and night time weather conditions

considerably affect the level of evapo-transpiration (Pereira et al., 2015).

This method to estimate ETo is expressed as:

soo

_ 0208 AR, -G :I+}?T'+:-'5
ET& - .
A+y(1+0.34u,)

U, (855}

(2.3)

Where;

ET, reference evapotranspiration [mm day], Rn net radiation at the crop
surface [MJ m2day?], G soil heat flux density [MJ m?day?], T air
temperature at 2 m height [°C], uzwind speed at 2 m height [m s™],
es saturation vapour pressure [kPa], eaactual vapour pressure [kPa], es-
ea saturation vapour pressure deficit [kPa], D slope vapour pressure curve
[kPa °C™Y], g psychometric constant [kPa °C™].

Crop Evapotranspiration (ETc): This is the amount of water required by the crop
during the growing season. It is usually determined by the crop coefficient approach
whereby the effect of the various weather conditions are incorporated into ET, and

the crop characteristics into the Crop coefficient. It is expressed as;

ET. = K, =ET, (2.4)
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2.2.4 Pan Evaporation Method

Evaporation pans provide a measurement of the integrated effect of radiation, wind,
temperature, and humidity on evaporation from a specific open water surface. In the
absence of rain, the amount of water evaporated during a period (mm/day)
corresponds with the decrease in water depth in that period. Reflection of solar
radiation from water in the shallow pan might be different from the assumed 23% for
the grass reference surface. Storage of heat within the pan can be appreciable and
may cause significant evaporation during the night while most crops transpire only
during the daytime. There are also differences in turbulence, temperature and
humidity of the air immediately above the respective surfaces. Heat transfer through
the sides of the pan occurs and affects the energy balance. Notwithstanding the
difference between pan-evaporation and the evapotranspiration of cropped surfaces,
the use of pans to predict ET, for periods of 10 days or longer may be warranted. The
pan evaporation is related to the reference evapotranspiration by an empirically

derived pan coefficient (Grismer, et al., 2002).

ETD = KP Epmz (25)

Where

ETo reference evapotranspiration [mm/day], K, pan coefficient [-], Epan pan

evaporation [mm/day].
2.3 CWR Determination using CropWAT Model

This is a decision support system developed by the Land and Water Development
Division of the FAO for calculation of reference evapotranspiration, crop water
requirements and irrigation requirements. The calculations are based on soil, climate
and crop data. This enhances development of irrigation schedules under various
water management conditions and scheme water supply in order to evaluate rain fed

production, drought effects and efficiency of irrigation practices. It uses the FAO
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Penman-Monteith method for calculating reference crop evapotranspiration whose
estimate is used in crop water requirements and irrigation scheduling calculations.
CROPWAT calculates the irrigation water requirements per a certain period either
daily or weekly or as required by cropping pattern in an irrigated area, for various
stages of crop development throughout the crops growing season. The model can
also be used to evaluate farmers’ irrigation practices and to estimate crop
performance under both rainfed and irrigated conditions. The development of
irrigations schedules in the model is based on a daily soil-water balance using
various user-defined options for water supply and irrigation management conditions
(FAO, 2017).

Hashem et al. (2016) made an attempt to compare the ETo computed using a
mathematical model with ETo estimated using CROPWAT software program. It is
found to be good correlation between the two methods of computing ETo. In this
case, the ETo is calculated using the CROPWAT 8.0 model and its value is
multiplied with crop coefficient to get the actual evapotranspiration.

Crop Coefficient (Kc): this is the ratio of the crop ET. to the reference ET,, and
represents an integration of the effects of four primary characteristics that distinguish
the crop from reference grass i: e Crop height. Albedo of the crop-soil surface,
Canopy resistance, Evaporation from soil, especially exposed soil (Allen, et al.,
1998). In developing the crop coefficients for the growing season, different stages of
crop development were considered; initial stage, development stage, mid-season and
late season stage. Below is a description of the behavioural changes of the crops at
each stage. The figure 2.1 shows the different growth stages. Below is a description

of every stage;

Initial Stage: This starts from germination and early growth when the soil surface is
not or is hardly covered by the crop (groundcover less than10%).

Development Stage: This begins from the end of initial stage to attainment of

effective full groundcover (groundcover approx. 70-80%).
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Mid-season: This begins from attainment of effective full groundcover to time of

start of maturing.

Late Season Stage: This begins from end of mid-season stage until full Maturity

where harvesting is done.

1.4
K 7

1.2 4

0.8 4
0.6
0.4 +

0.2 F

time (days)

‘4—initial— +crop development—+«— mid season ——i«late season+

Figure 2.1: Crop Coefficient (Kc) for a General Crop
2.4 Description of Runoff Occurrence

Surface runoff is the water flow that occurs when excess rainwater or other sources
flow over the Earth's surface and find their way into downstream water bodies. This
occurs because the soil is saturated to full capacity, since precipitation may arrive
more quickly than the soil can absorb it, or because impervious areas send their
runoff to surrounding soil that cannot absorb all of it. This is common in arid areas
where rainfall intensities are high but the soil infiltration capacity is reduced due to
surface sealing or paved areas. This is referred to as infiltration excess overland flow.

There are different processes involved in runoff occurrence as in figure 2.2. These
14
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processes are in most cases affected by climatic and physiographical factors
(Bengtsson & Sept, 2004).

Precipitation

Figure 2.2. Physical Processes Involved in Runoff Generation

The occurrence and quantity of runoff are dependent on the characteristics of a
rainfall event, i.e. the intensity, duration and distribution pattern of any rainfall event
in a particular area. Apart from these rainfall characteristics, there are several
catchment specific factors, which have a direct effect on the occurrence and volume
of runoff (Rodda & Robinson, 2015). Runoff has been a growing issue for lakes and
rivers all over the world. This is because as it moves, it picks up and carries away
natural and human-made pollutants, finally depositing them into watersheds through
lakes, rivers, wetlands. It has caused considerable land degradation in areas which
are prone to erosion. This is contributed by the detachment and transport of soil by

either rainwater or irrigation water through different forms of erosion and deposition
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downstream in water bodies (Calhoun & Seideman, 2005). Increased runoff also
causes nutrient loss from agricultural fields which have become major problems
environmentally and economically in Kenya and globally (Evans, 2002). This has
left most agricultural fields less productive hence threatening agricultural output and
the economy as well. This, in turn, contributes to low income and low livelihoods

among the farmers (Mandel, 2014).

Most of the river basins in Kenya have been affected by such runoff issues since they
get much of their water upstream hence leading to increased sedimentation in the
river basins from their water contributing catchment. Within these water catchments
areas, water resources are properly managed in terms of its quantity and quality. The
water quality is affected by runoff which deposits its load into rivers (Shaver et al.,
2007). A good example is the Upper Tana River catchment which serves the
Ndakaini Dam which is an important water resource to the Kenyan people. Decrease
in water quality and quantity is contributed by the people living upstream leading to
increased sedimentation in the water bodies downstream. This happens after heavy
rains, which causes runoff from agricultural fields containing fertilizer and pesticides
like nitrogen and phosphorus to be washed downstream, into streams, lakes, and
groundwater supplies hence down to rivers. As these pollutants runoff from these
fields, as a result of precipitation or uncontrolled irrigation, they find their way into
rivers and streams that eventually end up in drinking water. These excess nutrients
have the potential to degrade water quality. Water treatment plants have spent
millions of funds in the purchase of chemicals to remove these pollutants from farms,
to make it safe for human consumption (Morgan, 2004). All this has been contributed
by growing rural populations in the upper catchments along with an associated rise in
demand for agricultural land which has encouraged he conversion of forested areas

into small-scale agricultural plots (Baker et al., 2015.)

Instead of this runoff being left to cause erosion and degradation of land, it can be
harvested and utilized. In the semi-arid drought-prone areas where it is already

practiced, water harvesting is a direct productive form of soil and water conservation.
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Both yields and reliability of production can be significantly improved with this
method (Foley, 2019).

2.5.1 Factors Affecting Runoff

2.5.1.1 Rainfall

The intensity, duration and distribution of rainfall are the most common rainfall
characteristics affecting the rate of runoff in a catchment. As the rain continues to fall
on the ground, water reaching the ground surface infiltrates into the soil until the rate
of rainfall intensity exceeds the infiltration capacity of the soil. Thereafter, surface

depression storage is filled, after which runoff is generated (Singh & Sharma, 2002).

5.1.1.2 Soil Type

The integration of the soil matrix in a particular catchment area may facilitate or
hinder infiltration and promote soil losses (Bot et al., 2005). The infiltration capacity
of a certain soil is highly dependent on the porosity of a soil which also determines
the water storage capacity and affects the resistance of water to flow into deeper
layers. Different types of soils with different soil profiles have different infiltration
rates. The highest infiltration capacities are observed in loose, sandy soils while
heavy clay or loamy soils have low infiltration capacities. The infiltration capacity
also depends on the initial moisture content prevailing in the soil at the onset of a
rainstorm. The initial high capacity decreases with time until it reaches a constant
value when soil profile becomes saturated such that it cannot hold any more water
but this is for cases of undisturbed soils. There is usually a close relationship between
the intensity of a rainstorm and the breakdown of soil aggregates. High-intensity
storms have considerable kinetic energy when hitting the soil surface which causes
soil aggregate to break hence soil dispersion which drives fine soil particles into the
upper soil pores. This results in clogging of the pores hence formation of a thin but
dense and compacted layer at the surface which highly reduces the infiltration
capacity. This effect, often known as capping, crusting or sealing, explains why in
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arid and semi-arid areas where rainstorms with high intensities are frequent,
considerable quantities of surface runoff are observed even when the rainfall duration
is short and the rainfall depth is comparatively small. Soils which contain a high
amount of clay or loam (e.g., Loess soils with about 20% clay) are the most prone to
creating a cap with therefore lower capacities of infiltration. On coarse, sandy soils

the capping effect is comparatively small (Vaezi et al., 2010).

2.5.1.3 Land Cover /Land Use

Before any rainfall becomes runoff, it goes through a series of phases in a given
catchment. The rate of runoff in a catchment is influenced by catchment management
practices. Interference with the vegetation cover due to land-use changes exposes the
soil to erosion risks since when the rain falls on the soil it causes detachment and
transport of soil particles. Vegetation, especially in the case of forested and vegetated
areas, plays a significant role in regulating the rate of runoff since it reduces
intensely the impact of raindrops on the soil by interception, the surface water
volume, runoff velocity and peak discharge. The amount of rain lost to interception
storage on the foliage usually depends on the kind of vegetation and its growth stage.
More substantial is the effect the vegetation has on the infiltration capacity of the
soil. A dense vegetation cover shields the soil from the raindrop impact and reduces
the crusting effect hence reduced surface runoff. Besides, the root system as well as
organic matter that drops from vegetated areas on the soil increase the soil porosity
thus allowing more water to infiltrate. Again the roots of plants increase porosity
hence the water infiltrates instead of being carried away. Vegetation also retards the
surface flow particularly on gentle slopes, giving the water more time to infiltrate
and to evaporate hence reducing a catchments contribution to runoff. In conclusion,
an area densely covered with vegetation yields less runoff than bare ground

(Gonzalez Barrios et al., 2001).
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2.5.1.4 Slope and Catchment Size in Relation to Runoff

The size, shape and location of the catchment determine the rate and quantity of
runoff in a particular catchment. Generally, more rainfall on smaller area results to
greater runoff but there is less runoff in larger catchments due to uniform rainfall
distribution over the entire area, thus only a few tributaries of the stream feed water
to the mainstream during a particular storm. Again on the same catchment, the
quantity of runoff decreases with increasing slope length. This is majorly due to
lower flow velocities and subsequently a longer time needed for a drop of water to
reach the outlet of a catchment from the most remote location in the catchment. This
means that the water is exposed for long hours to infiltration and evaporation before
it reaches the measuring point. Therefore runoff efficiency defined as the volume of
runoff per unit area usually increases with the decreasing size of the catchment i.e.
the larger the size of the catchment the larger the time of concentration and the

smaller the runoff efficiency (Al- Jabari et al., 2009).

2.6 Runoff Coefficients

The runoff coefficient (C) has no dimensions and relates the amount of runoff to the
amount of precipitation received in a given catchment. It is important for flood
control channel construction and for possible flood zone hazard delineation. A high
runoff coefficient (C) value may indicate flash flooding areas during storms as water
moves fast overland on its way to a river channel or a valley floor. It is usually a
larger value for areas with low infiltration and high runoff (pavement, steep
gradient), and lower for permeable, well-vegetated areas (Jolley et al., 2017). Apart
from the factors that influence the rate of runoff from rainfall, the physical conditions
of the specific catchment should be considered. This is because different catchments
have different characteristics. Each catchment will, therefore, respond differently in
terms of runoff to different rainstorm events. The design of any water harvesting
facility requires knowledge of the runoff estimation and quantification to be
produced by rainstorms in a given catchment area. It is always assumed that the

quantity or volume of runoff is a percentage of the rainfall depth (Shaver et al.,
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2007). The coefficient of runoff is measured by determining the soil type, gradient,
permeability and land use of the particular catchment under consideration. The table

2.1 shows the different ranges of runoff Coefficients for each type of ground cover.

Table 2.1: Rational Method Runoff Coefficients

Ground Cover Runoff Coefficient, ¢
Lawns 0.05-0.35
Forest 0.05-0.25
Cultivated land 0.08-0.41
Meadow 0.1-05
Parks, cemeteries 0.1-0.25
Unimproved areas 0.1-0.3
Pasture 0.12 - 0.62
Residential areas 0.3-0.75
Business areas 0.5-0.95
Industrial areas 05-0.9
Asphalt streets 0.7-0.95
Brick streets 0.7-0.85

2.7 Runoff Assessment and Modelling

Assessment of surface runoff is of great significance in areas dealing with
hydrological issues. Surface runoff is a significant factor affecting the development
and progress of floods, soil erosion, and other hydrological hazards (Magar &
Jothiprakash, 2012). Catchment conditions will impact the proportion of rain or snow
that becomes runoff. Generally, estimates of peak rate of runoff, runoff volume, and
the time distribution of flow provide a basis for all planning, design, and construction
of drainage facilities (UDFCD, 2007).

Research on the estimation of runoff from watersheds, catchments and other water

contributing features has been intensively carried out all over the world. Several
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studies that have research on runoff estimation using different models include; A
study by Pandey et al., in 2003 estimated runoff for agricultural watershed using Soil
Conservation Service — Curve Number (SCS - CN) and Geographic Information
System (GIS) in Hazaribagh district of Jharkhand State where it involved various
types of information related to Hydrologic soil Group, vegetation and antecedent
moisture condition of the watershed. The SCS model output in this study was
validated by comparing estimated runoff with measured runoff for four selected
events. Another study by Asmita et.al, in 2014 on analysis of rainfall-runoff for an
agricultural watershed area in Hinganghat District. This was meant to do a
comparison of observed runoff with SCS Model, Modified SCS Model and Mockus
Model. From the study, it was found out that the runoff calculated using SCS-CN
model is very low as compared to the other models hence use of several catchments
was recommended to increase model efficiency. From the analysis, the SCS-CN
model emerged the best for this catchment area. Khopade & Oak, 2014 did research
on estimation of runoff yield for Nira Deoghar Catchment using different empirical
equations. In this study, rainfall-runoff studies were carried out by using various
rainfall-runoff empirical formulae. During the study, an investigation of the
appropriateness of 9 runoff estimation methods that are widely used in Indian
hydrology was done for Nira Deoghar catchment and the models were evaluated
using available rainfall-runoff relationships of the adjacent Dhom dam and
downstream Veer dam. It was found out that there were significant deviations
between the measured and calculated yields for the catchment. Ahmad, Verma, &
Verma (2015) researched on the application of the Curve Number Method for
estimation of Runoff Potential in GIS Environment. These findings show that GIS-
based Curve Number method with remote sensing can be used to estimate runoff in
river basins having the same hydrological characteristics. The study also revealed
that the SCS-CN method with GIS can be used planning of land use issues and

watershed management.

Silva and Oliveira carried out research on runoff measurement and prediction for a

watershed under natural vegetation in central Brazil (Silva & Oliveira, 1999). The
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study involved measurement and analysis of total rainfall (P), rainfall intensity and
five-day antecedent rainfall effects on runoff (R); comparison of measured and
simulated runoff values using the Soil Conservation Service Curve Number method
(CN) for each rainfall event: establishing average runoff/precipitation ratios for
observed runoff values. The findings were that watershed physical characteristics
favoured water infiltration into the soil and that CN method should be carefully used
in areas where natural vegetation has grown. (Arvind, 2017) did a research study on
geospatial technique for runoff estimation based on SCS-CN Method in Upper South
Koel River Basin of Jharkhand in India. This study was carried out using the SCS-
CN technique for run-off computation using geo-informatics. The study recommends
that runoff harvesting to be done and structure construction such as farm ponds for

proper water management.

In Kenya, research on runoff estimation has been carried out by different researchers.
A recent study by Kimeli (2017) was carried out on the application of GIS for
estimation of water runoff volume in water collection sites. In this study, estimation
of floodwaters by SCS-CN method using GIS was carried out using land use map,
hydrologic soil groups, daily rainfall data and digital elevation model (DEM). This
study was carried out at the Northern Collector water tunnel to investigate the impact
of land-use changes on the rate of runoff as well as the determination of the
relationship between the amount of rainfall and the resultant runoff and applicability
of SCS-CN model in Kenya. The study revealed that insignificant changes in land

use results to very slow rate of runoff.

Most studies on runoff estimation are limited to runoff estimation from the entire
catchment which gives the values of runoff against the available rainfall. Most of
don’t consider the use of the available runoff through runoff harvesting from the

specific land use in the catchment area.
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2.8 Runoff Estimation Models

There are a series of methods and models that have been developed and used by most
of the researchers of scientific organizations throughout the world to determine the
amount of water that runs off a surface. In addition to some of the observations that
are made while in the field, the use of computer models and simulations are
alternatives to estimate runoff. These are useful for extrapolating the observed runoff
data records by applying it on the history of rainfall data. Mathematical models are
also used for modelling the real process of runoff under normal circumstances.
Runoff estimation is done depending on the purpose, data availability and type of
runoff result desired. Some of the methods are linear and multiple linear regression
models, unit hydrograph method, rational method and hydrological models (Wagener
etal., 2004).

2.8.1 Rational Method

The Rational equation is a method to determine peak discharge from drainage basin
runoff. It is a simple method for determination of a discharge from a small
watershed. It is acceptable for drainage areas less than 100 acres when only peak
flow rates are needed. This equation was developed by Kuichling in 1889 for small

drainages in urban centers.
It is given by the following equation;

Q = CiA/360 (2.6)

Where,

Q =Peak rate of runoff, m%/sec;
I =Intensity of rainfall, mm/s.

C = runoff coefficient
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A =Area of the catchment, m?

Runoff coefficient (C) is usually a function of the soil type and drainage basin slope.
The rainfall intensity (1) is generated from Intensity/Duration/Frequency curves for
rainfall events in the geographical region of interest. The duration is equivalent to
concentration time of the area of drainage. The frequency of the storm is stated by
local authorities depending on the impact of the storm development. A storm
frequency of 10-yr, 30-yr, 50-yr, or even 100-yr may be specified.

The assumptions made in this method include; the computed maximum rate of runoff
to the design point is a function of the average rainfall rate during the time of
concentration to that point, the depth of rainfall used is one that occurs from the start
of the storm to the time of concentration, and the design rainfall depth during that
time period is converted to the average rainfall intensity for that period and the
maximum runoff rate occurs when the entire area is contributing flow. On the other

hand, the limitations of the rational method are;

Despite its adequacy in the approximation of the peak flow rate and total volume of
runoff from a design rainstorm in a given catchment, this method provides only one
point on the runoff hydrograph. It overestimates the actual flow in complex
catchment areas which results in oversizing of drainage facilities. It also provides no
direct information needed to route hydrographs through the drainage facilities. The
reason why the Rational Method is limited to small catchment is that good design
practice requires the routing of hydrographs for larger catchments to achieve an
economic design. Another limitation is that in cases of under-designed systems the
rational method must be modified for it to fit for use, unlike other models which can
still be used without any big errors. For example in systems designed minor storm
and one wishes to analyze the effects of a major storm (UDFCD, 2007). Due to the

above limitations, this method is unsuitable for this research study.
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2.8.2 SCS - Curve Number Model

The SCS - CN method relates a calculated runoff curve number (CN) to runoff,
accounting for initial abstraction losses and infiltration rates of soils. It is a simple
empirical method for estimating the quantity of rainwater available in a given
catchment for runoff (USDA, 1986). It entails the use of an empirical equation to
make estimates of runoff depth that occurs after a rainfall event. The SCS -CN
method, is naturally well-known for small agricultural watersheds. Analysis of storm
rainfall events and runoff records indicates that there is a threshold that must be
exceeded before runoff occurs. The rainstorm must satisfy interception, depression
storage, and infiltration volume before the onset of runoff. The part of precipitation
which is required to satisfy the above volumes is referred to as initial abstraction.
Additional losses will occur as infiltration after runoff begins, whereas accumulated
infiltration increases with rainfall up to some maximum retention amount. Runoff

also increases with rainfall (Shadeed & Almasri, 2010).

2.9 Rainwater Harvesting

Rain water harvesting can be defined as a method for collecting, storing and
conserving either local surface runoff from a catchment or water from rooftops in
suitable water storage facility for agriculture. According to Athavale (2003)
rainwater harvesting is the collection and storage of natural precipitation and also
other activities aimed at harvesting surface and groundwater, prevention of losses
through evaporation and seepage and all other hydrological studies and engineering
interventions which is aimed at conservation and efficient utilization of the limited
water endowment of a physiographic unit, such as watershed. All over the world,
rainwater harvesting systems have been used for many years especially for the areas
where the water supply has been limited by climate or infrastructure. Hygienic and
dependable water supplies are significant for the industry, agriculture, and energy
production. Yet the world's water systems face formidable threats. More than a
billion people currently live in water-scarce regions, and as many as 3.5 billion could

experience water scarcity by 2025 (Molden et al., 2007). Harvesting rainwater where
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and when it falls presents opportunities to address water scarcity through water
storage in small dams, ponds and other water conservation structures. The potential
of water harvesting for improved crop production received great attention close to 40
years ago due to the impact of widespread droughts in Africa which left a track
record of crop failures and hence a serious threat to human and livestock life.
Consequently, several water harvesting projects were set up in Sub-Sahara Africa to
address this issue (Hatibu & Mahoo, 1999).

2.10 Design of Water Storage Ponds

The basic standards of any design is to produce an acceptable functional structure at
the minimum cost possible. The importance of proper designs, construction and the
need for involvement of experts during the process of construction of farm ponds
cannot be assumed (Pandey, et al., 2021).The design and construction of farm ponds
require a systematic knowledge of the site conditions and requirements which
includes determination of capacity, its location, utilization plan and shape and size
(Stephens, 2010). Some of the features for the design area shown in figure 2.3.
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Figure 2.3: Design Features of a Farm Pond
2.10.1 Site Selection

Appropriate site selection is important, and preliminary studies are needed before
finalizing the design and construction since this determines the success of any farm
pond. Before any farm pond is constructed, the retention capacity of the soil on site
and its fertility has to be considered since they are influential to the response of
organic and inorganic fertilization round the farm pond. There should be adequate
supply of water to ensure that the pond fills up. The pond construction has to be
based on the topographic area where a suitable site for a farm pond should consider
landscape structure and a site relationship to associated ecological functions and
values. If any site is found to be feasible then one should consider numerous
locations, make a keen study of each of the sites in order to decide which is the most

appropriate in terms of ecological location for a long-lasting farm pond. All onsite
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and offsite benefits and consequences of the pond’s location should also be
considered (Panigrahi, 2011).

Farm pond sites should be also be free from pollution, industrial waste, domestic
waste and any other harmful activities to avoid contamination since the water is to be
used for crop and animal life. In selection of site for a farm pond, ecological factors

should be a major consideration. (Van et al., 2021)
2.10.2 Determination of the Capacity of the Pond

Several methods have been adopted for determination of the capacity of farm ponds
which depends on the shape either rectangular, square or round shaped. This renders
most of the results obtained to be approximations since the pond side measurements
are not vertical. The capacity is always calculated in cubic meters.The capacity of
the pond can be determined from a contour survey of the site at which the pond is to
be located. From the contour plan of the site the capacity is calculated for different
stages using the trapezoidal or Simpson’s rule. For this purpose, the area enclosed by

each contour is measured using a planimeter (Reddy et al., 2012).

According to the trapezoidal rule, as discussed by Waller and Yitayew in (2016) the

volume V between two contours at an interval H and having areas A and A2 is given

by;

V= — (A T4A;y) 2.7)

Using Simpson’s rule the volume between any odd numbers of contours is given;

V = = [Twicethearea of odd contours + 4 ( aveaof even contours + Area of the firstand last contour:

(2.8)

Where V is the volume in cubic metres representing the farm pond capacity.
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2.10.3 Design of the Embankment

According to Pandey et al. (2021), the design of the embankment for the farm pond
follows different aspects which should be put into consideration. These include;
foundation conditions and cross section. The foundation of the embankment should
be stable enough and resistant to any amount of water passing on its base. In
addition, the subsoil conditions at the proposed site should be properly studied. The
materials for the foundation should be good enough to provide both stability and
imperviousness. A mixture of coarse and fine textured soils like gravel-sand-clay
mixtures, gravel- sand-silt mixtures, sand-clay mixtures and sand-silt mixtures will
be good foundation materials. The cross-section design usually depends on the nature
of material used in the foundation as well as the fill material on site. If the material is
porous, a cutoff trench should be in place to provide seepage control and should be

joined up by an impervious soil stratum.

2.10.4 Provision for Seepage Control from the Bottom

Seepage control is a means of controlling the amount of water leaching through the
soil. Seepage losses occur through the floor of the reservoir area, and beneath or
through the embankment walls. The seepage is a function of the hydraulic head, soil
properties, and the embankment design and construction techniques. To control
seepage losses there are various techniques in place by different water structure
designers (Panigrahi, 2011). These can be broadly categorized into; (i) reducing
wetted surface area of the pond and (ii) using a cost effective sealant. Seepage-
control method is usually selected depending on the combination of hydrogeological
conditions, canal extension, soil filtration characteristics, size of required
enhancement of losses and presence of locally available material. Accepted seepage-

control measures are to be substantiated by feasibility study (Chen et al., 2012).
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Study Area

Figure 3.1 shows the study area where the research was carried out. The study
focused on Maragua watershed of Murang’a County in Kenya. The watershed has an
area of 420 km? and lies within the Upper Tana catchment and situated between 0°
37' 12”7 to 0° 50" 0" S latitude and 36° 42' 0" to 37° 9' 0"E longitude. Maragua
watershed originates from the Aberdare ranges and flows from the west towards the
East with an altitude ranging from 1191 m to 3769 m. The watershed traverses
Kigumo, Kiharu, Maragua, and Kahuro sub-counties in Murang’a County (Muema et
al., 2018).

Maragua Watershed

Study micro-watersheds '

Kamborwa A

vvvvv

0051t 2 3 K
R ometers

Figure 3.1: Study area: Maragua Watershed showing the Study Micro-
Watersheds
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Maragua watershed receives a bimodal type of rainfall. The long rains occur between
March and June while the short rains occur between October and December with an
average annual rainfall of 700mm-1300mm. Temperatures range from less than 10
°C in the uplands to 27 "C in the semi-humid zone. Maragua is found on the eastern
part of Murang'a County and receive less rain and crop production requires irrigation.
The higher part of the watershed such as the slopes of the Aberdare ranges is
dominated by volcanic ash soils (Andosols). Nitosols are mainly found in the middle
and lower parts of the catchment with few patches of fluvisols, cambisols and
vertisols (Wilschut, 2010).

3.2 Data Collection Tools and Software

Tables 3.1 & 3.2 shows the tools and equipment, data and their sources respectively
required for the study which includes; ArcGIS 10.1 software, AutoCAD 2019 and a
laptop for collecting and analysis of data. DEM data of 15m x 15m resolution
obtained from the United States Geological Survey (USGS) website was utilized for
delineation of rivers within the watershed. The Sentinel-2A satellite imagery
downloaded from the USGS website was used to prepare the land use/cover (LULC)
maps of the catchment area. Soil data was obtained from analysis of samples

obtained from field as well as from ISRIC website.

Table 3.1: Data Collection Equipment and their Uses

Equipment/software Purpose

ArcGIS 10.1 software Develop and create different layers and maps

Sentinel - 2A Imagery ~ Creating LU map of the Catchment area

AutoCAD 2019 Creating technical drawings of the farm pond
Laptop Collecting, analysis of data and thesis writing
CropWAT For calculation of crop water requirement
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Table 3.2: Data and their Uses

Data type Source

Precipitation data Kenya Meteorological Department — Kangema
station

Sentinel 2A Images https://www.earthexplorer.usgs.gov/

Soil sample data Field measurements and laboratory analysis

Aster DEM data https://www.earthexplorer.usgs.gov

3.3 Delineation of the Study Site

Delineation was achieved using the application of ArcGIS 10.1. At first, the DEM
and clip to the study area was downloaded from the USGS Earth Explorer website as
a raster data (.tiff file) and at a resolution of 30m. It was then loaded in ArcGIS 10.1
and taken through the process of delineation to create watersheds as follows; using
the hydrology tools in the spatial analyst tools of the Arc toolbox, the DEM was
filled using the fill tool. This was followed by the flow direction tool and the filled
DEM as input in order to obtain a flow direction raster. The flow accumulation tool
was then used with the flow direction raster as input to obtain a flow accumulation
raster. The basin tool was used to create watersheds using flow direction as input.
The obtained output was converted to polygons using raster to polygon tool. The
watershed was selected and clipped out. Finally, flow accumulation was used to

create streams using the raster calculator.

3.4 Creating of Micro-watersheds for the Study Farms

The coordinates for the study farms were taken using a GPS Garmin and loaded into
ArcGIS 10.1. A 30m x 30m resolution DEM was clipped to cover an area around the
study sites and watershed delineation process repeated on a smaller scale. The output
of the micro watersheds are presented in the next chapter of results and discussion.
The three micro watersheds under study are Gituamba, Kambirwa and Maragua

ridge.
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3.5 Determination of Crop Water Requirement

The CWR was determined by use of FAO-CROPWAT model applying the
appropriate procedures described by FAO (2008). Data requirements for the model
included: crop data which included the respective planting and harvesting dates, Kc,
growth stages, critical depletion and yield response factor. Soil data including Total
Available Water (TAW), maximum infiltration rate, maximum rooting depth and
initial soil moisture depletion and finally climate data which required total monthly
precipitation (P) and monthly average maximum and minimum temperature, Wind
speed, radiation and sunshine hours. The soil and crop data were collected from the
field where the particular crops under observation were grown. Crop coefficient
values (Kc) were taken from the already published data from the FAO drainage paper
56. Kc values for initial, mid and late growth stages of the specific crops under study

were utilized.

In this research study, the Penman-Monteith method was used for determination of
crop water requirement with CropWAT since it offers the best results with a
minimum possible error of plus or minus 10 % in summer, and up to 20 % under low
evaporative conditions. The Pan method can be graded next with a possible error of
15 %, depending on the location of the pan. The Radiation method, in extreme
conditions, involves a possible error of up to 20 % in summer. The Blaney-Criddle
method is only useful where for periods of one month; in humid, windy, mid-Ilatitude
winter condition have been considered (Allen & FAO-UN, 1998).

3.5.1 Meteorological Data

The respective meteorological data was collected from the Kenya meteorological
station at Upper Tana station at Kangema in Murang’a County. The data used for
ETo computation was minimum and maximum temperatures (°C), wind speed in km
per day, the relative humidity in %, sunshine hours and the physical data such as
altitude, latitude and longitude. The climatic data was then adjusted into the format

accepted by CROPWAT 8.0. The rainfall data collection was obtained from rainfall
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records of 10 years (2008 - 2018) were used to allow for a calculation of effective

rainfall in the model.
3.5.2 Crop Data

The data for growth stages for the crops studied and their cropping patterns was
obtained by means of a local survey conducted on the farms. The crops which were
observed in the field mainly grown were tomatoes (Solanum lycopersicum), Sweet
pepper (Capsicum annuum) and garden peas (Pisum sativum). Field observations,
interviews with farmers were used to aid in the assessment of the existing cropping
patterns of the crops. This was achieved by recording planting dates and carefully
monitoring the different stages of development up to the harvesting date for the three
selected crops. The stages monitored were initial stage, development stage, mid-
season stage and late season stage. This was done by observing the changes at every
stage and recorded together with the number of days taken to reach a certain growth

stage. The different stages of growth are as given in figures 3.2, 3.3, 3.4, 3.5, 3.6 and

3.7 for Garden pea, tomato and sweet paper respectively.

Figure 3.2: Garden Pea in the Field at 45 Days
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Figure 3.3: Garden Pea in the Field at Maturity

Figure 3.4: Tomato in the Field at 35 days

35



Figure 3.6: Sweet Pepper in the Field at 45 days
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Figure 3.7: Sweet Pepper in the Field at Maturity

3.5.3 Soil Data

The data utilized on the soil characteristics was acquired through laboratory soil
analysis done on the soil samples collected from the three study sites. The soil
samples were collected using a soil auger. The samples were analysed at National
Agricultural Research Laboratories (NARL) in Kabete. The analysed outputs were
soil texture, bulk density, and total available water were then used as inputs into the
CROPWAT 8.0 program, and saved.

a. Dry Soil Bulk Density

The dry bulk density has been estimated as follows; the soil was dried in the oven
and left to cool down. The sample was then poured in to a plastic cylinder. The
cylinder was then allowed to drop from a height of 5-30 cm. The volume was then
read and weighed to determine the weight of the soil. The weight of the soil divided
by the volume gave the bulk density.
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b. Soil Texture Bouyoucos Hydrometer Method

The soil texture was determined as follows; 50g of oven-dry at 40° C soil sample (<
2 mm) was weighed and transferred into a 500-ml plastic shaking bottle. The 300 ml
of distilled water and 50 ml of dispersion agent (calgon) were added and shaken
overnight. After shaking the soil suspension was transferred into a sedimentation
cylinder and toped up to the 1 L mark. It was then mixed thoroughly with a plunger
to bring the soil particles into suspension. The temperature of the suspension was
observed and recorded. A hydrometer was then lowered into the solution and a
reading taken and recorded 40 seconds after stirring ceased. After a duration of 2
hours a second reading was taken. The first hydrometer reading gave the percentage
for silt and clay. The second reading gave the density of clay particles, silt and sand

calculated as in equation 3.1.

UhSand = 100 — % (silt and clay) (3.1)

After getting the percentage sand, silt and clay a textural classification chart was

used to classify the soil as in figure 3.8.

sandy

clay

Figure 3.8: Soil Textural Classification Chart
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3.6 Estimation of Runoff Depth

Runoff was estimated from selected agricultural fields using the Soil Conservation
Service — curve number (SCS-CN) model which is the Curve Number Method. This
method was preferred to other methods because it can be applied to catchments of
different sizes up to over 100 acres. Again, it was preferred due to its simplicity and
fewer demands in data requirements (Kimeli, 2017). The requirements for this
method are the rainfall amount and curve number. This method was developed by the
Soil Conservation Service to estimate quantities of runoff generated from rainfall
based on easily obtainable catchment characteristics. The flow chart in figure 3.9
shows the step by step methodology that was used to obtain the runoff depth from

raw data.
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Figure 3.9: Runoff Depth using SCS-CN Method
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3.6.1 Soil Conservation Service -Curve Number Method

SCS- CN model is one of the most current methods used in computation of runoff
depth from a rainfall occurrence. It is a popular method since it is simple, easy to
understand and apply, and stable, and accounts for most of the runoff producing
watershed characteristics, such as soil type, land use, hydrologic condition, and
antecedent moisture condition. The SCS-CN method was originally developed for its
use on small agricultural watersheds and has since been extended and applied to
rural, forest and urban watersheds. Since the inception of the method, it has been
applied to a wide range of environments (Mishra & Singh, 2003; Singh, 2002). The
CN model was used in obtaining the runoff depth the three study farms. The
fundamental concept in this method is that the ratio of actual infiltration (F) to the
potential maximum retention (S) is equal to the ratio of direct runoff (Q) to rainfall
(P) minus initial abstraction (la). Potential runoff is equal to rainfall minus initial

abstraction (Mishra and Singh, 2004). The interpretation is as below;

o _F
P_1, = 5 (3.2)
Iﬂ,= AS (3.3)

In the CN method, the runoff depth (Q) is dependent on several parameters,
including the amount of rainfall (P), the potential maximum soil retention (S), F the
actual infiltration and the initial abstraction (l2), 4 is initial abstraction parameter.The
maximum soil retention (S) is related to the physical characteristics of the soil. The
curve number was determined, based on analysis of natural rainfall and runoff
records, and that runoff does not begin immediately after rainfall starts, but only
begins to occur after some amount of rainfall has penetrated the ground over a

certain period. This delayed onset of runoff is a result of interception, infiltration,
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and surface storage of rainfall, and is termed the initial abstraction by the SCS. The

equation used for calculating the runoff depth, Q is:

0 = (P-1,)?

= i (34)

Since |, the initial abstraction, through studies of many agricultural catchments, is
approximated by empirical equations such as la = 0.2S (for a Kenya condition) then
Eq. 3.5 becomes;

(P—0.2 5)°
[P+ 0.85)

Q= (3.5)

Where,
Q = Runoff depth, mm,
P = Rainfall, mm
S = the potential maximum retention after runoff begins (millimetres)

P is a measurable quantity and can, therefore, be obtained but S is a variable that is
hard to determine. Therefore variable S, which varies with antecedent soil moisture
and other variables and can be estimated as;

25400
cN

5=

— 254 (3.6)

Where CN = Curve Number

CN is a dimensionless catchment parameter ranging from 0 to 100. A CN of 100

represents a limiting condition of a perfectly impermeable catchment with zero

retention, in which all rainfall becomes runoff. A CN of zero conceptually represents
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the other extreme, with the catchment abstracting all rainfall and with no runoff
regardless of the rainfall amount (Shadeed & Almasri, 2010). The runoff curve
number was calculated based on the area's hydrologic soil group, land use/land
cover, and hydrological condition. The Curve number is calculated in ArcGIS
through the union processing attributes combined to one of the lands and
Hydrological soil groups. (Using the Union tool in Arc Toolbox available under
Analysis Tools —Overlay. Browse the soil clip and landuse_poly as input features,
name the output feature class as “soil lu” in the same geodatabase, leave the default

options, and click OK).

3.6.2 Soil Data

The soil data required included; Soil texture and soil depth to bedrock. Soil files were
downloaded from the soil grids site by International Soil Reference and Information
Centre (ISRIC) at a resolution of 250m. Soil texture global layers were downloaded
up to a 1-meter depth. The layers were; Layer 1 at the soil surface, Layer 2 at 5cm
depth, Layer 3 at 15 cm depth, Layer 4 at 30 cm depth, Later 5 at 60 cm depth, Layer
6 at 100cm depth. The layers were averaged using numerical integration
methodology provided by Hengl et al., (2017) to create one GIS raster layer of
texture of up to a depth of 1m. The different types of soil textures were defined and
classified under the different hydrologic soil groups where; Group A was a group of
the soils of high infiltration rate and having low runoff potential when they are
completely wet, Group B are soils with moderate infiltration rate and low runoff
potential when completely wet, Group C are soils with low infiltration rate and
moderately high runoff when completely wet and finally Group D have low
infiltration rate and high runoff where they have low water conveyance. The output

is then represented under results and discussions.

3.6.3 Land Use/ Land Cover

Satellite imagery was downloaded from earth explorer from sentinel-2. The images

were merged in ArcGIS to create composite bands by merging band 2, 3, 4 and 8.
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These were taken through supervised image classification using the image
classification tool in ArcGIS spatial analyst extension to create a land use map with
the following classes; cropland, water, built-up areas, tree cover/forests and bare

areas.

3.6.4 Merging the Soil and Land Use Data

The Union tool in Arc toolbox under Analysis tools Overlay was used. The soil and
land use data sets were used as inputs and the output feature was named as soil_lu.
This was done for the three micro-watersheds to obtain the soil_lu unions for the

three micro-watersheds which was now used to generate the curve numbers.

3.6.5 Creating CN Look-up Table

The table named “CN Look Up” was created by going through the ArcCatalog, then
selecting Data Management Tools—Table—Create Table. The following fields were

then created on the table;

e LU Value (type: short integer)
e Description (type: text)

e A (type: short integer)

e B (type: short integer)

e C (type: short integer)

e D (type: short integer)

The newly created table for the three sub watersheds was then edited and populated
as presented in table 3.3, 3.4 and 3.5. The three tables show the soil type

classification and curve number as a function of land use and hydrologic soil group.

The curve numbers for corresponding soil groups for each land use category
(LU _Value) is clearly shown on the same tables which were obtained from SCS
TR55 (1986).
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Table 3.3: Runoff Curve Numbers for Hydrologic Cover Complex (AMC
I, la=0.2s), SCS TR55, 1986 Maragua Ridge Micro Watershed

Class Treatment Hydrologic A B C D
condition
Crop land Row crops: Poor 69 78 83 87

Contoured and crop

residue cover
Built-up  Newly graded areas - (pervious areas 77 86 91 94
areas only, no vegetation)

Table 3.4: Runoff Curve Numbers for Hydrologic Cover Complex (AMC
I, la=0.25) SCS TR55, 1986 Kambirwa micro watershed

Class Treatment Hydrologic A B C D
condition
Water 100 100 100 100
Crop land  Straight Good 63 75 83 87
row
Built-up  Newly graded areas - (pervious 77 86 91 94
areas areas only, no vegetation)

Table 3.5: Runoff Curve Numbers for Hydrologic Cover Complex (AMC
I, la=0.2s5) SCS TR55, 1986 _ Gituamba micro-watershed

Class Treatment Hydrologic A B C D
condition
Crop land Contoured Poor 67 78 85 89
and crop
residue
Built-up  Newly graded areas - 77 86 91 94
areas (pervious areas only, no

vegetation)
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3.6.6 Creating CN Grid

The HEC-GeoHMS Project View toolbar was first activated on the software. Since
HEC-GeoHMS uses the merged feature class (soil_lu) and the lookup table
(CNLookUp) to create the curve number grid, then format and the field names that
were used in creating the CNLookUp table were made consistent with HEC-
GeoHMS. A field in the merged feature class 10 (soil lu) named “LandUse” that had
land use category information to link it to CNLookUp table was created. This was
done by clicking on Utility on the HEC-GeoHMS Project View toolbar then generate
CNGrid.

3.7 Estimation of Runoff Depth using Parameters for SCS Model

3.7.1 Rainfall Data

The estimation of runoff requires precipitation data that is normally obtained from
the Kenya Meteorological Department within the watershed. In this study, daily
precipitation data that was collected within the watershed was utilized since the
antecedent moisture condition of the soil can only be computed using precipitation of

5 days successively preceding a storm.

3.7.2 Runoff Depth and Antecedent Moisture Condition (AMC)

The runoff depth was estimated using the SCS_CN model where the equations 3.3 -
3.7 were utilized. This model utilize runoff producing capability which is normally
expressed as a numeric value known as the Curve Number varying between 0-100.
The CN values were assigned based on the AMC which represents a five — day
precipitation. The potential maximum retention (S) was then computed using
equation 3.7 and the initial abstraction which represents surface storage, interception

by canopy and infiltration was computed using equation 3.4.
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3.7.3 Runoff VVolume Calculation

The runoff depth obtained above was converted to runoff volume. The area of the
particular land classes under the three study farms were then multiplied by the
obtained values of runoff depth to obtain the resultant volume of excess water that

passes through the pour point of each of the study farms after any precipitation.

3.8 Design Guidelines for Farm Ponds

The design of the pond had the following considerations;

The water demand for crops, evaporation losses and seepage losses; silting allowance
which was taken as 10 % of the storage, the size of the catchment area draining into
the pond and the expected volume of runoff water from the catchment, the area
available for constructing the pond and the soil type. Evaporation and seepage losses
were calculated using formulas given from the practice manual from the ministry of

water and irrigation (Lindgvist, 2005).

3.8.1 Design of the Water Storage Facility

The proposed farm ponds were designed to be dug out in the study area after the
provision of design parameters. Figure 3.10 shows one of the farm ponds that was
observed during data collection within the watershed. Among the large water storage
facilities, farm ponds were chosen as opposed to dams and water pans due to the size
of land for the small scale farmers. The practice manual provided by ministry of
water in (2015) describes design procedures and provides minimum requirements for
planning, design and construction of small dams, pans and other water conservation
structures. The technical drawings were created using AutoCAD 2019 software. The
key data collected include the project location, pour points of the catchment area,
crops grown in the area, water sources, climatic data and soils type in each of the

sites.
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Figure 3.10: Types of Farm Ponds in Maragua
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3.8.2 Storage Capacity

The storage capacity of the farm ponds was depended on the runoff volume with
runoff from the immediate area. This was calculated from the all water demand
within the area and the total losses.

For technical drawings of the storage facility, Auto CAD 2019 software was used. It
included the following; shape of the pond, inlet channel cross-section, outlet channel
cross-section and cross-section (pond and silt trap). The figure 3.11 gives the details

of the design for the farm pond.
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Figure 3.11: Layout of a Farm Pond (MWI, 2015)

3.8.3 Total Water Storage Requirement

The total water storage required for each farm pond was calculated on the basis of
runoff obtained from catchment area. This was also based on the capacity to meet the
crop water demand for the dry period even after the rains elapsed. Some of the
factors taken into consideration were evaporation and seepage loss. Evaporation loss

that can remove up to 2.5 m depth of water per year from an open reservoir in a hot
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climate, although for a good estimate of this loss, the evaporation rate in the specific
location and the surface area of water must be known and seepage loss which should
be estimated because reservoirs are built on different types of soil which have

different degrees of seepage.
3.8.4 Shape of Pond

Excavated farm ponds are normally of three shapes, including; square, rectangular
and inverted cone shapes. However, any curve shape brings a lot of difficulties in
construction as well as lining, either square or rectangular ponds are normally
adopted. Inverted cone ponds with circular cross section are theoretically cheaper,

but difficult to construct and manage.

For the case of the study sites considered in Maragua watershed, Rectangular shaped
ponds were proposed and designed to be adopted by farmers. This is because they are
more economical especially if they are to be lined to reduce seepage and percolation
losses (Lindgvist, 2005). Based on the pond shape, the total amount of required water
was calculated, then the farm pond storage capacity that will cater for an evaporation

loss and seepage loss was therefore, determined.
3.8.5 Evaporation Losses

Evaporation losses are estimated from the prospective area of the farm pond based on
this equation from the practice manual for small dams (MWI (2015) which gives

mmaximum daily evaporation loss estimated using Equation 3.7 as;

E,, =Amax=*=Eg, = 10 (3.7)

Where: Evol = Maximum evaporative losses [m®/day]

Amax = Maximum pond surface area [ha]
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E, = Open water evaporation [mm/day] as defined by the average over

the dry season months
3.8.6 Seepage Losses

Seepage losses are likely to occur through the floor of the area of the pond, and
beneath or through the embankment. They are calculated using hydraulic head, soil
properties, and embankment design and construction techniques. Table 3.6 provides
hydraulic conductivity values for different soil conditions. Maximum daily seepage
losses were approximated using Equation 3.8 which assumes a unit hydraulic
gradient and uses the surface area rather than the wetted surface area.

Table 3.6: Hydraulic Conductivity

Soil conditions Hydraulic Conductivity (m/s)

Lower limit Upper limit
Permeable 2*107 2*101
Semi-Permeable 1*101 1*10°
Impermeable 1*101 5*107

Source: Practice manual for small dams, pans and other storage structures, 2" ed.,
2015

Spo1 = K # Amax * 86400 (3.8)

Where;

Svol = Maximum seepage losses [m*/day]
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K = Hydraulic Conductivity [m/s]

Amax = Maximum pond surface area [ha]

3.8.7 Total Water Demand

Total water demand is the total water required to meet the water needs of the crops in
the planted area. In Maragua and specifically the three study areas, the water demand
was calculated as the summation of irrigation, evaporation and seepage losses in the

three respective sites as shown in equation 3.9

TWD=IR+ET+S (3.9)

Where,

TWD is the total amount of water required to meets the water demand

IR is the irrigation requirement

E is the demand due to evaporation

S is the water demand due to seepage loss

3.8.8 Estimation of Dead Storage

The dead storage requirement is a function of the expected volume of sediments and
the need for permanent water within the reservoir, for fish keeping or other
ecological factors. The dead storage forms part of the storage volumes of the
reservoir. It is usually estimated as 5 % of total water demand while the storage

capacity is the sum of total water demand plus the dead storage.
Dead storage = 5 % of Total water demand

This value of dead storage was added to the total water demand to get the storage
capacity.
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3.8.9 Spill Way Design Considerations for the Spillway

The spillway should be designed in such a way that it can safely dispose the excess
water during the worst design flood without damaging the embankment structure.
The determination of the spillway discharge capacity was calculated using the

equation 3.10 of continuity of flow as flows;

Q=VA (3.10)
3
Where, Q = Flow (discharge) m /s

2
A= cross sectional area of the spillway (m )
V= average velocity of flow (m/s)

The above equation is used together with the Manning’s formula given below.

Manning’s formula;

R:"'s_f."'"':

n

V=

(3.11)

Where;

V=flow
Velocity (m/s)

R=hydraulic radius (m)
S=slope (m/m)

n=Manning’s roughness factor

For earth channel, flows of not over 1.5 m/sec are recommended.

i. Determination of Discharge, Q

The process of designing a spillway was done by first determining the discharge Q
which was the used to inform the design of the inflow section of the spillway and
outflow spillway channel dimensions and the depths of approach. This value
symbolizes the peak discharge of the pond. The value is important in spillway design
since a spillway of insufficient capacity will lead to overtopping of the embankment

and downstream erosion, eventually causing embankment failure. Richard’s method
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for estimating flood flows was used to provide a suitable criterion for estimating the
peak discharge.

Estimation of the time of concentration was done using equation 3.12;

e cL?
T.+1 KEy+ReSefa)

(3.12)

Where:
T. = Time of concentration in hours

L = the longest path of the catchment in km obtained from google earth from

the delineated micro watersheds for each of the study sites.

C = a coefficient function of (Kr. R) which can be obtained from Richards
graph (obtained from figure 3.6)

r = Run-off factor as in table 3.12
R= Rainfall coefficient = [(t+1)] / t]. F

F = Total rainfall in mm given by Intensity [mm/hr] x storm duration (t)
[hours], for the selected storm duration and frequency. Intensity is obtained

from the rainfall intensity maps in figure 4.23
t = Selected storm duration
S = the average slope of the catchment

f (a) = ratio of the average (i) to the maximum rainfall intensity (1) over the

catchment area, obtained from figure 3.13

a = the area of the catchment in Km?
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Table 3.7: Runoff-Factor (Kr) Values Versus the Catchment Soil Type

Catchment soil type Kr

Rocky and impermeable 0.80 to 1.00
Slightly permeable, bare 0.60 to 0.80
Slightly permeable, partly cultivated or covered with 0.40to 0.60
vegetation

Cultivated, absorbent soil 0.30 to 0.40
Sandy bare soil 0.20t0 0.30
Heavy forest 0.10t0 0.20

Source: MWI, 2015

The study area for the three sites is cultivated, absorbent soil. Thus, it falls into the
fourth raw of the table with a K value of between 0.30 to 0.40. A median value of

0.35 was used.

Richard's Method
C=F(Kr, R)

Figure 3.12: Coefficient C, Richard’s Method
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~ Richard’s Method
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Catchmant Arvs (kma2)

Figure 3.13: Rainfall Intensity Factor, Richard’s Method
ii Inflow spillway channel

This channel leads water to the crest during flood flow, thereby ensuring that waters
remain far enough from the embankment. Recommended slopes for inflow spill way

channels range from 0.3 % to 1 % with a widening inflow inlet or mouth.
iii Outflow spillway channel

This is the channel that discharges waters back to the river from the farm pond
overflows at acceptable velocities to prevent soil from being eroded from the sides of
the pond. A velocity of 2.5 m/s is usually suitable for Kenyan conditions in instances
when the outflow channel consists of excavated earth (MWI, 2015). The values of
manning’s coefficient was obtained from appendix 3 which was extracted from the
guidelines for selecting manning’s coefficient by Arcement et al., in 1989 for the
case of the three ponds in this study area, the size of this channel was determined

using manning’s equation as;

V= (R :.Es;f (3.12)

Manning' sEquation
n
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Where,
V= velocity
S=slope
R= Hydraulic radius
n=manning’s coefficient depends on the material of floor
Manning’s coefficients were obtained from the appendix 3.

After all manning’s coefficient and velocity of flow was known, iteration exercises
were then performed to determine the adequate velocity of flow and the

corresponding dimensions of the channel.
3.8.10 Slopes

The table 3.8 shows the values of slopes which were taken as the ratio of horizontal
versus vertical height of the farm pond. The values of slope correspond to a
particular soil type. For each of the soil types in the three sites a value of slope was

recommended. These were used for design of slopes for the farm pond.

Table 3.8: Suitable Slope for Different Soil Types

Soil type Slope (Horizontal : vertical)
Clay 1:1to2:1

Clay loam 1.5:1to 2:1

Sandy loam 2:1t0 2.5:1

Sandy 3:1

Source: FAO, 2011
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CHAPTER FOUR
RESULTS AND DISCUSSION.
4.1 Crop Water Requirement
4.1.1 Crop Data

The crops under observation during the study period were garden pea (Pisum
sativum), sweet pepper (Capsicum annuum) and tomato (Lycopersicum esculentum).
The various lengths of growth stages are shown in the Table 4.1. The length of the
growing season depends on rainfall, evaporation and temperature, soil factors and
crop factors (Mohanty, 2015). Among the crops under study, sweet pepper took the
longest time of 115 days from planting date to harvest, tomato took 100 days and
garden pea took 90 days. The crops were observed under four stages of growth,
namely; Initial, development, mid-season and late season stages. For tomatoes, a
proper watering system in order to grow and provide optimal yields. The factors that
must be considered in watering the tomatoes are soil moisture and air temperature.
The soil moisture needed for planting tomatoes is between 60% to 80% with a
temperature rate between 24 to 28 °C (Ma Y, et al., 2016). For garden pea, best
yields and quality are achieved in cool and moist growing conditions. They grow
reasonably well between 10 and 30°C with an optimum of 20°C. Temperatures
above 30°C will cause poor pollination, early maturity and lower yields. Sweet
peppers can tolerate daytime temperatures over 30°C, as long as night temperatures
are within 21-24°C. Sweet peppers are photoperiod and humidity-insensitive
(daylength and relative humidity do not affect flowering or fruit set). Sweet pepper
grows best in a loam or silty-loam soil with good water-holding capacity. But they
can grow on many soil types, as long as the soil is well drained. Soil pH should be
between 5.5 and 6.8 (Gora et al., 2019)
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Table 4.1: Actual Lengths of Crop Developmental Growth Stages for the
Three Crops in the Study

Crop Crop growth periods (days)
Total Init. Dev. Mid  Late (Liate)
growing (Lini) (Ldev) (Lmid)
season
(days)
Garden pea (Pisum 90 15 25 35 15
sativum)
Sweet pepper 115 20 35 40 20
(Capsicum annuum
Tomato (Lycopersicum 100 20 25 30 25
sculentum)

Source: Observation from study areas

4.1.2 Climatic Data

The climatic data and the reference evapotranspiration for the three crops are
presented in Table 4.2 and Table 4.3. The total ET, on average was 3.84 mm for
Kambirwa and 3.85 mm/day for Gituamba and Maragua ridge, while total wind
speed was 103 km for all sites. For Gituamba and Maragua ridge the climatic factors
were almost similar since the attitude was nearly at the same level at 1340.7 and
1351.6 metres respectively. The average sunshine hours were 6.7. This meant that
the sky was cloudy at most times of the day in all sites. The minimum and maximum
temperatures were 11.7 °C and 28 °C which was ideal for optimal growth of all the
crops studied under the prevailing rainfall and other climatic factors. The two tables
(4.2 and 4.3) also show the total effective annual rainfall of the study areas which
was 842.6mm. This was estimated as 69.9 per cent of the rainfall i.e. 842.6 mm per
annum out of the total average annual rainfall 1204.1 mm and the losses estimated as
30 per cent of rainfalls in the study area. The effective precipitation was high in
November and April, the time the growing season commences for the short rains and
Long rains respectively. This effective rainfall decreased to 52.6 mm in January and

at harvest in March, rainfall increased to 74.9 mm. Excess rain is not conducive to
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maturity as it damages the crop. FAO-AGL. (2002) indicated crop damage would
occur due to excess rainfall. The three horticultural crops under study in this area,
requires a relatively cool, dry climate for high yield and premium quality though it is
adapted to a wide range of climatic conditions from temperate to hot and humid
tropical (Njonga, 2009)

Table 4.2: Climate Characteristics, Rainfalls, and Ety, of Kambirwa in

Maragua Watershed
Month ~ Min Temp Max Humidit Wind Sun Rad ETo Rain Eff
°C Temp °C y% km/day hours MJ/mz/day mm/day mm Rai
n
mm
Januar 11.2 28.5 71 116 9.7 235 451 58 52.6
y
Februa 11.4 30 62 142 9.5 24.1 5.06 71 62.9
ry
March 12.2 30.2 57 105 7.2 20.8 455 87 74.9
April 12.6 28.6 72 111 6.7 195 4.06 294 154.
4
May 12.2 27.4 84 61 5.7 17 3.28 135 105.
8
June 11.2 26.4 83 45 5.8 16.6 3.07 4.2 4.2
July 10.7 25.2 72 58 3.8 14 2.76 8.3 8.2
August 105 25.4 67 64 4.2 15.2 3.02 8.1 8
Septem  10.8 27.7 66 109 6.1 18.8 3.89 301 287
ber
Octobe  11.9 29.1 75 142 7.4 20.7 4.27 62.1 55.9
r
Novem  13.7 29.4 82 115 6.5 18.8 3.85 2212 142
ber 9
Decem  11.6 27.6 85 168 7.2 195 3.8 225.1 144
ber
Total 1204.
1
Averag 11.7 28 73 103 6.7 19 3.84 842.
e 6
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Table 4.3. Climate Characteristics, Rainfalls, And ETy, of Gituamba and
Maragua Ridge in Maragua Watershed

Month Min Max Humidity Wind Sun Rad ETo Rain Eff

Temp°C Temp® % km/day  hours MJ/m%¥ mm/ mm rain

C day day mm

January 11.2 28.5 71 116 9.7 23.8 4.59 58 52.6
February 114 30 62 142 9.5 24.2 51 71 62.9
March 12.2 30.2 57 105 7.2 20.8 4.56 87 74.9
April 12.6 28.6 72 111 6.7 194 4.04 294 154.4
May 12.2 274 84 61 5.7 16.8 3.24 135 105.8
June 11.2 26.4 83 45 5.8 16.3 3.02 4.2 4.2
July 10.7 25.2 72 58 3.8 13.8 2.72 8.3 8.2
August 10.5 254 67 64 4.2 151 2.99 8.1 8
Septembe 10.8 27.7 66 109 6.1 18.7 3.89 30.1 28.7
rOctober 11.9 29.1 75 142 7.4 20.9 431 62.1 55.9
November 13.7 294 82 115 6.5 19 3.91 221.2 142.9
December 11.6 27.6 85 168 7.2 19.8 3.86 225.1 144
Total 12041 8426
Average 11.7 28 73 103 6.7 19.1 3.85

4.1.3 Crop Water Requirement of Garden Pea, Sweet Pepper and Tomatoes

The crop water requirements and crop evapotranspiration are closely linked to each
other since the water lost through evapotranspiration is the water replaced to the
plant to cater for its growth up to maturity. The difference between them is that crop
evapotranspiration represents the water losses that occur, while the crop water
requirement indicates the amount of water that should be supplied accounting for the
water losses. In fact, this amount of water corresponds to the effective irrigation
water supply to a certain crop in order to reach the maximum yield. Crop water
requirement is a given amount of water lost due to crop evapotranspiration (ETc).
The tables 4.4, 4.5 and 4.6 show the crop water requirement and the irrigation
requirement of the three different crops during the study period. From the results, Kc
at initial stage was the lowest, and began to increase at the development stage then
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was highest at late season stage and then began to decrease at the late season stage.
The Kc at this initial stage was lower as compared with the other stages since this
was just at initial stage of canopy formation so there was much water required for use
during the crop initial stages of growth. This is explained by the fact that when
atmospheric evaporation demand is on the higher side, the higher the rate at which
soil dries and therefore the crop coefficient is low (Burdack, 2014). ET. is seen to be
low at the initial stage of growth cutting across all crops. The ETc begins to rise at
the development stage and maintains the high levels at the mid-season stage and goes
down at the late season stage. The high ETc in development and mid-season stage is
explained by effective full groundcover approx. 70-80% and also rapid growth and
therefore requires a lot of water since it is the time the ground is shaded and
transpiration is more than evaporation in the plant due to increased canopy. The late
season stage has lower values of both Kc and ETc since the crops begin to shed their
leaves leading to less ground cover, hence less water requirements. The ETc values
for the garden pea, sweet pepper and tomato were 395.6, 460.1 and 432.7 mm per the
growing season respectively which is within the range provided by FAO, 2008
(Appendix 5). The irrigation requirements were 181.4, 216.6 and 187 mm per season
for garden pea, tomato, and sweet pepper respectively. The results indicate
increasing ETc throughout the growth stages which is high at the mid-season stage
and starts to decrease slightly at the later stages. Generally, the ETc varied
significantly throughout the development cycle of the crops majorly due to the
prevailing climatic conditions and the development of the crop during the growth
stages. The dominant factors affecting evapotranspiration are solar thermal radiation
and temperature, relative humidity and the wind, and in general, the magnitude of
evapotranspiration will increase as temperature, solar thermal radiation, humidity,
and wind speed grow larger. The effect of solar Thermal radiation on
evapotranspiration is through the process of photosynthesis. The growth cycle of the
plant normally requires the circulation of water through the root-stem-leaf system.
The circulation of the water travel from the roots to the leaves and accelerates with
an increasing amount of solar thermal radiation to the vegetation concerned. The

effect of temperature on evapotranspiration can be said to be directly related to the
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intensity and duration of solar radiation. (Kang et al., 2018), (Banik & Raman,
2014). However, further research is needed that the temperature that will affect the
evapotranspiration is the leaf temperature and not the air temperature around the

leaves.

The largest crop water requirement occurs in the midseason and part of late season
phase. While the lowest water demand value occurs in the initial stage because at this
time the plants have not formed canopy to enhance transpiration. The late season
stage also has a low crop water requirement since crops are mature so water is not
much needed. The plants need the most water when it occurs in the process of
forming the fruit as requires more energy to make fruit formation in the phase
towards the late-season. The value of water demand is reduced because of the
process of fruit ripening. The growth of the crop has been maximized so that no

longer develop the growth process and approaching the harvest phase ().

Table 4.4: Crop Water Requirement (ETc) for Garden Pea in Kambirwa

Month  Decade Stage Kc ETc ETc Eff rain Irr. Req.
coeff mm/day mm/dec mm/dec mm/dec
Jan 2 Init 0.5 2.29 2.3 1.3 2.3
Jan 3 Init 0.5 2.38 26.1 155 10.6
Feb 1 Deve 0.57 2.86 28.6 19.8 8.9
Feb 2 Deve 0.83 4.32 43.2 20.9 22.2
Feb 3  Deve 1.07 5.32 42.6 22.3 20.3
Mar 1 Mid 1.16 55 55 215 335
Mar 2 Mid 1.16 5.29 52.9 21.8 31.1
Mar 3 Mid 1.16 5.08 55.9 31.7 24.3
Apr 1 Late 1.15 4.85 48.5 46.7 1.8
Apr 2 Late 1.12 4.5 40.5 51.8 0
395.6 253.1 1425
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Table 4.5: Crop Water Requirement for Tomato in Maragua Ridge

Month  Decade  Stage Kc ETc ETc Eff rain  Irr. Req.
coeff mm/day mm/dec  mm/dec mm/dec
Jan 2 Init 0.6 2.75 24.8 11.5 12
Jan 3 Init 0.6 2.86 314 15.5 15.9
Feb 1 Deve 0.72 3.62 36.2 19.8 16.4
Feb 2 Deve 0.95 4.94 49.4 20.9 28.5
Feb 3 Mid 1.14 5.66 45.3 22.3 23
Mar 1 Mid 1.16 5.52 55.2 215 33.7
Mar 2 Mid 1.16 531 53.1 21.8 31.3
Mar 3 Late 1.15 5.05 55.5 31.7 23.8
Apr 1 Late 1.03 4.32 43.2 46.7 0
Apr 2 Late 0.88 3.56 35.6 57.5 0
Apr 3 Late 0.8 3.03 3 5 3
432.7 274.1 158.6

Table 4.6: Crop Water Requirement for Sweet Pepper in Gituamba

Month Decade Stage Kc coeff ETc mm/day ETc mm/dec Eff rain mm/dec Irr. Req. mm/dec

Jan 1 Init 0.6 2.61 2.6 24 2.6
Jan 2 Init 0.6 2.75 275 12.7 14.8
Jan 3 Deve 0.6 2.87 31.6 155 16.1
Feb 1 Deve 0.7 3.48 34.8 19.8 15
Feb 2 Deve 0.82 4.29 42.9 20.9 22
Feb 3 Deve 0.94 4.7 37.6 22.3 15.3
Mar 1 Mid 1.04 4.92 49.2 215 21.7
Mar 2 Mid 1.05 4.79 479 21.8 26.1
Mar 3 Mid 1.05 461 50.7 31.7 19
Apr 1 Mid 1.05 4.43 44.3 46.7 0
Apr 2 Late 1.03 4.18 41.8 57.5 0
Apr 3 Late 0.96 3.64 36.4 50.1 0
May 1 Late 0.91 3.19 12.8 16.9 0
460.1 339.8 120.3

Init = initial; Deve = development; Mid = Mid-season; Late = Late season stage; Eff
= effective rain, Irr. Req = irrigation requirements, Kc = crop coefficient, ETc = crop
evapotranspiration
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4.14 Net Irrigation Requirement (NIR) and Irrigation Schedule.

In order to improve irrigation water management in the field the knowledge of
irrigation water requirements and irrigation time scheduling is key. The CROPWAT
model provides agriculturists with the opportunity to design an indicative irrigation
schedule and evaluate field irrigation program in terms of efficiency of water use and
yield reduction and Simulate field irrigation program under water deficiency
conditions, rain-fed conditions, and supplementary irrigation. Irrigation water
management is simply monitoring the amount, timing, and rate of irrigation in an
effective and strategic manner to minimize wastage of water or over irrigating the
crops (FAO_UN, 2018). Figures 4.1, 4.2 & 4.3 illustrate the field crop irrigation
schedules for the garden pea, tomato and sweet pepper grown in the respective study
areas. The total gross irrigation and net irrigation for garden pea are 259.2 mm and
181.4 mm with six irrigation schedules, 309.4 mm and 216.6 mm for tomato with six
irrigation schedules and 262.2 mm and 187.0 mm for sweet pepper with five

irrigation schedules.

This figures obtained for gross irrigation and net irrigation corresponds to values in
FAQO guidelines for crop water requirement and irrigation requirement and also
conforms to the soil types and the rainfall as per the conditions given in the
guidelines.
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Figure 4.1: Field Crop Water Schedules for Garden Pea
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Figure 4.2: Field Crop Water Schedules for Tomato
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Figure 4.3: Field Crop Water Schedules for Sweet Pepper
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4.2 Runoff Estimation
4.2.1 Watershed Delineation

The figure 4.4 shows the output of the delineated watershed of the study areas.

Maropua \Watersheo

.i 4?.

Figure 4.4: A Map of Micro-Watersheds Representing the Study Farms

After delineating the watershed, a working boundary was created as a shape file in
ArcGIS covering the watershed and areas around. This was to ensure that the data

created covered all the study sites.
4.2.2 Soil Data

The soil data required included; Soil texture and soil depth to bedrock. All these files
were downloaded from the soil grids site by ISRIC at a resolution of 250m.

4.2.1.1 Soil Texture

The figure 4.5 and 4.6 shows the different soil textures covering the Maragua

watershed. The results indicate that soils of clay loam texture dominated the study
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area on the upper area falling under hydrologic soil group D while sandy clay loam
dominated the lower areas which falls under Hydrologic soil group C as shown in the
table 4.7. Pure clay soils were highly dominant taking a good percentage of the

Maragua watershed.
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Figure 45: A map showing the Different Soils Textures within Maragua

Watershed
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Figure 4.6: A Map Showing the Different Soils Textures within Maragua

watershed

Table 4.7: Hydrological Soil Groups Showing Infiltration Rates within the

Maragua Watershed

Soil Infiltration rate (mm/hr) HSG
Clay 1-5 D
Clay loam 5-10 D
Sandy clay loam 20-30 C
Silt loam 15-20 C
Sandy clay 20-30 C
Silt clay loam 10-15 C
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4.3 Soil Depth to Bedrock

Absolute soil depth to bedrock in cm was downloaded from the ISRIC website and

clipped to the working boundary. The results are as shown in figure 4.7.
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Figure 4.7: A Map Showing the Layers of Soil Depth to Bedrock
4.4 Land Use Cover Map

The figure 4.8 shows the different land use land cover types that were as a result of
image classification. From the results in Figure 4.8, the area was dominated by
cropland. On the micro watersheds which represent the areas under study, there were
only three land cover types including built-up areas, cropland and water. Of the
three, the crop land dominated the larger part of the study area with an area of
48.8061 km?, built-up areas with 3.4272 km? and water with the least area occupying
0.0027 km?. The table 4.8 shows the specific areas covered by the different land
cover types within the Maragua watershed and the three micro-watersheds
respectively.
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Figure 4.8: A Map Showing the Different LULC Types Within the Micro-

Watersheds

Table 4.8: Areas of the specific LULC types in m?, km? and Ha in the

Micro-watersheds

FID Name Area (m?) Area (km?) Area (Ha)
0 Built-up areas 3427200 3.4272 342.72

1 Cropland 48806100 48.8061 4880.61

2 Water 2700 0.0027 0.27

4.4.1 Land Use Maps for Specific Micro Watersheds

The table 4.9 shows the results of the land use land cover maps after classification

and extraction from the Maragua watershed and defines the classes obtained from the

studied micro-watersheds that is Kambirwa, Maragua ridge and Gituamba. The

different land use classes were built-up areas, water and crop land. Of the three,

water was found to occupy the least area which was only found in Kambirwa micro-
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watershed with an area of 0.0027 km?. Cropland and Built-up areas was found in the
three where cropland occupied the largest area with (34.39 km?) in Gituamba, 11.37
km? in Kambirwa and the least in in Maragua Ridge with an area of 3.05 km? and
built-up areas with 2.51 km? in Gituamba, 0.72 km? in Kambirwa and 0.19 km?in
Maragua ridge respectively.

Table 4.9: Statistics for LULC areas (m2, km2) for the different Micro-
Watersheds

Land cover types Area of Land cover type in m? (km?)
Gituamba Kambirwa Maragua ridge

Built-up areas 2513700 720900 (0.72) 192600 (0.19)
(2.51)

Cropland 34388100 11369700 3048300 (3.05)
(34.39) (11.37)

Water 0 2700 (0.0027) 0

Total Area 3690.18 1209.33 324.09

4.4.2 Rainfall Data

Rainfall data was downloaded from WorldClim i.e. annual precipitation based on
historical rainfall data collected over a period of 30 years (Fick & Hijmans, 2017).
This was clipped to the working boundary area and the output was as shown in figure
4.9. The results show that the study area had an annual precipitation ranging between
790 and 1050 mm. this indicates that the area is a low rainfall zone which requires
supplemental irrigation to take crops to maturity.
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Figure 4.9: A Map Showing Annual Precipitation in Maragua Watershed

4.4.3 Curve Number and Creation of Curve Number Maps for the Micro
Watersheds

The results in Table 4.10, 4.11 and 4.12 show that the highest curve number was 100
for water as a land cover category and the lowest was 87 for the crop land. The
results show that there was only clay soil texture falling under hydrological soil
group D. This is as a result of the land use categories mapped out from the different
study farms. The CNs in the tables represent LULC classes falling in hydrological
group D. The tables shows the values of CN as they were assigned to the respective
combined attribute generated from the overlaid maps (land use and hydrological soil
groups) for Gituamba, Maragua and Kambirwa. The water covered areas indicate a
higher curve number of 100 indicating a high runoff potential as compared to
cropland and built-up areas where the Curve number ranges between 100 and 87
indicating a low runoff because of high abstraction from the crops and buildings

respectively.
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Table 4.10: CN Lookup Table LU _Value used to assign AMC Il CN to

Soil_Landuse Complex_Maragua ridge

LU _Value Description A B C D

1 Cropland 69 78 83 87

2 Built-up 77 86 91 94
areas

Table 4.11: CN Lookup table LU_Value used to assign AMC Il CN to

Soil_Landuse Complex_Kambirwa

LU Value Description A B C D

1 Cropland 63 75 83 87

2 Built-up 77 86 91 94
areas

3 Water 100 100 100 100

Table 4.12: CN Lookup table LU _Value used to assign AMC Il CN to

Soil_Landuse Complex_Gituamba

LU _Value Description A B C D

1 Cropland 67 78 85 89

2 Built-up 77 86 91 94
areas

4.4.4 Runoff Depth and Runoff Volume Calculation

For modelling purposes, watersheds were considered to be AMC II, which is
essentially an average moisture condition (Parvez et al., 2020). The values of runoff
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depth, Q were calculated using equation 3.4 whereby the value of surface retention
was calculated using equation 3.6 then replaced in the former equation to get Q. The
results in table 4.13 shows that from the cropland, the runoff depth was the lowest
since the abstraction was also high meaning that less runoff was realized from the
crop covered areas and the water covered area was the highest though it was only
found in Kambirwa Micro-watershed. The values of runoff depth obtained were
823.99mm, 848.77mm for Kambirwa, 831.37mm and 848.77mm for Gituamba and
823.99mm and 848.77mm for Maragua ridge for cropland and built-up areas. The
runoff volume calculated from the area and depth of runoff indicates that the crop
land had the highest volume of runoff since it occupied the largest area among the
three land use classes which was at 9,368,519.10 m?, 2,858,923.47 m?, 2,511,768.72

m?3, for Kambirwa, Gituamba and Maragua ridge micro-watersheds respectively.

Table 4.13: Runoff Depths and Volumes from the Different Micro-

watersheds under the Various Classes

Soil_lu Land CN Area to % Rainfall, Surface Runoff  Runoff
Complex  use for be area P(mm) Retention, Depth, Volume, m?
AMC irrigated S Q

1 (m?)
Kambirwa Crop 87 11369700 94.04 867.93 37.95 823.99 9,368,519.10
land
Built-up 94 720900 5.96 867.93 16.21  848.77 611,878.29
areas
Water 100
Total 100
Area
Gituamba  Cropland 89 3438810 93.19 867.93 31.39 831.37 2,858,923.47
Built-up 94 2513700 6.81 867.93 16.21 848.77  2,133,553.15
areas
Total 100
Area
Maragua  Cropland 87 3048300 94.06 867.93 3795 82399  2511,768.72
ridge Built-up 94 192600 5.94 867.93 16.21  848.77 163,473.10
areas
100
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4.5 Design Criteria for the Farm Ponds
4.5.1 Water Demand Analysis

Based on the survey which was conducted, it was found out that the water demand
was only for crops irrigation during the dry period. The water demand was therefore

estimated from the irrigation water requirement per season as follows;

The water requirement for garden pea, sweet pepper and tomato which were the main
crops under irrigation in the area were 395.6, 460.1 and 432.7 mm/ season
respectively and the irrigation requirements were 181.4, 216.6 and 187.0 mm/season.
In this case the irrigation requirement was used since the water to be harvested will
be used for supplemental irrigation. The calculation of the water required for the

entire season are presented in Table 4.14.

Table 4.14: Volume of Water Required for Crop Irrigation in the Three
Sites

Study area Crop area lIrrigation water Total volume  of
(m?)(Ha) demand mm/ season Irrigation water
(m/season) demand (m3/season)
Kambirwa 25152 (2.515) 181.4 (0.181) 4552.5
Gituamba 19240 (1.924) 216.6 (0.217) 4175.1
Maragua 17530 (1.753) 187.0 (0.187) 3278.1
ridge

From the Table 4.14, the total volume of irrigation water demand for the irrigated
area for Kambirwa, Gituamba and Maragua ridge is 4552.5, 4175.1 and 3278.1 m3
per season respectively. This was calculated from the respective crop area and
irrigation water required for the crop. This then means that the farm pond should be

able to meet this demand during the dry months of the crop season.
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4.5.2 Evaporation Losses

The evaporation losses was calculated using equation 4.1, 4.2, 4.3. From a study
carried out by woodhead (1968) show that Eo for Murang’a which is the study area is
1885 mm per year. The average surface area of the ponds taken as 1025, 925 and 895
m? for Kambirwa, Gituamba and Maragua ridge respectively. The areas were
calculated from the survey drawings taken during data collection on the site
reconnaissance survey. The Eyo for the three sites is therefore given in table 4.15.
The values were calculated based on a four months season and the values obtained
were 0.636, 0.576 and 0.552 m? as in Table 4.15.

Maragua 1358 193 193 195 156 145 124 113 114 153 177 155 167 1885

Data from **Studies of Potential Evaporation in Kenya'', T. Woodhead, 1968

E,, = 0.1025 * 0.0052 * 10 = 0.0053 (4.1)
E,,; = 0.0925 = 0.0052 * 10 = 0.0048 (4.2)
E,,; = 0.0895 = 0.0052 = 10 = 0.0046 (4.3)

Table 4.15: Maximum Evaporative Loss (Evol) m3 per year in the Three
Sites

Study Maximum Maximum Maximum Maximum

area pond surface pond evaporative  evaporative loss (Evol)
area inm? surface  loss (Evol) m3 m3per season (4

area in ha per day months)

Kambirwa 1025 0.1025 0.0053 0.636

Gituamba 925 0.0925 0.0048 0.576

Maragua 895 0.0895 0.0046 0.552

ridge
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4.5.3 Seepage losses

This was calculated using the equation 4.4, 4.5, 4.6 and therefore the seepage losses
for the three sites were calculated as in Table 4.16 for Kambirwa, Gituamba and
Maragua ridge respectively. The value of hydraulic conductivity was taken from
Table 3.6 in the previous chapter as 1 * 10° which depicts the soils of the project
area as semi-permeable since it was the category of HSG C&D. The seepage losses
therefore were calculated as in table 4.16. The values of seepage losses per season were
10.68, 9.60, and 9.24 m®in Kambirwa, Gituamba and Maragua ridge respectively.

S,.;=1 %1075 +0.1025 * 86400 = 0.089 (4.4)
S,.;=1 % 107° = 0.0925 = 86400 = 0.080 (4.5)
S,.;=1 % 107° = 0.0895 = 86400 = 0.077 (4.6)

Table 4.16: Maximum Seepage Loss (Evol) m2per year in the Three Sites

Study area Maximum Maximum Maximum seepage loss (Svol)
pond seepage loss (Svol) m3per season
surface area m3per day
Kambirwa 1025 0.089 10.68
Gituamba 925 0.080 9.60
Maragua 895 0.077 9.24
ridge

4.5.4 Total Water Demand

This was calculated by summing up irrigation water demand, maximum evaporative
losses and seepage losses as in Table 4.17. The total estimated water demand for the
three sites were found to be 3619.5 m?, 3079.7 m® and 2122.7 m® per year. This
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therefore means that every farm pond designed and constructed should be able to

meet this demand during the dry period of the year for the three different sites.

Table 4.17: Total Water Demand in m3Per Year in the Three Sites

Study area Total volume Maximum Maximum Total water
of Irrigation evaporative loss seepage loss demand in
water (Evol) m¥/season  (Svol) m3per m3per
demand season season
(md/year)
Kambirwa 4552.5 0.636 10.68 4563.8
Gituamba 4175.1 0.576 9.60 4185.3
Maragua 3278.1 0.552 9.24 3287.9
ridge

4.5.5 Estimation of Dead Storage

This was calculated as a percentage of the total water demand as shown in Table
4.18. The dead storage of the three sites 228.2 m3, 209.3 m® and 164.4 m? in
Kambirwa, Gituamba and Maragua Ridge respectively. Dead storage = 5 % of Total
water demand. The FAO manual for the construction of small dams recommends 4-5

percent of the total water demand as the dead storage.

Table 4.18: Estimated Dead Storage in m®per Year

Study area Total water demand m®per  Dead storage m3per
year) year
Kambirwa 4563.8 228.2
Gituamba 4185.3 209.3
Maragua ridge 3287.9 164.4

Therefore the storage capacities of the pond were calculated as 4792.1, 4394.6 and
3452.3 m? respectively. This means that the farm ponds will be able to hold water

amounting to the listed volumes as shown in Table 4.19.
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Table 4.19: Estimated Total Storage Capacity in m3per year

Study area Total water demand  Dead storage  Storage capacity of the

m?3 per year m?3 per year farm ponds in m?
Kambirwa 4563.8 228.2 4792.1
Gituamba 4185.3 209.3 4394.6
Maragua 3287.9 164.4 3452.3

ridge

4.5.6 Spill Way Design Criteria
i. Determination of Peak Discharge

This was achieved by first calculating of peak discharge using equation 4.9. This was
achieved by first calculating the Time of concentration in hours using equation 3.12
from the previous chapter and using data in the Table 4.20, 4.21 and 4.22 which was
then used in the discharge equation to calculate peak discharge for the spillway of the

three farm ponds.

Table 4.20: Available Data for Calculation of Peak Discharge for
Gituamba Sub-Watershed

L 1.54 km obtained from Google earthpro
Kr 0.35 (Cultivated, absorbent soil)

T 12 hrs.

F 12*15=180

R

t+1 12+ 1
rR=[—|F=|

] 180 =195
t

Kr.R K.. R= 035X195 = 68.25

C 0.170 From figure 3.6 from chapter 3

a 1.25 km?

f(a) 0.798 From figure 3.7 from chapter 3

S The average slope of the catchment from Google earth is 2.0 %
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Thus, from equation 3.10;

0.170 x 1.547 0.403

T 68.25 X 0.02 X 0.798 1.08927

rl:'
T.+1

=037

Therefore: T.* = 0.37 (T, + 1) and T.?-037T.-0.37=0

Solving the equation T¢= 0.89 hrs.

Having estimated the value of T, the estimated maximum rainfall intensity (1) is

calculated with the following equation:

I=—2_mmihr 4.7)

Te+l

And the average rainfall intensity | as;

195

= —— = 13928 mm/hr
04+ 1

Fitting the value to this equation 4.8, then i becomes;

i=1Xfl(a) (4.8)

=139.28 x 0.798 = 111.15 mm/hr
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The above data is then fitted into the rational formula to obtain the peak discharge

g = Bt s /sec 4.9

3.6

0.35x 111,15 x 0.25

_ 3.6 3
= m” /sec
Q = /

Q =0.045m?/sec

Table 4.21: Available Data for Calculation of Peak Discharge for
Kambirwa Sub-Watershed

L 0.74 km

Kr 0.35 (Cultivated, absorbent soil)

T 12 hrs.

F 12 * 15 =180, value 15 obtained from Rainfall intensity map Fig. 3.10
R R=[ﬂ]£"=[1z+l]180=195

Kr.R K.. R= 035x195 = 68.25

C 0.170 From figure 3.8

a 0.75 km?

f(a) 0.800 From figure 3.9

S The average slope of the catchment from Google earth is 1.0 %
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Thus,

B 0.170% 0.742 _ 0.093092
T 0.35 X195 % 0.01 X 0.800  0.546

Hence,

Therefore: T.* = 0.17 (T, + 1) and T.* - 0.17 Tc - 0.17 =0

Solving the equation T¢c = 0.66

Having established the value of T, the estimated maximum rainfall intensity (1) is
calculated with the following equation 3.12 and the average rainfall intensity i as
equation 3.13

195

| = — = 11747 mm/hr
e+ 1

i =117.47 x 0800 = 9398 mm/hr

The above data is then fitted into the rational formula (equation 3.14) to obtain the

peak discharge

0.35x 9398 X 0.75

3.6
Qsp, = 0 m3 /sec

Qs, = 0.114 m?/sec
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Table 4.22: Available Data for Calculation of Peak Discharge Maragua
Ridge Sub-Watershed

L 0.62 km

Kr 0.35 (Cultivated, absorbent soil)

T 12 hrs.

F 12 * 15 =180, value 15 obtained from Rainfall intensity map Fig. 3.10
R R = [ﬂ] F= [121-; 1] 180 =195

Kr.R K.. R= 035X 195 = 6825

C 0.170 From figure 3.8
a 0.64 km?
f(a) 0.800 From figure 3.9
S The average slope of the catchment from Google earth pro is 3.0 %
Thus,
0.170x 0.622 _ 0.065348

T 035 x195%x 0.03x 0.800  1.638

rl:'
T,+1

= 0.04

Therefore: T,* = 0.04 (T, + 1)and T.® -~ 0.04 Tc - 0.04 =0

Solving the equation T.=0.38
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Having established the value of T¢, the estimated maximum rainfall intensity (1) is
calculated with the following equation 3.12 and the average rainfall intensity i as in
equation 3.13;

195

I = — = 14130 mm/hr
038+ 1

i =141.30 x 0800 = 113.04 mm/hr

The above data is then fitted into the rational formula (equation 3.14) to obtain the

peak discharge

0.35x113.04 x 0.64

3.6
Qsp, = 0 m3 /sec

Qs, = 0.117 m?/sec
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Figure 4.10: Rainfall Intensity Map for a 100 - Year Return Period
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From the calculation the peak discharge for the spillway was 0.045, 0.114 and 0.117

m3/sec for Gituamba, Kambirwa and Maragua ridge respectively . The difference in

discharge values was as a result of the slope in Gituamba than the other study sites.
4.5.6.1 Inflow Spillway Channel

Since recommended slopes for inflow spill way channels range from 0.3 % to 1 %
with a widening inflow inlet or mouth, then for this design an inflow channel slope

of 0.3 % is adopted, all the way to the spill way crest.
4.5.6.2 Outflow Spillway Channel

Spill way dimensions’ values with a slope less than 0.005 and a depth of between 0.3
and 0.45 are recommended from the design guidelines. After performing iteration to
determine the adequate flow velocity the following results in table 4.23, 4.24 and

4.25 were obtained for each study farms;

In this case a flow velocity of 2.5 m/s and 2m/s was adopted for Gituamba,
Kambirwa and Maragua ridge respectively. The 2 m/s velocity was for the Kambirwa
and Maragua ridge. The values of discharge were obtained from the peak discharge
obtained from the calculations in section 4.3.7. The value of n was obtained from the
appendix 11l between 0.015 - 0.02 with lined channel finished, with gravel on

bottom.
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Table 4.23: Iterations for the Value of Depth for Gituamba Sub
Watershed Pond

\Y Q Qv n (earth) vn
25 0.045 0.018 0.017 0.0425
Iterations for d

No d b = (Q/v)/d P=2*(2*d*d)(1/2)+b A=d(d+b) R=A/P RA(2/3) i=(vn/(RN(2/3))"2
1 1 0.018 2.846 1.018 0.358  0.504 0.0071
2 0.8 0.023 2.286 0.66 0.289  0.437 0.0095
3 0.6 0.03 1.727 0.38 0.22 0.364 0.0136
4 0.4 0.045 1.176 0.18 0.153  0.286 0.0221
5 0.35 0.05 1.114 0.14 0.126  0.251 0.0287
6 0.38 0.05 1.124 0.16 0.142 0.272 0.0244
7 0.45 0.04 1.313 0.22 0.168  0.304 0.0195

Table 4.24: Iterations for the Value of Depth for Kambirwa Sub
Watershed Pond

t v Q Qv n (lined channel finished, vn
m with gravel)
2 0.114 0.057 0.017 0.034

Iterations

ford
N d b=(QN)/d P= A=d(d+b) R=A/P RN (2/3) i=(vn/(R"(2
0 2*(2*d*d)N1/ 13))"2

2)+b

1 1 0.057 2.89 1.057 0.367 0.512 0.0044
2 08 0071 2.33 0.697 0.299 0.447 0.0058
3 06 0.095 1.79 0.417 0.233 0.378 0.0080
4 04 0143 1.27 0.217 0.171 0.308 0.0012
5 035 0.163 1.15 0.180 0.157 0.291 0.0137
6 0.38 0.150 1.22 0.201 0.165 0.301 0.0128
7 045 0.127 1.40 0.260 0.186 0.326 0.0109
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Table 4.25: Iterations for the Value of Depth for Maragua Ridge Sub

Watershed Pond

tm v Q Qv n (lined channel Vn
finished, with
gravel)
2 0.117 0.059 0.017 0.034
Iterations for d
No d b=(Q/\)/d P= A=d(d R=A/P RM(2/3) i=(vn/(R"
2*(2*d*d)N( +b) (2/13))"2
1/2)+b
1 1 0.059 2.887 1.059 0.367 0.512 0.0044
2 0.8 0.074 2.337 0.699 0.299 0.447 0.0058
3 0.6  0.098 1.795 0.419 0.233 0.378 0.0081
4 04 0.148 1.279 0.219 0.171 0.308 0.0122
5 0.35 0.169 1.159 0.812 0.700 0.788 0.0019
6 0.38 0.155 1.230 0.203 0.165 0.667 0.0026
7 0.45 0.131 1.404 0.261 1.186 1.121 0.0091

From the iteration exercise, the appropriate bottom width of the spillway should be

11.5 m, 8.6 m and 8.8 m, as this figure corresponds to a slope of 0.005, 0.004, and

0.004 for Gituamba, Kambirwa and Maragua ridge respectively which is less than

the recommended 0.005 and a depth of 0.4, which falls within the recommended rage

of 0.3 to 0.45.

4.5.6.3 Spill Way Type Selection (Channel Geometry)

A trapezoidal spillway, with a side slope of 1 is recommended. Such spillways have

the following geometric qualities in Table 26.
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Table 4.26: Geometric Qualities of a Trapezoidal Spillway

X- sectional area | Wetted perimeter | Hydraulic radius Top width

_A_ bd+Zd’
P b+2dV1+2Z°

A=bd+2Zd* P=b+2dy1+2° (R w=>b+2dZ

Fitting in the values of breadth and depth, for the three farm ponds then;
W=D + 2dz = 11.5 + (2*0.4*1) = 12.3m

W= b + 2dz = 8.6 + (2*0.4*1) = 9.4m

W=b + 2dz = 8.8 + (2*0.4*1) = 9.6m

Thus, the top widths of the spill way channels becomes 12.3, 9.4 and 9.6.
Bottom widths = 11.5, 8.6 and 8.8

4.3.6.4 Spill Way Approach Depths

From equation 12-7 in the practice manual for small dams.

Flow per unit width (q) is given by the equation 4.10 as;

q =@Q/b (4.10)

Where Q is the flow rate (9.65, 6.85 and 7.03)
b is the bottom width (11.5, 8.6 and 8.8)

Fitting the data into the equation gives
=9.65/11.5

=0.84 m?/s
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=6.85/8.6
=0.8 m?/s
=7.03/8.8
= 0.8 m?/s

Critical depth (Hc) is given by the equation 4.11 as;

He = [¢*/ ¢ (4.11)

Where q is flow per unit width (0.84, 0.8 and 0.8)
g is force of gravity (9.81)
Fitting into the equation3.15 gives
Hce = (0.842/9.81)Y2
=0.42m
Hek= (0.82/9.81)Y3
=0.40m
Hcm = (0.82/9.81)%3
=0.40m
The depth of approach is given the equation 4.12 as

H,=15#H (4.12)

c
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Hac=15*0.42
=0.624m

Hak = 1.5 * 0.402
=0.603m

Ham = 1.5 * 0.402
=0.603m

Note: The symbols G, K and M denotes Gituamba, Kambirwa and Maragua ridge

respectively.

The normal water depth is given by equation 4.13 as;

Hy = Hy—* 413

Fitting into equation gives;

A

—ks
H — _ &
Gituamba = 0.624 e

=0.226m

n
P

—¥L
H — _ 4
Kambirwa = 0.60 e

= 0.345m
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=527
&
2:9.81

Maragua ridge = 0.60 —

=0.345m

Since the normal water depth is less than the critical depth therefore the flow is

subcritical.
4.5.7 Slopes

The table 4.26 shows the values of slopes which were obtained from the
corresponding soil type. The values obtained for the side slope were 1.5:1 to 2:1
since all the sites had the same type of soil which was clay loam as obtained from the

soil data.

Table 4.26: Values of Recommended Slope Versus the Soil Type

Soil type Soil type Slope (Horizontal : Vertical)
Kambirwa Clay loam 15:1t02:1
Gituamba Clay loam 15:1t02:1
Maragua ridge Clay loam 15:1t02:1
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION.
5.1 Conclusion

The study revealed that CropWAT model coupled with accurate area climate, soils
and crop data can be used to consistently establish the irrigation water requirement
for the region. Among the three crops under study, sweet pepper had the highest
amounts of evapotranspiration and water requirements and more frequent irrigation
schedules than the other two crops. The ETc values for the garden pea, sweet pepper
and tomato were 395.6, 460.1 and 432.7 mm/season respectively which is within the
range provided by FAO, 2008. The irrigation requirements were 181.4, 216.6 and
187 mm/season for garden pea, tomato, and sweet pepper respectively. The ET. was
found to be high during the development and mid-season stage. This is because most
plants need the most water when it occurs in the process of forming the fruit as
requires more energy to make fruit formation in the phase towards the late-season.

The calculation of runoff using SCS-CN by the ArcGIS approach provides reliable
method for computing the CN values, which combines Land use and Hydrological
soil group. The computation of the CN values was the key to a successful SCS-CN
modelling. The results demonstrated that the SCS-CN method by using satellite
imagery data to estimate runoff is convenient and effective. The runoff volume
calculated from the area and depth of runoff indicates that the crop land had the
highest volume of runoff since it occupied the largest area among the three land use
classes which was at 9,368,519.10 m®, 2,858,923.47 m?®, 2,511,768.72 m?, for
Kambirwa, Gituamba and Maragua ridge micro-watersheds respectively. This runoff
come from the entire sub watersheds which will supply water to the farm ponds in
the area. The values indicate that there is enough runoff to be harvested to the farm

ponds.
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From the design criteria developed for farm ponds, farmers are able to construct the

right size of farm pond based on their catchment area and the crop to irrigate. From

these results a farmer can determine when to irrigate and depending on the amount of

water stored in a farm pond determine how to apportion the water in the different

crop development stages. The irrigation water demand for the irrigated area for

Kambirwa, Gituamba and Maragua ridge is 4552.5, 4175.1 and 3278.1 m? per season

respectively. This was in line with the water usage for the crops observed during this

season.

5.2 Recommendations from Research

CropWat model as a suitable decision support tool for policy makers and
investors on irrigation and water resources in the region with regard to
irrigation water management. It further recommends that governments and
other development agencies needs to invest in training and awareness
creation on effective irrigation water management and rainwater harvesting

techniques for smallholder farmers of the area.

5.3 Recommendations for Further Research

Further research on the economics of water use and technical aspects of
running different irrigation systems be undertaken. With this information
farmers and irrigation planners can make wise decisions on the appropriate
irrigation system to adopt and choose or recommend the most profitable crops
to be grown in a particular area based on the findings.

Further research is required to determine water productivity for supplemental
irrigated crops as well as deficit irrigation under specific crop management
practices. Through such a study, the farmers will be able to determine the
exact amount applied as well as the best crop management practices to give

maximum farm productivity.
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APPENDICES

Appendix I: Percent of Moisture Based on Dry Weight of Soil

Soil Field Permanent wilting || Available water per unit depth of
type capacity || point soil, mm/m
Fine 3-5 1-3 20- 40
sand
Sandy 5-15 3-8 40-110
loam
Silt 12-18 6-10 60-130
loam
Clay 15-30 7-16 100-180
loam
Clay 25-40 12-20 160-300

Lockhart & Wiseman, 2015
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Appendix I1: Return Period Criteria for Design Purposes

Return Period Criteria for Design Purposes

Class of water storage | Minimum Recommended Recommende

structure Return Minimum Return |d  Minimum
Period  for | Period for Design | Return Period
Design  of | of Spillway for Design of
Spillway Diversion
(WRM Works, if
Rules 2007) required

A(Low risk) 1in 50 years | 1in 50 years 1in 5 years
1 in 100|1 in 100 - 500

B(medium risk) years years 1in 10 years
1 in 500

C(High risk) years 1 in 1000 years 1in 15 years

(Source: WRM Rules 2007)
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Appendix I11: Lined or Constructed Channels

Minimum | Normal | Maximum
a. Cement
1. neat surface 0.01 0.011 0.013
2. mortar 0.011 0.013 0.015
b. Wood
1. planed, untreated 0.01 0.012 0.014
2. planed, creosoted 0.011 0.012 0.015
3. unplanned 0.011 0.013 0.015
4. plank with battens 0.012 0.015 0.018
5. lined with roofing paper 0.01 0.014 0.017
c. Concrete
1. trowel finish 0.011 0.013 0.015
2. float finish 0.013 0.015 0.016
ottom 3. finished, with gravel on 0.015 0.017 0.02
4. unfinished 0.014 0.017 0.02
5. gunite, good section 0.016 0.019 0.023
6. gunite, wavy section 0.018 0.022 0.025
7. on good excavated rock 0.017 0.02
8. on irregular excavated rock 0.022 0.027
d. Concrete bottom float finish with sides
of:
1. dressed stone in mortar 0.015 0.017 0.02
2. random stone in mortar 0.017 0.02 0.024
lastered 3. cement rubble masonry, 0.016 0.02 0.024
4. cement rubble masonry 0.02 0.025 0.03
5. dry rubble or riprap 0.02 0.03 0.035
e. Gravel bottom with sides of:
1. formed concrete 0.017 0.02 0.025
2. Random stone mortar 0.02 0.023 0.026
3. dry rubble or riprap 0.023 0.033 0.036
f. Brick
1. glazed 0.011 0.013 0.015
2. In cement mortar 0.012 0.015 0.018
g. Masonry
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1. cemented rubble 0.017 0.025 0.03

2. dry rubble 0.023 0.032 0.035
h. Dressed ashlar/stone paving 0.013 0.015 0.017
I. Asphalt

1. smooth 0.013 0.013

2. rough 0.016 0.016
J- Vegetable lining 0.03 0.5

Manning's n for Channels (Chow, 1959)

115




Appendix 1V: Description and Curve Numbers for Cultivated Agricultural
Lands

Cover type Treatment condition A B C D
Fallow Bare soil — 77 86 91 94
Crop residue cover (CR) Poor 76 85 90 93
Good 74 83 88 90
Row crops Straight row (SR) Poor 72 81 88 91
Good 67 78 85 89
SR +CR Poor 71 80 87 90
Good 64 75 82 85
Contoured (C) Poor 70 79 84 88
Good 65 75 82 86
C+CR Poor 69 78 83 87
Good 64 74 81 85
Contoured & terracedPoor 66 74 80 82
(C&T)
Good 62 71 78 81
C&T+CR Poor 65 73 79 81
Good 61 70 77 80
Small grain SR Poor 65 76 84 88
Good 63 75 83 87
SR +CR Poor 64 75 83 86
Good 60 72 80 84
C Poor 63 74 82 85
Good 61 73 81 84
C+CR Poor 62 73 81 84
Good 60 72 80 83
C&T Poor 61 72 79 82
Good 59 70 78 81
C&T+CR Poor 60 71 78 81
Good 58 69 77 80
Close- SR Poor 66 77 85 89
seeded
or broadcast Good 58 12 81 85
legumes or C Poor 64 75 83 85
rotation Good 55 69 78 83
meadow  C&T Poor 63 73 80 83
Good 51 67 76 80

116



Appendix V: Approximate Values of Seasonal Crop Water Needs

Crop water need

Crop

(mm/total growing period)
Alfalfa 800-1600
Banana 1200-2200
Barley/Oats/Wheat 450-650
Bean 300-500
Cabbage 350-500
Citrus 900-1200
Cotton 700-1300
Maize 500-800
Melon 400-600
Onion 350-550
Peanut 500-700
Pea 350-500
Pepper 600-900
Potato 500-700
Rice (paddy) 450-700
Sorghum/Millet 450-650
Soybean 450-700
Sugarbeet 550-750
Sugarcane 1500-2500
Sunflower 600-1000
Tomato 400-800
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FARM POND DRAWINGS

Crest (overflow level)

Freeboard
Batter
¥
Height
Foundation
surface Natul
X ..... . 1J_ ground
A
Base width 1
) SECTION A-A !

Features of the farm pond

Plan view of the farm pond
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Sectional View of The Farm Pond
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