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“PREDICTING RUNOFF AND SEDIMENT YIELD USING SWAT MODEL FOR IJA
GALMA WAQO SPATE IRRIGATION PROJECT”

ABSTRACT:

Knowledge of the internal renewable water resources of a country is strategic information which
is needed for long-term planning of a nation’s water and food security, among many other needs.
New modeling tools allow this quantification with high spatial and temporal resolution. In this
study, Soil and Water Assessment Tool (SWAT) was used to calibrate and validate a hydrologic
component on Erer river discharges at gauging station and predict the water and sediment yield
of lja Galma Waqo spate irrigation. Sensitivity analysis, model calibration and validation were
also performed to assess the model performance. Ten highly sensitive parameters were identified
of which base flow alpha factor was the most sensitive one. The coefficient of determination (R?)
and Nash-Sutcliffe (Ens) was used to evaluate model calibration and validation. The results
found were satisfactory for the gauging station (R?> = 0.65 and. Ens = 0.56 for calibration and R
= 0.73 and. Exs = 0.5 for validation period).The water and sediment yield of lja Galma Waqgo
spate irrigation project was quantified and also the most sediment yielding part of the basin was
identified. The result of simulation after calibration with the seasonal and annual time steps for
water yield, for the Annual, Intermediate, Wet and Dry seasons were 184.2, 64.9, 67.2, and 52.1
ha-m respectively and the corresponding coefficient of variation was found to be 0.97, 1.17,
1.43, and 1.89 and also the 70 % dependable water yield were 87.50, 24.80, 21.10 and 4.40 ha-
m., respectively. The predicted sediment yield for the Annual, Intermediate, Wet, and Dry season
were 2.48, 1.01, 0.73 and 0.73 tons/ ha with the respective coefficient of variation 2.7, 1, 1.07,
and 2.07. Among the contributing subbasins, the one which substantially contributes was
identified (subbasin 6). In conclusion, the SWAT model could be effectively used to predict runoff
and sediment yield in order to effectively design spate irrigation system and water related

development in absence of gauged information.
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1. INTRODUCTION

Ethiopia experiences persistent land, water and environmental degradation due to localized and
global climatic anomalies. These leave the country to recurrent crop failures and severe food
shortages. Low soil fertility coupled with temporal imbalance in the distribution of rainfall and
the substantial non- availability of the required water at the required period are the principal
contributing factors to the low and declining agricultural productivity. Hence, proper utilization
of the available soil and water resources and development of irrigation is essential to Ethiopia’s

agricultural development and to achieve food security.

The poor land use practices, improper management systems and lack of appropriate soil
conservation measures have played a major role for causing land degradation problems in the
country. Because of the rugged terrain, the rates of soil erosion and land degradation in Ethiopia
are high. The soil depth of more than 34 % of the land area is already less than 35 cm (Zemenfes,
1995; SCRP, 1996). Hurni (1989) indicated that Ethiopia loses about 1.3 billion metric tons of
fertile soil every year and the degradation of land through soil erosion is increasing at a high rate.
According to Kruger et al, (1996) 4% of the highlands are so seriously eroded that they will not
be economically productive again in a predictable future. The Soil Conservation Research
Project (SCRP, 1996) has estimated an annual soil loss of about 1.5 billion tons from the
highland. According to the Ethiopian Highlands Reclamation Study (EHRS, 1984) soil erosion is
estimated to cost the country 1.9 billion US$ between 1985 and 2010. These call for immediate

measures to save the physical quality of soil and water resources of the country.

A river is not only conveying water, but has much other function. One of these functions is
transporting of erosion products (boulders gravel, sand, silt and clay) from its catchment in
downstream direction. If the transport capacity of the river is affected by diversion of water from
the river or by storing water in the reservoir, deposition of sediment may occur. If not properly
taken care of, harmful sedimentation and erosion may occur. Many reservoirs are suffering from
excessive sedimentation often due to the fact that either the upstream sediment supply was never
considered or that the seriousness of this process is underestimated, because of the lack of

sufficient data availability. Also a change in sediment yield is due to changed land use in the



upstream catchment that can cause detrimental sedimentation (for instance Haramaya Lake is

one such example).

Many main canals of irrigation projects suffer from excessive sedimentation which is entering
via the headwork. Often this is due to the fact that the sediment transport in the river was not
properly assessed and appears to be much larger than anticipated. Another reason is that
morphological changes have taken place after construction of the intake structure, which
jeopardized the measure taken to exclude sediment when withdrawing water. Among these

victims, Bililo Spate irrigation project is one of them.

A systematic assessment of water resources availability with high spatial and temporal resolution
is essential in Ethiopia for strategic decision-making on water resource related development
projects. Although empirical formulas are adopted, which simply simulates rainfall runoff
relationship which is developed in other similar agro climatic zone. There is a great uncertainty
on the estimations because it does not consider complex interaction that takes place in the

watershed.

Therefore, a comprehensive understanding of hydrological process in the watershed is the pre-
requisite for successful water management and environmental restoration. Due to the spatial and
temporal heterogeneity in soil properties, vegetation and land use practices, a hydrologic cycle is
a complex system. As a result mathematical model and geospatial analysis tool are required for
studying hydrological process and hydrological responses to land use and climatic changes.
Hence to analyze the yield of Ija Galma Waqo stream watershed with respect to quantity and
quality of runoff is essential for the proper and sustainable utilization of Ija Galma Waqo Spate
Irrigation Project. Although most spate irrigation projects were characterized by high sediment
transport, a proper investigation of the sediment and runoff yield of the catchment is essential for
management of sedimentation and utilization of water resource. If these are not investigated the
life of the project is shortened by sedimentation on the farm land and canal system, as well as it
makes difficult to design the appropriate and economical structures. Moreover, it makes difficult
to select the appropriate crop type scheduling with respect to available runoff. In this project,

stream flow rate with respect to day, month and year with its respective sediment concentration



is not known. This is due to the absence of river gauge records and lack of adopting or use of

different hydrologic model relevant for the required objectives.

This work is intended to provide a basis for future scenario analysis of water resource
management of this project and also to evaluate the SWAT model capability to predict the runoff

yield of the project.

Against this backdrop, the main objectives of this study were:

1. To estimate the catchment runoff and sediment yield using SWAT model at the headwork
site on a monthly and yearly time-step, and

2. To identify the most problematic sub basin with respect to sedimentation.



2. LITRATURE REVIEW

2.1. Impact of Land Use on Water Resource
2.1.1. Land use impact on hydrologic regime

With regard to the hydrologic regime, impacts on surface and ground water resources can be
distinguished. Impacts of land use practices on surface water can be divided into (i) impacts on
the overall water availability or the mean annual runoff, and (ii) impacts on the seasonal
distribution of water availability. With regard to the latter, impacts on peak flows and impacts on
dry season flows are of importance. With regard to groundwater, the effect of the land use on

groundwater recharge has to be examined.

2.1.1.1. Mean surface runoff

The impact of land use on the mean runoff is a function of many variables, the most important
being the water regime of the plant cover in terms of evapotranspiration (ET), the ability of the

soil to hold water, and the ability of the plant cover to intercept moisture.

A change of land cover from lower to higher ET will lead to a decrease in annual stream flow.
From a review of 94 catchment experiments, Bosch and Hewlett (1982) concluded that the
establishment of forest cover on sparsely vegetated land decreases water yield. Coniferous forest,
deciduous hardwood, brush and grass cover have (in that order) a decreasing influence on water
yield of the source areas in which the covers are manipulated. Conversely, a change from higher-
ET plants to lower-ET plants will increase the mean surface runoff: reduction in forest cover
increases water yield (Bosch and Hewlett, 1982; Calder, 1998). The impact, however, depends
very much on the management practices and the alternative land uses. Careful, selective
harvesting of timber has no or little effect on stream flow. Stream flow after maturation of the
new plant cover may be higher, the same or lower than original value, depending on vegetation

(Bruijnzeel, 1990).

An exception to this rule are cloud forests, which can intercept more moisture (fog drip) than

consumption by ET and very old forests, which, depending on the species, may consume less



water than the vegetation that establishes itself after clear-cutting (Calder, 1998). Stream flow
gains decline over time with establishment of new plant cover, but time scales can vary greatly.
In humid warm areas, the effect of clear-cutting is shorter lived than in less humid areas, due to
rapid re-growth of vegetation (Falkenmark and Chapman, 1989). Increasing water yield from
changing plant cover does not necessarily increase water availability downstream. Stream flow
might decrease because of other factors, e.g. water consumption by riparian vegetation or

through transmission losses (Brooks et al., 1991).

2.1.1.2. Peak flow/floods

Peak flows can increase as a result of a change in land use if the infiltration capacity of the soil is
reduced, for example through soil compaction or erosion, or if drainage capacity is increased.
Peak flow may increase after trees are cut down (Bruijnzeel, 1990). Relative increases in storm
flow after tree removal is smallest for large events and largest for small events. As the amount of
precipitation increases, influence on storm flow of soil and plant cover diminishes (Bruijnzeel,

1990).

An increase of peak flows may also result from the building of roads and infrastructure. Studies
in the north-western USA have shown that the construction of forest roads can intensify peak
runoff from forested areas significantly (Bowling and Lettenmaier, 1997; La Marche and
Lettenmaier, 1998). Consolidation of smaller plots to large fields can lead to higher runoff rates,
due to drainage systems and asphalt access roads (Falkenmark and Chapin, 1989). Conversely,

peak flows may decrease as a result of an increased soil infiltration capacity.

In larger basins, effects of land use practices on peak flow are offset due to time lag between
different tributaries, different land use and variations in rainfall (Bruijnzeel, 1990). In larger
watersheds, this de-synchronization effect can lead to a reduction in peak discharge, although
overall storm flow increases due to land use changes in individual sub watersheds (Brooks et al.,

1991).



2.1.1.3. Base flow/dry season flow

The effect of land use change on dry-season flow depends on competing processes, most notably
changes in ET and infiltration capacity. The net impact is likely to be highly site specific (Calder,
1998).

In tropical areas, afforestation can lead to decreased dry-season flows due to increased
evapotranspiration. In the Mae Thang watershed (Thailand), afforestation programs led to water
shortages downstream, which resulted in a seasonal closure of a water treatment plant and lower
availability for irrigation (Chomitz and Kumari, 1996). Similarly, in the Fiji Islands, large-scale
pine afforestation (60 000 ha) in watersheds previously covered by grassland led to reductions in
dry-season flow of 50-60 percent, putting the operation of a hydro-electric plant and drinking
water supply at risk (FAO, 1987).

Most experimental evidence in rainfall-dominated regimes suggests that forest removal (or
change from high-water-use plants to low-water-use plants) increases dry season flows (Brooks
et al.,, 1991). In contrast, dry-season flows from deforested land may decrease if the soil
infiltration capacity is reduced, e.g. through use of heavy machinery (Bruijnzeel, 1990). Low
flow resulting from extended dry periods or droughts may not be substantially altered by changes

in vegetative cover (Brooks et al., 1991).

2.1.1.4. Groundwater recharge

The groundwater recharge may be increased or decreased as a result of changing land use
practices. The major driving forces are the ET of the vegetative cover and the infiltration
capacity of the soil. Groundwater recharge is often linked with dry-season flows, as groundwater
contributes much of the river discharge during the dry season. The water table may rise as a
result of decreased evapotranspiration, e.g. following logging or conversion of forest to grassland
for grazing. Recharge may also increase due to an increased infiltration rate, e.g. through

afforestation of degraded areas (Tejwani, 1993).



In contrast, the water table may fall as a result of decreased soil infiltration, e.g. through non-
conservation farming techniques and compaction (Tejwani, 1993). And also, heavy grazing may
lead to reduced infiltration and groundwater recharge (Chomitz and Kumari, 1996). If the
infiltration capacity is substantially reduced, this can lead to water shortages in dry seasons, even
in regions where water is usually abundant, like in the case of shifting cultivation in Cherapunji
province, India (FAO, 1999). Likewise, groundwater recharge can be reduced as a result of

planting of deep rooting tree species, e.g. eucalyptus (Calder, 1998).

2.1.2. Impact of land use on erosion and sediment load

Forests are checkers of soil erosion. Protection is largely because of under storey vegetation and
litter, and the stabilizing effect of the root network. On steep slopes, the net stabilizing effect of
trees is usually positive. Vegetation cover can prevent the occurrence of shallow landslides
(Bruijnzeel, 1990). However, large landslides on steep terrain are not influenced appreciably by
vegetation cover. These large slides may contribute the bulk of the sediment, as for example in

the middle hills of the Himalayas (Bruijnzeel and Bremmer, 1989).

Afforestation does not necessarily decrease soil erosion. Splash erosion may increase
substantially when litter is cleared from the forest floor (Bruijnzeel, 1990). The spectrum for the
size of the drops that are formed by the canopy varies widely among different species, resulting

in large differences in the potential of splash erosion (Calder, 1998).

Deforestation may increase erosion. In Malaysia, streams from logged areas carry 8-17 times
more sediment load than before logging (Falkenmark and Chapman, 1989). The actual soil loss,
however, depends largely on the use to which the land is put after the trees have been cleared.
Surface erosion from well-kept grassland, moderately grazed forests and soil-conserving
agriculture are low to moderate (Bruijnzeel, 1990). Road construction may be a major cause for
erosion during timber harvesting operations. In the USA, forest roads are estimated to account

for 90 percent of the erosion caused by logging activities (Brooks et al., 1991; Bruijnzeel, 1990).

Effects of erosion control measures on sediment yield will be most readily felt on-site. There is

an inverse relation between basin size and sediment delivery ratio. In basins of several hundred



km® improvements may only be noticeable after a considerable time lag (Decades), due to
storage effects (Bruijnzeel, 1990). Downstream sediment yields cannot always be ascribed to the
changing of upstream land use practices. Human impacts on sediment yield may be substantial in
regions with stable geological conditions and low natural erosion rates. In regions with high
rainfall rates, steep terrain, and high natural erosion rates, however, the impact of land use may
be negligible. In the Phewa Tal watershed in Nepal, for example, only six percent of the total
sediment yield has been calculated to stem from surface erosion (Bruijnzeel, 1990). Sediment
can act both as a physical and a chemical pollutant. Physical pollution characteristics of sediment
include turbidity (limited penetration of sunlight) and sedimentation (loss of downstream

reservoir capacity, destruction of coral reefs, and loss of spawning grounds for certain fish).

2.2. Scale Consideration

The above review of land use impacts on water resources does not take into account spatial and
temporal distribution aspects. Scale considerations, however, are of fundamental importance
when assessing these impacts as they indicate whether a land use upstream may affect a water

use downstream.

2.2.1. Spatial scale

With regard to the spatial scale, i.e. the size of river basin, the land use impact can become less
important because of offset effects, such as de-synchronization (e.g. in the case of floods),
storage capacity of the river bed (sedimentation) or the self-cleaning capacity of the river
(organic pollution). At the same time, the impact can become more important with increasing

scale due to accumulative effects, e.g. in the case of salinity.

Land use induced changes of the hydrologic regime and sediment load decrease with the size of
the river basin. The effects will be most readily felt in smaller watersheds of up to several
hundred km®. One well-documented case is the Ganges-Brahmaputra-Meghan basin. Studies
show that in small-scale catchments (<50 km?) in the basin, erosion and stream flow may be
strongly influenced by changing land use patterns (Ives and Messerli, 1989). However, the

lowland flooding in Bangladesh is not related to the increased peak flow and erosion resulting



from deforestation in the Himalayan uplands in Nepal. The main driving forces behind the flood
events in the plains are naturally occurring rainfall events in the lowlands, which may be
augmented by human interventions in the floodplains, such as road and river embankments (Ives
and Messerli, 1989; Hofer, 1998). Similarly, the bulk of the sediment load in the Ganges-
Brahmaputra river system does not stem from human-induced erosion, but rather from large

landslides not influenced by human activity (Bruijnzeel and Bremmer, 1989).

With regard to water quality impacts, the picture is much less clear. Observations show that
some land use impacts on water quality, like salinity or pesticide load, can also have downstream
effects in medium to large watersheds, like the Murray-Darling basin (Australia) and the
Colorado basin (USA/Mexico). Other downstream impacts, like organic matter and pathogens

are relevant only at smaller scales.

2.2.2. Temporal scale

Temporal scale is another important aspect of land use impacts, as it determines the perception of
the impact as well as the economic cost associated with it. Two aspects are important with regard
to temporal scale of land use impacts. First, the time it takes for a land use to have an impact on
downstream uses, and, second, in the case of negative impacts, the time it takes for remedial

measures to take effect, if the impact is reversible.

The temporal scales of land use impacts vary widely. Depending on the impact, they may range
from less than one year, as in the case of bacterial contamination, to hundreds of years, as in the
case of salinity. Similarly, time scales of recovery from adverse impacts are very diverse,
depending on the impact. However, in most cases, the time it takes to restore an aquatic system
after an adverse impact is much longer than the time it takes for an impact to appear (Peters and

Meybeck, 2000).

Generally, with regard to land use impacts on hydrologic regimes and sediment transport, there is
an inverse relationship between the spatial scale in which the impacts can be observed and the
scale in which the redistribution of benefits might be important. These impacts can be most

readily felt in small spatial scales. At the same time, the number of water users who might



benefit or suffer from this land use change, increases with the size of the watershed. Due to the
decreasing magnitude of impact, the respective costs and benefits will be small. Impacts of land
use practices on water quality, like salinity, pesticide pollution and eutrophication due to nutrient
influx, however, may be relevant in medium to large-scale river basins as well. These impacts
may affect many downstream uses, including providers of drinking water, industries, fisheries

and other agricultural uses.

2.3. SWAT Development and Interface

SWAT (Arnold et al., 1998) is a semi-distributed, time continuous watershed simulator operating
on a daily time step. It is developed for assessing the impact of management and climate on
water supplies, sediment, and agricultural chemical yields in watersheds and larger river basins.
The model is semi-physically based, and allows simulation of a high level of spatial detail by
dividing the watershed into a large number of sub-watersheds. The major components of SWAT
include hydrology, weather, erosion, plant growth, nutrients, pesticides, land management, and
stream routing. The program is provided with an interface in Arc GIS (Arc SWAT 2005,
Winchell et al., 2008) for the definition of watershed hydrologic features and storage, as well as

the organization and manipulation of the related spatial and tabular data.

2.3.1. Theoretical description of SWAT

The large scale spatial heterogeneity of the study area is represented by dividing the watershed
into subbasins. Each subbasin is further discretised into a series of hydrologic response units
(HRUs), which are unique soil-land use combinations. Soil water content, surface runoff,
nutrient cycles, sediment yield, crop growth and management practices are simulated for each

HRU and then aggregated for the subbasin by a weighted average.

Physical characteristics, such as slope, reach dimensions, and climatic data are considered for
each subbasin. For climate, SWAT uses the data from the station nearest to the centric of each
subbasin. Calculated flow, sediment yield, and nutrient loading obtained for each subbasins are
then routed through the river system. Channel routing is simulated using the variable storage or

Muskingum method.
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The water in each HRU in SWAT is stored in four storage volumes: snow, soil profile (0—2 m),
shallow aquifer (typically 2-20 m), and deep aquifer. Surface runoff from daily rainfall is
estimated using a modified SCS curve number method, which estimates the amount of runoff
based on local land use, soil type, and antecedent moisture condition. Peak runoff predictions are
based on a modification of the Rational Formula (Chow et al.,, 1988). The watershed
concentration time is estimated using Manning’s formula, considering both overland and channel

flow.

The soil profile is subdivided into multiple layers that support soil water processes including
infiltration, evaporation, plant uptake, lateral flow, and percolation to lower layers. The soil
percolation component of SWAT uses a water storage capacity technique to predict flow through
each soil layer in the root zone. Downward flow occurs when field capacity of a soil layer is
exceeded and the layer below is not saturated. Percolation from the bottom of the soil profile

recharges the shallow aquifer.

Daily average soil temperature is simulated as a function of the maximum and minimum air
temperature. If the temperature in a particular layer reaches less than or equal to 0°C, no
percolation is allowed from that layer. Lateral sub-surface flow in the soil profile is calculated
simultaneously with percolation. Groundwater flow contribution to total stream flow is simulated

by routing a shallow aquifer storage component to the stream (Arnold and Allen, 1996).

The model computes evaporation from soils and plants separately. Potential evapotranspiration
can be modeled with the Penman—Monteith (Monteith, 1965), Priestley—Taylor (Priestley and
Taylor, 1972), or Hargreaves methods (Hargreaves and Samani, 1985), depending on data
availability. Potential soil water evaporation is estimated as a function of potential ET and leaf
area index (area of plant leaves relative to the soil surface area). Actual soil evaporation is
estimated by using exponential functions of soil depth and water content. Plant water evaporation
is simulated as a linear function of potential ET, leaf area index, and root depth, and can be
limited by soil water content. More detailed descriptions of the model can be found in Arnold et

al. (1998).
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Sediment yield in SWAT is estimated with the modified soil loss equation (MUSLE) developed
by Wischmeier and Smith (1978). The sediment routing model consists of two components
operating simultaneously: deposition and degradation. The deposition in the channel and
floodplain from the sub-watershed to the watershed outlet is based on the sediment particle
settling velocity. The settling velocity is determined using Stoke’s law (Chow et al., 1988) and is
calculated as a function of particle diameter squared. The depth of fall through a reach is the
product of settling velocity and the reach travel time. The delivery ratio is estimated for each
particle size as a linear function of fall velocity, travel time, and flow depth. Degradation in the
channel is based on Bagnold’s stream power concept (Bagnold, 1977; Williams, 1980) generally

some of the components related to the study are below:

2.3.2. Hydrological component of SWAT

Simulation of hydrology of a watershed is done in two separate components. One is the land
phase of the hydrologic cycle that controls the water movement in the land and determines the
water, sediment, nutrient and pesticide amount that will be loaded into the main stream.
Hydrological components simulated in land phase of the Hydrological cycle are canopy storage,
infiltration, redistribution, and evapotranspiration, lateral subsurface flow, surface runoft, ponds
and tributary channels return flow. The second component is routing phase of the hydrological
cycle in which the water is routed in the channels network of the watershed, carrying the
sediment, nutrients and pesticides to the outlet. In the land phase of the hydrologic cycle, SWAT

simulates the hydrological cycle based on the water balance equation.

SWt=SWq + > (Rday-Qsurr-Ea-Weep-Qaw) 1

Where SWt is the final soil water content (mm), SWy is the initial soil water content for day i
(mm), t is the days (days), Rqay 1s the day precipitation (mm), Qsuf is the surface runoff (mm), E,
is the evapotranspiration (mm), Wseep is the seepage from the bottom soil layer (mm) and Qg is

the groundwater flow on day i (mm).

Brief description of some of the key model components are provided in this study. More detailed

descriptions of the different model components are listed in Arnold et al., (1998), Neitsch et al.,
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(2005).Surface runoff occurs whenever the rate of precipitation exceeds the rate of infiltration.
SWAT offers two methods for estimating surface runoff: the SCS curve number procedure
(USDA-SCS, 1972) and the Green & Ampt infiltration method (Green and Ampt, 1911). Using
daily or sub daily rainfall, SWAT simulates surface runoff volumes and peak runoff rates for

each HRU. The SCS curve number equation is (SCS, 1972):

(Rye —0.25)
iR +0.8S )

day

qurf =

In which, Qguf 1s the accumulated runoff or rainfall excess (mm), Rgay is the rainfall depth for

the day (mm), S is the retention parameter (mm). The retention parameter is defined by equation

3.

S= 25.4[m - 10)
CN

Swat2005 version includes two methods for calculating the retention parameter; the first one is
retention parameter varies with soil profile water content and the second method is the retention
parameter varies with accumulated plant evapotranspiration. The soil moisture method (equation
4), over estimate runoff in shallow soils. But calculating daily CN as a function of plant
evapotranspiration, the value is less dependent on soil storage and more dependent on antecedent

climate.

S:

Spax 1| 1= oW 4
[SW + exp(w, —w, - SW)]

Where S is the retention parameter for a given day (mm), Smax is the maximum value the

retention parameter can achieve on any given day (mm), SW is the soil water content of the entire

profile excluding the amount of water held in the profile at wilting point (mm), and w; and w,

are shape coefficients. The maximum retention parameter value, Smax, is calculated by solving

equation 5 using CN;.
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Smax = 25.4 m—10 5
CN

1

When the retention parameter varies with plant evapotranspiration, the following equation is

used to update the retention parameter at the end of every day:

—cncoef —S
S

max

S=3 prev T Eo * CXP( e j - I:zday - qurf 6

Where S is the retention parameter for a given day (mm), Sprey is the retention parameter for the
previous day (mm), E, is the potential evapotranspiration for the day (mm d™), cncoef is the
weighting coefficient used to calculate the retention coefficient for daily curve number
calculations dependent on plant evapotranspiration, Smax is the maximum value the retention
parameter can achieve on any given day (mm), Ryay is the rainfall depth for the day (mm), and
Qsurf 1s the surface runoff (mm). The initial value of the retention parameter is defined

asS=009xS_ .

The SCS curve number is a function of the soil permeability, land use and antecedent soil water
condition. SCS defines three antecedent moisture conditions: [—dry (wilting point), [I—average
moisture, and III—wet (field capacity). The moisture condition I curve number is the lowest
value the daily curve number can assume in dry conditions. The curve numbers for moisture

conditions I and III are calculated with equations 7 and 8, respectively.

20-(100-CN,)
(100 — CN,, + exp[2.533 - 0.0636 - (100 — CN,, )])

CN, =CN, -

CN, =CN, -exp[0.00673 - (100 — CN,, )] 8

Where CN; is the moisture condition I curve number, CN, is the moisture condition II curve

number, and CNj; is the moisture condition III curve number.

14



Typical curve numbers for moisture condition II are listed in various tables (Neitsch et al., 2005),
for various land covers and soil types. These values are appropriate for a slope of 5%. Williams
(1995) developed an equation to adjust the curve number to a different slope:

(CN, -CN,)
3

CN,, = [1-2-exp(~13.86-slp)]+CN, 9

Where CNys is the moisture condition II curve number adjusted for slope, CNj is the moisture
condition III curve number for the default 5% slope, CN, is the moisture condition II curve

number for the default 5% slope, and slp is the average percent slope of the subbasin.

SWAT calculates the peak runoff rate with a modified rational method. Numerous methods have
been developed to estimate Potential evapotranspiration (PET). Three of these methods have
been incorporated into SWAT: the Penman-Monteith method (Monteith, 1965; Allen, 1986;
Allen et al., 1989), the Priestley-Taylor method (Priestley and Taylor, 1972) and the Hargreaves
method (Hargreaves et al., 1985).

The simulation of ground water is done into two aquifers in each subbasin. That is the shallow
and the deep aquifer. The shallow aquifer is an unconfined aquifer that contributes to flow in the
main channel or reach of the subbasin. The deep aquifer is a confined aquifer. Water that enters
the deep aquifer is assumed to contribute to stream flow somewhere outside of the watershed
(Arnold, 1993). In SWAT 2005 the water balance for the shallow aquifer is calculated with

equation 10.
a'(qsh,i = a‘qsh,i—l + Wrchrg,sh - ng - Wrevap - Wpump,sh 10

Where agsn is the amount of water stored in the shallow aquifer on day i (mm), agsni.; is the
amount of water stored in the shallow aquifer on day i-1 (mm), Wychrgsh is the amount of recharge
entering the shallow aquifer on day i (mm), Qg is the groundwater flow, or base flow, into the
main channel on day i (mm), Wyevap is the amount of water moving into the soil zone in response

to water deficiencies on day i (mm), and Wpympsh is the amount of water removed from the
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shallow aquifer by pumping on day i (mm). The steady-state response of groundwater flow to

recharge is estimated by equation 11 (Hooghoudt, 1940):

8000-K_,,

gw

ng N 11

Where Qgw is the groundwater flow, or base flow, into the main channel on day i (mm), Ksy is
the hydraulic conductivity of the aquifer (mm/day), Lgw is the distance from the ridge or subbasin
divide for the groundwater system to the main channel (m), and hy is the water table height
(m). A water table fluctuation due to non-steady-state response of groundwater flow to periodic

recharge is calculated by equation 12 (Smedema and Rycroft, 1983):

dhwtbl _ Wrchrg,sh _ng 12
dt 800- 1

Where % is the change in water table height with time (mm/day), Wychrgsh 1S the amount of

recharge entering the shallow aquifer on day i (mm), Qgw is the groundwater flow into the main
channel on day i (mm), and y is the specific yield of the shallow aquifer (m/m). Assuming that
variation in groundwater flow is linearly related to the rate of change in water table height,

equations 11 and 12 can be combined to obtain:

d
QQW =10- Ksat -
dt u-L

agw

: (Wrchrg,sh - ng) =gy (Wrchrg,sh - ng) 13

Where Qg is the groundwater flow into the main channel on day i (mm), K is the hydraulic
conductivity of the aquifer (mm/day), u is the specific yield of the shallow aquifer (m/m), Lgy is
the distance from the ridge or subbasin divide for the groundwater system to the main channel
(m), Wrehrg,sh 1S the amount of recharge entering the shallow aquifer on day i (mm) and gy is the
base flow recession constant or constant of proportionality. The base flow recession constant,

agw, 18 a direct index of groundwater flow response to changes in recharge (Smedema and
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Rycroft, 1983). Values vary from 0.1-0.3 for land with slow response to recharge to 0.9-1.0 for
land with a rapid response. Although the base flow recession constant may be calculated, the best
estimates are obtained by analyzing measured stream flow during periods of no recharge in the

watershed.

2.3.3. Sediment component of SWAT

SWAT computes erosion caused by rainfall and runoff with the Modified Universal Soil Loss
Equation (MUSLE) (Williams, 1975). The modified universal soil loss equation (Williams,
1995) is given by equation 14:

sed =11.8- (qurf 'qpeak -areay,, )0'56 ' KUSLE 'CUSLE ) PUSLE ’ LSUSLE -CFRG 14

Where sed is the sediment yield on a given day (metric tons), Qsurf is the surface runoff volume
(mm/ha), Qpeak is the peak runoff rate (m’/s), areany is the area of the HRU (ha), Kuys.e is the
USLE soil erodibility factor, Cys g is the USLE cover and management factor, Pysi g is the
USLE support practice factor, LSys.e is the USLE topographic factor and CFRG is the coarse
fragment factor. The detail of the USLE factor and description of the different model

components can be found in Neitsch et al., (2005}

In SWAT water is routed through the channels network using either the variable storage routing
or Muskingum river routing method. The detail of the water routing methods are discussed in the
Neitsh et al. (2005). The sediment routing model Arnold (1995) that simulates the sediment
transport in the channel network consists of two components operating simultaneously:
deposition and degradation. To determine the deposition and degradation processes the
maximum concentration of sediment calculated by equation 15 in the reach is compared to the
concentration of sediment in the reach at the beginning of the time step. A brief description of
sediment routing component of SWAT 2005 is given below (Neitsch et al., 2005).The maximum
amount of sediment that can be transported from a reach segment is a function of the peak

channel velocity and is calculated by equation 15.
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conc =Cop Venpk " 15

sed,ch,mx

Where CONCseqchmx 1S the maximum concentration of sediment that can be transported by the
water (ton/m3 or kg/L), Csp 1s a coefficient defined by the user, Venpk 1s the peak channel velocity
(m/s), and spexp is an exponent defined by the user. The exponent, Spexp, normally varies
between 1.0 and 2.0 and was set at 1.5 in the original Bagnold stream power equation (Arnold,

1995).

The maximum concentration of sediment calculated with equation 15 is compared to the
concentration of sediment in the reach at the beginning of the time step, CONCseqchi.
Ifconc

> conc deposition is the dominant process in the reach segment and the net

sed,ch,i sed,ch,mx >

amount of sediment deposited is calculated by equation 16. Ifconc < conc

sed,ch,i sed,ch,mx »
degradation is the dominant process in the reach segment and the net amount of sediment re-
entrained is calculated by equation 17.

sed,, = (conc —CONCy g e ) Ve 16

sed ,ch,i

seddeg = (conc —concsed,ch,i)-vCh -Ken *Cen 17

sed ,ch,mx

Where sedgep is the amount of sediment deposited in the reach segment (metric tons), CONCseq, ch, i
is the initial sediment concentration in the reach (kg/L or ton/m3), CONCsed, ch, mx 18 the maximum
concentration of sediment that can be transported by the water (kg/L or ton/m’), and V¢, is the
volume of water in the reach segment (m3),. sedgeg is the amount of sediment re entrained in the
reach segment (metric tons), Kcy is the channel erodibility factor (cm/hr/Pa), and Cch is the
channel cover factor. The final amount of sediment in the reach is determined from equation 18.

18

sed, =sed,,; —sed, + sed

dep deg

Where sed is the amount of suspended sediment in the reach (metric tons), sedcp, i is the amount

of suspended sediment in the reach at the beginning of the time period (metric tons), Sedgep is the
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amount of sediment deposited in the reach segment (metric tons), and Sedgeg is the amount of
sediment re-entrained in the reach segment (metric tons). The amount of sediment transported out

of the reach is calculated:

sed,, =sed,, Jou 19
Vch

Where sedoy is the amount of sediment transported out of the reach (metric tons), sed¢h is the
amount of suspended sediment in the reach (metric tons), Vot is the volume of outflow during

the time step (m’), and V¢, is the volume of water in the reach segment ().

2.3.4. Performance of SWAT on hydrologic studies

Several hydrologic components (surface runoff, ET, recharge, and stream flow) that are currently
in SWAT have been developed and validated at smaller scales within the EPIC, GLEAMS and
SWRRB models. Interactions between surface flow and subsurface flow in SWAT are based on
a linked surface - subsurface flow model developed by Arnold (1993). Characteristics of this
flow model include non-empirical recharge estimates, accounting of percolation, and
applicability to basin-wide management assessments with a multi-component basin water
budget. The flow model was validated in a 471 km” watershed in the Grand Prairie region near
Waco, Texas. Current SWAT reach and reservoir routing routines are based on the ROTO
approach (Arnold, 1995), which was developed to estimate flow and sediment yields in large
basins using sub area inputs from SWRRB. Configuration of routing schemes in SWAT is based

on the approach given by Arnold et al., (1994).

The surface runoff, ET, and stream flow components have been refined and validated at larger
scales within SWAT including a U.S. national assessment of stream flow and ET (Arnold et al.,
1999). Arnold and Allen (1996) used measured data from three Illinois watersheds to
successfully validate surface runoff, groundwater flow, groundwater ET, ET in the soil profile,
groundwater recharge and groundwater height parameters. Groundwater recharge and discharge
(base flow) results from SWAT were compared to filtered estimates for the 491,700 km? Upper
Mississippi River Basin (Arnold et al., 2000). Chu and Shirmohammadi (2004) evaluated
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SWAT’s capability to predict surface and subsurface flow for a 33.4 km” watershed in Maryland.
They found that SWAT was unable to simulate an extremely wet year; but with the wet year
removed, the surface runoff, base flow and stream flow results were within acceptable accuracy

on a monthly basis. Subsurface flow results improved with the base flow corrected.

Rosenthal et al., (1995) linked GIS to SWAT and with no calibration simulated 10 years of
monthly stream flow. SWAT underestimated the extreme events but had a significant coefficient
of determination (R’=0.75). Rosenthal and Hoffman (1999) successfully used SWAT and a
spatial database to simulate flows, sediment, and nutrient loadings on a 9,000 km® watershed in
central Texas to locate potential water quality monitoring sites. SWAT was successfully
validated for stream flow and sediment loads for the Mill Creek watershed in Texas for 1965-68
and 1968-75 (Srinivasan et al., 1998). Monthly stream flow rates were well predicted but the
model overestimated stream flows in a few years during the spring/summer months (Srinivasan
et al., 1 998). The overestimation may be accounted for by variable rainfall during those months.
SWAT also predicted soil erosion and sediment transport satisfactorily considering the model’s

limitations.

As part of the HUMUS (Hydrologic Unit Model for the United States) project, annual runoff and
ET were validated across the entire continental U.S. (Arnold et al., 1999). Monthly stream flow
was also validated against measured USGS flow at several gauging stations across the U.S.
(Arnold, 2000; Arnold, 1999). Bingner (1996) simulated runoff for 10 years for a watershed in
northern Mississippi. The SWAT model produced reasonable results in the simulation of runoff

on a daily and annual basis from multiple subbasins, with the exception of wooded subbasins.

Arnold (1999) integrated GIS with SWAT to evaluate stream flow and sediment yield data in the
Texas Gulf Basin with drainage areas ranging from 10,000 to 110,000 km®. Stream flow data
from approximately 1,000 stream monitoring gages from 1960 to 1989 were used to calibrate
and validate the model. Predicted average monthly stream flow data from three to six-digit were
5% higher than measured flows with standard deviations between measured and predicted be
within 2%. SWAT simulated sediment yields compared reasonably well to estimated yields

(from the rating curve) considering input uncertainties, sampling errors, and model assumptions.
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Benaman and Shoemaker (2004) found that significant uncertainty remained with the SWAT

sediment routine.

Arnold (2001) found that a simulated wetland near Dallas, Texas needed to be at or above 85%
capacity for 60% of a 14-year simulation period. Conan et al., (2003) found that SWAT
adequately simulated the changing from wetlands to dry land for the Upper Guadiana river basin
in Spain. Hernandez et al., (2000) utilized existing data sets (i.e., STATSGO soil database and
land cover classification) for parameterize SWAT to simulate hydrologic response to land cover
change for a small semi-arid watershed (1502) in southeastern, Arizona. These authors found
that calibration was required to improve model efficiency for simulation of runoff depth.
Mapfumo et al., (2004) tested the model’s ability to simulate soil-water patterns in small
watersheds under three grazing intensities in Alberta, Canada. They observed that SWAT had a
tendency to over predict soil-water in dry soil conditions and to under predict in wet soil
conditions. Overall, the model was adequate in simulating soil-water patterns for all three

watersheds with a daily time-step.

Van Liew and Garbrecht (2003) evaluated SWAT’s ability to predict stream flow under varying
climatic conditions for three nested sub watersheds in the Little Washita River Experimental
Watershed in southwestern Oklahoma. They found that SWAT could adequately simulate runoff
for dry, average, and wet climatic conditions in one sub watershed, following calibration for
relatively wet years in two of the sub watersheds. Govender and Everson (2005) also found that
the model performed better in drier years than in a wet year. Deliberty and Legates (2003) used
SWAT to simulate soil moisture conditions in Oklahoma. Arnold (2005) validated a crack flow
model for SWAT, which simulates soil moisture conditions with depth to account for flow
conditions in dry weather. The crack flow model is impacted by crack potential, soil depth and
soil moisture. Seasonal trends were in agreement with simulated crack volume (R?=0.84).
Measured daily surface runoff was regressed with simulated data resulting in 0.87 coefficient of

determination.
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2.3.5. Performance of SWAT on sediment studies

According to Pollutant loss estimations are described in roughly 50 of the peer-reviewed papers.
Papers focused on validation efforts of SWAT pollutant loss routines and/or evaluation of best
management practices (BMP) are discussed in this section. Initial comparisons of SWRRB-
ROTO sediment output compared favorably with measured data for three watersheds in Texas
(Arnold, 1995). SWAT predictions of sediment loss were further tested in nine watersheds in
Texas (Srinivasan, 1998; Arnold, 1999; Santhi et al., 2001; Saleh et al., 2000) and single
watersheds in Indiana (Arnold and Srinivasan, 1998), New York (Benaman and Shoemaker.
2005), Maryland (Chu, 2004), and India (Tripathi et al., 2004). These studies varied in watershed
sizes, interval and duration of measured sediment loss, validation criteria and other factors. All
of the studies concluded that the SWAT sediment predictions showed general agreement with
measured values, except for the New York and Maryland experiments. The analysis in the New
York watershed concentrated on high-flow sediment event data, and SWAT underestimated 34
of the 35 observed sediment loads and underestimated erosion caused by snowmelt. In Maryland,
monthly sediment predictions were poor but annual sediment predictions strongly agreed with

annual observed sediment loss.

SWAT has been used to evaluate the environmental or economic impacts of BMPs or land use
changes at a variety of scales. SWAT was used within HUMUS to conduct a national-scale
analysis of the effect of management scenarios on water quantity and quality (Jayakrishnan et al.,
2005). SWAT results indicated that implementation of improved tillage practices can reduce
sediment yields by almost 20% in Rock River in Wisconsin (Kirsch et al., 2002). Chaplot et al.,
(2004) found that adoption of no tillage, changes in nitrogen application rates, and land use
changes could greatly impact nitrogen losses in the Walnut Creek Watershed in central Iowa.
Further analysis of BMPs by Vache et al. (2002) for Walnut Creek and a second Iowa watershed
indicated that large sediment reductions could be obtained, depending on BMP choice. Gitau et
al., (2004) determined cost-effective pollution reduction through farm level optimization of BMP
placement using SWAT. SWAT studies in India include identification of critical or priority areas
for soil and water management in a watershed (Tripathi et al., 2003 and Kaur et al., 2004), the
impact of different tillage systems on nitrogen and sediment losses (Tripathi et al., 2005) and the

effects of replacing rice with peanut and soybean on soil loss (Tripathi et al., 2005).
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Generally the wide range of SWAT applications that have been described here underscores that
the model is a very flexible and robust tool that can be used to simulate a variety of watershed
problems. The ability of SWAT to replicate hydrologic and/or pollutant loads at a variety of
spatial scales on an annual or monthly basis has been confirmed in numerous studies. However,
the model performance has been inadequate in some studies, especially when comparisons of
predicted output were made with time series of measured daily flow and/or pollutant loss data.
Some users have addressed weaknesses in SWAT by component modifications, which support
more accurate simulation of specific processes or regions. This is a trend that will likely
continue. It can also be expected that additional support tools will be created in the future to
facilitate various applications of SWAT. The SWAT model will continue to evolve in response
to the needs of the ever-increasing worldwide user community and to provide improved

simulation accuracy of key processes.

2.3.6. Sensitivity analysis

SWAT is a complex model with many parameters that makes manual calibration difficult.
Hence, sensitivity analysis was performed to limit the number of optimized parameters to obtain
a good fit between the simulated and measured data. Sensitivity analysis helps to determine the
relative ranking of which parameters most affect the output variance due to input variability (van
Griensven et al., 2002) which reduces uncertainty and provides parameter estimation guidance
for the calibration step of the model. SWAT model has an embedded tool to perform sensitivity
analysis and provides recommended ranges of parameter changes. SWAT2005 uses a
combination of Latine Hypercube Sampling and One-At-a-Time sensitivity analysis methods
(LH-OAT method) (van Griensven, 2005). The concept of the Latin-Hypercube Simulation is
based on the Monte Carlo Simulation to allow a robust analysis but uses a stratified sampling
approach that allows efficient estimation of the output statistics while the One-Factor-At-a-Time
is an integration of a local to a global sensitivity method (van Griensven, 2005). In local
methods, each run has only one parameter changed per simulation which aides in the clarity of a
change in outputs related directly to the change in the parameter altered (van Griensven and

Green, 2007).
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2.3.7. Model calibration

There are three calibration approaches widely used by the scientific community. These are the
manual calibration, automatic calibration and a combination of the two. Manual calibration is the
most widely used approach. However it is tedious, time consuming, and success of it depends on
the experience of the modeler and knowledge of the watershed being modeled (Eckhardt &
Arnold, 2001). Automatic calibration involves the use of a search algorithm to determine best-fit
parameters. It is desirable as it is less subjective and due to extensive search of parameter

possibilities can give results better than if done manually.

SWAT has two built-in calibration tools: the manual calibration helper and the auto- calibration.
The manual calibration approach helps to compare the measured and simulated values, and then
to use the expert judgment to determine which variable to adjust, how much to adjust them, and
ultimately assess when reasonable results have been obtained. The auto- calibration technique is
used to obtain an optimal fit of process parameters which is based on a multi-objective
calibration and incorporates the Shuffled Complex Evolution Method algorithms (Green and van

Griensven, 2007).

2.3.8. SWAT strength and limitation

2.3.8.1. Strength

Key features that make the model applicable for a wide range of studies are:
e Modelling based on physical processes associated with soil and water interaction
e Flexibility to incorporate crop characteristics, cropping stage and duration
e Flexibility on input data requirement
e (Capability of modelling the changes in land use and management practices
e Computational efficiency
e Capability of long-term simulations
e Capability of modelling catchments areas varying between few hectares to thousands of
sq.km.

e The model is freely available and can be easily downloaded from the internet
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2.3.8.2. Limitation

Following are some of the limitations using SWAT for hydrological modelling:

1. Due to the heterogeneity of the catchments, a number of meteorological observation
stations are required to present the spatial variation in the hydro-meteorological
characteristics in the area. The lack of adequate number of observation stations affects the
model output.

2. In order to calibrate the model for the historic land use scenarios, the corresponding land
use maps are needed. In order to get the real time picture of the land use pattern, this
information can be extracted from the remote sensing satellite imageries by using digital
image processing technique. However, acquisition of satellite imageries is expensive and
also the expertise required for the image interpretation is another major limitation.

3. Though SWAT is a free software tool, in order to represent the spatial variation in the

catchments characteristics, GIS software is the pre-requisite to run the model.

2.3.9. RAINBO homogeneity test

Frequency analysis of rainfall data and flow data and their potential use in agrometeorolgical
decision-making processes requires that the data be of long series; they should be homogeneous
and independent. The restrictions of homogeneity assure that the observations are from the same
population. In RAINBOW the test for homogeneity is based on the cumulative deviation from

the mean and determined from equation 20.
Kk
D, =Y (Y,-Y) k=1,2,....... ,n 20

Where Y, are records of the partial duration seriesY,, Y, ..... Y, and Y is the mean. Note that

Dy and D, are equal to zero. For a homogeneous record one may expect that the Dy fluctuate
around zero since there is no systematic pattern in the deviations of theY, ’s from their average
value. Rescaled cumulative deviations are obtained by dividing the Dy s by the sample standard

deviation value Sy and then the values of the (Di / Sy)’s are plotted. A statistical formula which

is sensitive to departures from homogeneity may be written as under:
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Q=max|D, /S, | 0<k<n 21

R =max|D, /S, |-min|D, /S, | -

High values of Q or R are an indication that the data of the time series is not from the same
population and that the fluctuations are not purely random. Critical values for the test-statistic
which test the significance of the departures from homogeneity are plotted in the homogeneity
plot menu as well (3 horizontal lines). If the cumulative deviation crosses one of the horizontal
lines the homogeneity of the data set is rejected with respectively 90, 95 and 99% probability.
The probability of rejecting the homogeneity of the data set is reported in the Homogeneity
statistics menu. The menu is displayed by clicking on the ‘Statistics’ button in the Homogeneity
plot menu. If as a result of a homogeneity test, the homogeneity of the data set is rejected, the
user can restrict the analysis to the fraction of the time series which is homogenous. By selecting

Restrict analysis in the Main menu the user can specify the restricted time series.
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3. MATERIALS AND METHODS

3.1. Description of the Study Area

The Ija Galma Waqo spate irrigation is located in Oromia Region, Eastern Harergie Zone, Fedis
District and Qufa Bobasa peasant association at 9°01° 15” N and 42° 12’ 13” E. The catchment
area covers 42.09 km® (Figure 1). The project is designed to supplement irrigation water for
around 350 ha by the flood coming from the catchment, the main stream has a total length of 13
km. Mean elevation of the watershed is 1698.5 m with maximum of 1967 m and minimum of
1529 m above sea level. About 96.03% of the watershed has a slope < 10% The lowest point is
located at headwork site 1529 m and the highest point is the Bilalo ridge (1967 m above sea
level). Close to 50.16% of the watershed area lies below 1767 m elevation and the rest above
1767 m. The watershed is generally classified as cool sub-humid “Weina Dega”. Based on the
meteorological data of Bisidimo, the project area has mean annual precipitation of 689.28 mm

with annual maximum and minimum daily temperature of 26.44 and 12.97°C, respectively.

Eastern Ethiopia Zones Study Area
= :;. Study Area |

N

Legend
StudyArea
DIREDAWA
DEGEHABUR
EAST HARERGIE
Fia
GODE
HARAR
JIGIGA
KORAHE
WARDER

Figure 1. Location of the study area
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3.2. SWAT Input

Input for SWAT is defined at several levels of detail: watershed, subbasins, or HRU. Unique
features such as reservoirs or point sources must have input data provided for each individual

feature included in the watershed simulation.

The Watershed level inputs are used to model processes throughout the watershed. For example,
the method selected to model potential evapotranspiration will be used in all HRUs in the
watershed. The subbasin level inputs are inputs set at the same value for all HRUs in the
subbasin if the input pertains to a process modeled in the HRU. Because there is one reach per
subbasin, input data for main channels is defined at the subbasin level also. An example of
subbasin level data is rainfall and temperature information. The same rainfall and maximum and
minimum temperature are used for all HRU, the main channel and any ponds or wetlands located
within the subbasin. HRU level inputs are inputs that can be set to unique values for each HRU
in the watershed. An example of an HRU input is the management scenario simulated in an
HRU. Generally the following input data were used to analyze the sediment and runoff yield of

this watershed:

3.2.1. Digital elevation model (DEM) of the study area

The topography is defined by DEM that describes the elevation of any point in a given area at a
specific spatial resolution. DEM was derived from the NASA 90-meter Shutter Topography
Radar Mission (STRM) dataset. It was obtained from GIS section of Haramaya University. This
DEM was used to delineate the watershed and analyze the drainage pattern of the land surface
terrain. Subbasin parameters such as slope gradient, slope length of the terrain and the stream
network characteristics such as canal slope length and width were derived from DEM. The DEM
data was processed from STRM dataset shown in Figure 2. It had a resolution of 90m and was
provided in mosaic 5 deg x 5 deg tiles. Before the DEM data was loaded into Arc SWAT
interface, it was projected into projected coordinate system. The projection of the DEM data was
done using the Arc tool box operation in ArcGIS. The projected coordinate system parameters of

study area are: UTM— other GCS—Adindan UTM zone 38N.prj.
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Figure 2. STRM dataset for the study area

As the STRM dataset covered a larger area in which part of it was not required for the modeling
work but reduced the processing time of the GIS functions, a mask was created for the study

area. Hence, only the portion of the DEM covered by the mask was processed by the interface.

3.2.2. Stream network

The stream network data set was digitized from topographic map of scale (1:50000 and
1:250000) of the study area. The digitized stream network was in a shape file format as shown in
Figure 3. The stream network dataset was superimposed onto the DEM to define the location of
the stream network. Burning-in stream network operation is most important in situations where
the DEM does not provide enough detail to allow the interface to accurately predict the location

of the stream network.
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Figure 3. Stream network map in the study area

3.2.3. Land use/Land cover

The land use is one of the most important factors that affect runoff, evapotranspiration and
surface erosion in a watershed. The land use map of the study area was obtained from Ministry
of Water Resources from the study of Wabisheble river basin and field observation. The
reclassification of the land use map was done to represent the land use according to the specific
land cover types and the respective crop parameter was selected from SWAT database. A look
up table that identifies the 4-letter SWAT code for the different categories of land cover/land use
were prepared so as to relate the grid values to SWAT land cover/land use classes. SWAT
calculated the area covered by each land use. The different land use/cover types are presented in

Table 1.
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Table 1. Land use/ land cover types in the study area and corresponding SWAT value

Original land use Corresponding SWAT Definition = SWAT Code

Maize Corn CORN

Sorghum Grain Sorghum GRSG

Open Grass Range grass RNGE

Open shrub Range-brush RNGB
3.2.4. Soil data

The SWAT model requires different soil textural and physical-chemical properties such as soil
texture, available water content, hydraulic conductivity, bulk density and organic carbon content
for different layers of soil. These data were obtained mainly from the following sources:
Wabishebele river basin Soil database and digital soil map from the Ministry of Water Resource.
Physical soil property calculator was used to calculate the available soil moisture content, bulk
density and saturated hydraulic conductivity and the default Value of the model. Whereas the
soil erodibility (K) factor was calculated according to Williams (1995) by using equation 20

- f fore - |

cl-si ~ 'orge ~ 'hisand

Kusie = f 23

csand
Where fesang is a factor that gives low soil erodibility factors for soils with high coarse-sand
contents and high values for soils with little sand, ;. is a factor that gives low soil erodibility
factors for soils with high clay to silt ratios, forgc is a factor that reduces soil erodibility for soils
with high organic carbon content, and fpisang is a factor that reduces soil erodibility for soils with

extremely high sand contents. The factors are calculated by using equation 21 to 24.

n1i

m 0.3
fug = [—S“‘ j 25
m, + nqsnt

c
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Where m;s is the percent sand content (0.05-2.00 mm diameter particles), Mg;; is the percent silt

content (0.002-0.05 mm diameter particles), m¢ is the percent clay content (< 0.002 mm diameter

particles), and orgC is the percent organic carbon content of the layer (%).

3.2.5. Meteorological data

Meteorological data is needed by the SWAT model to simulate the hydrological conditions of the
basin. The meteorological data required for this study were collected from the Ethiopian National
Meteorological Services Agency (NMSA) and MoWR. The meteorological data collected were
precipitation, maximum and minimum temperature, relative humidity, and wind speed and
sunshine hours. Data from six stations, which are within and around the study area, were
collected. For Haramaya station records between 1981 and 2005 were obtained. However for the
rest of the stations, climatic records during the years 1994 to 2008 were obtained. But most of
them have missing data especially during 1991-1992 (during government transition in Ethiopia).
The other problem in the weather data was inconsistency in the data record, in some periods

there is a record for precipitation but temperature data are missing, and vice versa.

For this study the selected weather generator stations (station used for infilling of missing data)
were Harar, and Haramaya stations due to the availability of data, closeness to the project and
quality of data. They are class A meteorological stations. Moreover to estimate the representative
rainfall we used the nearest meteorology stations such as Fedis, Besidimo and Babile as an input
for rainfall and Haramaya and Harar for temperature. The rainfall and temperature data of at least
10 years were collected from the Ethiopian Meteorology Agency, wind speed and relative
humidity from MoWR, the solar radiation was computed using Climwat2 software, and the dew

point temperature was computed by equation 27.
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The saturation vapor pressure e; was derived from the daily air temperature values T (equation
25). After that, the actual average daily vapor pressure e, was calculated using saturation vapor

pressure €5 and average humidity data (RH) equation 26. According to Allen, (1998):

es= 0.6108 * exp ((1 7.27 * T) / (T + 237.3)) 28

The unit for saturation vapor pressure generated by equation 25 is [kPa] and Kpa * 10 is equal to

mbar. According to Hackel, (1999):

ea = RH*e,/100 29

The daily dew point temperature was calculated using equation 27.

Dew = (234.18 * log o (es) - 184.2)/ (8.204 - logo (es)) 30

Where Dew = dew point temperature [°C], es = saturation vapour pressure [mbar], e, = actual
vapor pressure [mbar], exp = 2.7183 (base of natural logarithm), T = air temperature [°C] and

RH = relative humidity [%].

Using daily minimum and maximum temperature data, the saturation vapor pressure were
derived twice (€smin and esmax according to equation 25. In this case the saturation vapour

pressure used by equation 26 was the mean value of €ymin and €gmax-

This weather generator input file contains the statistical data needed to generate representative
daily climate data for the subbasins. Climatic data was generated in two instances: when the user
specific that simulated weather could be used or when measured data was missing. The weather

generator inputs are presented in Appendix 1.

3.2.6. Hydrological data

The hydrological data was required for performing sensitivity analysis, calibration and

uncertainty analysis and validation of the model. The hydrological data was also collected from
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the Ethiopian MoWR hydrology section. The hydrological data collected was daily flow for the
Erer rivers feeding into Wabishebele river. It was the only hydrological data used for sensitivity
analysis, calibration and validation. The homogeneity of average annual daily flow data was
tested using RAINBO software. In a frequency analysis estimates of the probability of
occurrence of future rainfall (or flows) events are based on the analysis of historical rainfall (or
flows) records. Frequency analysis of data requires that the data be homogeneous and
independent. The restriction of homogeneity assures that the observations are from the same
population. By assuming that the past and future data sets are stationary and have no apparent
trend one may expect that future time series will reveal frequency distributions similar to the
observed one. RAINBO software package uses as inputs the historic event record of the data to

be tested.

3.3. Arc SWAT Model Setup

Geographic information systems data for the SWAT model were preprocessed by two separate
functions watershed delineation and determination of hydrologic response units (HRUs) and

outlined in the next subtopics in detail:

3.3.1. Watershed delineation

Arc SWAT uses Digital Elevation Model (DEM) data to automatically delineate the watershed
into several hydrologically connected sub-watersheds. The watershed delineation operation uses
and expands ArcGIS and Spatial Analyst extension functions to perform watershed delineation.
The first step in the watershed delineation was loading the properly projected DEM. To reduce
the processing time of the GIS functions, a mask was created over the DEM around the study
area. Next, a polyline stream network dataset was burnt-into force SWAT sub-basin reaches to
follow known stream reaches. Burning-in a stream network improves hydrological segmentation,
and sub-watershed delineation. After the DEM grid was loaded and the stream networks
superimposed, the DEM map grid was processed to remove the non draining zones.

The initial stream network and sub-basin outlets were defined based on drainage area threshold
approach. The threshold area defines the minimum drainage area required to form the origin of a

stream. The interface lists a minimum, maximum and suggested threshold area. The smaller the
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threshold area, the more detailed the drainage network delineated by the interface but the slower
the processing time and the larger memory space required. In this study, defining of the threshold
drainage area was done using the threshold value. Besides those sub-basin outlets created by the
interface, outlets were also manually added at the gauging stations where sensitivity analysis,
calibration and validation tasks were later performed. Then watershed delineation activity was

finalized by calculating the geomorphic sub-basin parameter.

3.3.2. Hydrologic response unit analysis

Hydrologic response units (HRUs) are lumped land areas within the sub-basin that are comprised
of unique land cover, soil, slope and management combinations. HRUs enable the model to
reflect differences in evapotranspiration and other hydrologic conditions for different land covers
and soils. The runoff is estimated separately for each HRU and routed to obtain the total runoff
for the watershed. This increases the accuracy in flow prediction and provides a much better

physical description of the water balance.

The land use and the soil data in a projected Grid file format were loaded into the ArcSWAT
interface to determine the area and hydrologic parameters of each land-soil category simulated
within each sub-watershed. The land cover classes were defined using the look up table. A look-
up table that identifies the 4-letter SWAT code for the different categories of land cover/land use
was prepared so as to relate the grid values to SWAT land cover/land use classes. After the land
use SWAT code assigned to all map categories, calculation of the area covered by each land use
and reclassification were done. As of the land use, the soil layer in the map was linked to the user
soil database information by loading the soil look-up table and reclassification applied. The land
slope classes were also integrated in defining the hydrologic response units. The DEM data used
during the watershed delineation was also used for slope classification. The multiple slope
discretization operation was preferred over the single slope discretization as the sub-basins have
a wide range of slopes between them. Based on the suggested minimum, maximum, mean and
median slope statistics of the watershed, three slope classes (0- 10, 10-20, and >20) were applied

and slope grids reclassified. Then land use, soil and slope grids were overlaid.
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The last step in the HRU analysis was the HRU definition. The HRU distribution in this study
was determined by assigning multiple HRU to each sub-watershed. In multiple HRU definition,
a threshold level was used to eliminate minor land uses, soils or slope classes in each sub-basin.
Land uses, soils or slope classes which cover less than the threshold level were eliminated and
the area of the remaining land use, soil, or slope class was reapportioned so that 100% of the land
area in the sub-basin was modeled. The threshold levels set is a function of the project goal and
amount of detail required. In the SWAT user manual it is suggested that it is better to use a larger
number of sub-basins than larger number of HRUs in a sub-basin; a maximum of 10 HRUs in a
sub-basin is recommended. Hence, taking the recommendations in to consideration, 5%, 5%, and
5% threshold levels for the land use, soil and slope classes were applied, respectively so as to

encompass most of spatial details.

3.3.3. Importing climate data

The climate of a watershed provides the moisture and energy inputs that control the water
balance and determine the relative importance of the different components of the water cycle.
The climatic variables required by SWAT daily precipitation, maximum and minimum
temperature, solar radiation, wind speed and relative humidity were prepared in the appropriate
dbase format. Due to data availability and quality, daily precipitation, and maximum and
minimum temperature in dbase format were the climatic input variables imported together with
their weather location. And due to lack of complete weather data we used the Hargreaves method

which uses Temperature to determine the potential evapotranspiration.

3.3.4. Sensitivity analysis

The sensitivity analysis of this study was done using Latine Hypercube Sampling and One-At-a-
Time sensitivity analysis methods. The inputs were the observed daily flow data, the simulated
annual flow in period (1983-1991) and the sensitive parameter in relation to flow with the
absolute lower and upper bound and default type of change tobe applied (method application)

used.
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3.3.5. Model calibration

Even though the target of this study was not to calibrate the model, the hydrologic component of
the model was calibrated at Erer gauging station in order to make the simulation result more

realistic for independent calibration period (1988 to 1991).

In this study, both the manual and auto-calibration techniques were employed to get the best

model parameters.

First, the manual calibration was performed and when the model evaluation parameters reached
to an unchanged level, the model was run automatically. Parameter changes in SWAT affecting
hydrology were done in a distributed way for selected sub-basins and HRU’s. They were
modified by replacement, by addition of an absolute change and by multiplication of a relative
change depending on the nature of the parameter. However, a parameter has never been allowed
to go beyond the predefined absolute parameter ranges during the calibration process. In the
manual calibration, first the water balance was calibrated followed by temporal flow calibration.

The procedure followed for calibrating the SWAT model is shown in Figure 4.
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Manual flow calibration procedure used
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Figure 4. Calibration procedure for flow

Calibration for the water balance was done first for average annual conditions. Once the run was
calibrated for the average annual conditions, calibration for average monthly was performed to
fine-tune the calibration. The calibration was done separately for the surface runoff and base-
flow as the parameters affecting them were different. A base-flow filter program was used to
determine the relative proportion of annual flow contribution from surface runoff or base-flow.
After the base flow and surface runoff were separated, the surface runoff was calibrated by
adjusting the sensitive parameters which affect surface runoff like Cn2 (Initial SCS runoff curve
number for moisture condition II), Ch_N (Manning’s “n” value for the main channel) and Esco
(Soil evaporation compensation factor). The simulated versus observed values for each

adjustment were evaluated with coefficient of determination (R*) and Nash-Sutcliffe efficiency
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(Ens). When the values of R? and Eys were above 0.5, calibration of base-flow was followed.
Base-flow calibration was performed by adjusting the sensitive parameters which affects
groundwater contribution. The most sensitive base-flow parameters which were adjusted were
GW_Revap (Groundwater “revap” coefficient), REVAPMN (threshold depth of water in the
shallow aquifer for “revap” or percolation to occur), and GWQMN (depth of water in the
shallow aquifer required for return flow to occur). Like surface runoff calibration, the simulated
versus observed values were evaluated with R? and Ens. The parameters were adjusted until the
R? and Eys results were above 0.5. However; after adjustments of base-flow parameters, the
surface runoff was checked because the adjustments of the base-flow parameters will affect the

surface runoff in some way.

Once the water balance was calibrated, temporal flow calibration was performed at each step by
adjusting parameters which affects the shape of the hydrograph. The parameters adjusted were
Ch_K (effective hydraulic conductivity in main channel alluvium), alpha BF (baseflow alpha

factor), Surlag (Surface runoff lag coefficient) and GW-Delay (Groundwater delay time).

After the parameters were manually calibrated and were reached to acceptable value as per the
R? and Eyg, the final parameter values that were manually calibrated were used as the initial
values for the auto-calibration procedure. Maximum and minimum parameter value limits were
used to keep the output values within a reasonable value range. Finally, the auto calibration tool

was run to provide the best fit between the measured and simulated data.

3.3.6. Model validation

In order to utilize the calibrated model for estimating the effectiveness of future potential
management practices, the model was tested against an independent set of measured data. This
testing of a model on an independent set of data set was used. As the model predictive capability
was demonstrated as being reasonable in both the calibration and validation phases, the model
was used for future predictions under different management scenarios. In this study, the model

was validated with independent validation period (1984-1987).
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3.4. Model Evaluation

The performance of SWAT was evaluated using statistical measures to determine the quality and
reliability of predictions when compared to observed values. Coefficient of determination (R?)
and Nash-Sutcliffe simulation efficiency (Ens) were the goodness of fit measures used to
evaluate model prediction. The R? value is an indicator of strength of relationship between the
observed and simulated values. The Nash-Sutcliffe simulation efficiency (Ens) indicates how
well the plot of observed versus simulated value fits the 1:1 line. If the measured value is the
same as all predictions, Exs is 1. If the Ens 1s between 0 and 1, it indicates deviations between
measured and predicted values. If Ens is negative, predictions are very poor, and the average
value of output is a better estimate than the model prediction (Nash and Sutcliffe, 1970). The R

and Eng values are explained in equations 28 and 29 respectively.
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ENS:I

”l (0,-0, )Z—i(e—oav y

32

n ( Oi _Oav )2
=1

Where n is the number of observations during the simulation period O; and P; are the observed
and predicted values at each comparison point i, O,y and P,, are the arithmetic means of the

observed and predicted values.
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4. RESULT AND DISCUSION

4.1. Model Setup
4.1.1. Catchments characteristics of Ija Galma Waqo and Erer gauging station

The watershed delineation and HRU definition in the [ja galma Waqo diversion point and Erer
gauging station gave watershed areas of 42.09 km” and 488.55 km” which resulted in 9 and17
sub-basins with 27 and 120 HRUs, respectively. The area coverage by each land use type is
presented in Table 2 and Figure 5.

Table 2. Land use type and their area coverage in study area

Watershed Land Use SWAT code Area (km®) % of total area
Erer gauging station Maize CORN 476.70 97.57

Open shrubs RNGE 11.85 243
[ja Galma Waqo Range brush RNGE 7.27 17.28

Grain Sorghum GRSG 34.82 82.72

As it was observed in Table 2 and Figure 5 in both watersheds, most portion of the watershed is
covered with Maize and sorghum, which accounts for 97.57 and 82.72 % of their respective
watershed area. The value of the land use presented in the Table 2 was after the definition of

HRU but the figure 5 was inputs before the definition, for that reasons they are different.

The soil types of both watersheds is presented in Table 3 and Figure 6, it was shown that there
are two types in [ja Galma Waqo watershed and five types in the Erer gauging station. The
dominant soil type in both watersheds is Chromic Luvisoil. The detail parameter values are

presented in Appendix III.)
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Figure 6. Soil map of the study area

As shown in Table 3, 96.65% of the area in Ija Galma Waqo had a slope less than 10% while
43.23% of the area in Erer gauging station had a slope greater than 20%. The value of the soil
presented in the Table 3 was after the definition of HRU but the figure 6 was inputs before the

definition, for that reasons they are different
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Table 3. Soil type and slope classes and their areal coverage

Soil type Area (kmz) % of total area
i Calcic Vertisol 17.49 41.57
{J;agjlma Chromic Luvisol 25.59 58.43
<10% 40.68 96.65
Slope | 10-20% 1.4 3.35
Soil type Area (km®) % of total area
Chromic Luvisol 340.31 69.66
Eutric Cambisol 13.97 2.86
Erer gauging Rend'zinc Leptosol 62.89 12.87
station Haplic Phaezems 24.79 5.47
Vertic Luvisol 46.58 9.54
<10% 124 25.38
Slope 10-20% 153.35 31.39
>20% 211.19 43.23

The weather data used for the study was set from 1983-2008 of which 1983-1991 was for Erer
gauging station and 1994-2008 for [ja Galma Waqo project. The homogeneity of the annual

rainfall was tested for all stations using RAINBO software.

The result of homogeneity test for the weather generator and observed gauging stations data
shows that the collected data was homogeneous except for Harar which is rejected at 90 % . This
was due to the maximum cumulative deviation crosses the 90 % probability line. The estimated
change point was the record of annual rainfall 616 mm in 2000. The test result for Haramaya

station was presented in Table 4, Figure 7 and Figure 8. Details are presented in the Appendix II.
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Homogeneity Test of annual rainfall for Haramaya station
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Figure 8. Probability plot of annual rainfall at Haramaya Station

Table 4. Probability of rejecting homogeneity of annual rainfall (Haramaya station)

Rejected?
Statistics 90% 95% 99%
Range of Cumulative deviation No No No
Maximum Cumulative deviation No No No

Closeness of linear relationship (CDF) R*=0.97

45



4.1.2. Sensitivity analysis

Results of sensitivity analysis with observed data showed that most sensitive parameters for the
SWAT model in Erer sub-watershed are base flow alpha factor (Alpha_Bf), curve number (Cn2),
soil evaporation compensation factor (Esco), maximum canopy storage (Canmx), plant uptake
composition factor (Epco), available water capacity (Sol_Awc), effective hydraulic conductivity
in main canal (Ch_k2), saturated hydraulic conductivity of soil (Sol k), biological mixing
efficiency (Biomix) and manning’s roughness in main canal (Ch_N). The top ten sensitive
parameters which have effect on the runoff along with their ranking and their method of

adjustment are presented in Table 5.

Table 5. Sensitive parameter ranking and final auto-calibration result

Bound Aut-calibration result
Parameter Rank Lower Upper Fitting Value Method
Alpha Bf 1 0 1 0.49 replace
Cn2 2 -25 25 1.0091 multiply
Esco 3 0.01 1 0.1 replace
Canmx 4 0 100 0.14 replace
Epco 5 0.01 1 0.23 replace
Sol Awc 6 -10 10 1.01 multiply
Ch K2 7 0 150 0.38 replace
Sol K 8 -10 10 1.0023 multiply
Biomix 9 0 1 0.93 replace
Ch N 10 0 0.3 0.3 replace

4.1.3. Model calibration

The auto calibration run of 5000 iteration resulted as Table 5 last columns the value was used to
calibrate the model parameter in a distributed way for the gauging and study area. The result of
simulation was evaluated with the observed and found to have R*>~ 0.64 and Ens = 0.56 for the

calibration period as shown in Figure 9.
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Figure 9. Comparison between observed and simulated stream flow for calibration period

Table 6. Calibration and validation period statistics for measured and simulated flows

Average flow (m’/s) error

Period Observed Simulated
Calibration(1988-1991) 1.36 0.86 0.36
Validation(1984-1987) 0.484 0.578 0.19

Figure 10 shows that the simulated flows can represent the observed flows except that the peak
values couldn’t be caught. This might be due to the fact that greater attention was paid for the

water balance calibration than shape of the hydrograph.

47



12.000
10.000
~—~
2]
)
e 8.000
N
(5]
(@)
s
8 6.000
2
3 A —— Observed
> .
> 4.000 = Simulated
<
D A
=
s 2.000
(5]
>
0.000
[e’e] [ele] (e} [e%e} [®)) N ()} (@)Y (e (e S = — — — —
0 o0 o0 o0 0 0 o0 o0 N N N N N N () N
(@)} (@)} (@)} N (@) N (@)} (@)} (@)} (@)} N (@) (@) (@) (@)} (@)}
— — — — — — — — — — — — — — — —
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
p— p— p— — p— — ] p— p— p— — — p— p— p— p—
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
- * N S = ¥ 8N & -~ + 8N S = < &~ S
— — — —

Figure 10. Observed and simulated flow hydrograph for calibration period

4.1.4. Model validation

Validation of the model was done for an independent data set of four years from 1984 to 1987. It
was found that the model has strong predictive capability with R* and Ens value of 0.73 and 0.5,
respectively. It can be seen from Figures 11 and 12 that the model simulates the observed flow

well. However it couldn’t catch the peak flows.
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Figure 12. Comparison between observed and simulated stream flow for validation period

4.2. lja Galma Waqo Water and Sediment Yield Simulation
4.2.1. The water yield

Water and sediment yield were simulated using the land cover and soil type data in Table 2 and 3

and with the daily rainfall and minimum and maximum temperature collected from Bisidimo and
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Fedis meteorological stations. These stations are selected by the model due to their closeness to

the area of interest.

The water yield was simulated for the year 1994 to 2008 on monthly time step. The result was
summarized as Intermediate (Feb-May), Wet (Jun-Sep), Dry (Oct-Jan) and yearly basis, after
calibration of sensitive parameters for flow obtained during the auto-calibration of Erer gauging

station. The result is shown in Table 7, Table 8 and Table 10.

Table 7. Simulated monthly water yield (ha-m) at diversion point

Month Total
Year Jan  Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1994 00 00 00 00 00 0.3 1.3 20 150 23 29 01 2390
1995 00 0.0 65 627 285 27 325 120 230 03 02 0.1 16850
1996 0.1 0.1 413 972 1591 2622 152 678 266 0.7 1.8 02 67230
1997 0.1 0.1 25 132 07 0.5 51.9 35 0.1 2581 101.7 2.2 434.60
1998  20.8 194 3.1 3.1 154 0.5 02 0.1 355 550 03 0.1 15350
1999 0.1 0.0 743 03 27 0.1 0.1 93 242 236 0.5 02 13540
2000 0.1 0.1 0.1 183 1027 28 0.1 1438 17.6 10.7 246 0.1 321.00
2001 0.1 0.1 133 190 7.7 46 03 47 04 0.1 0.1 0.0 5040
2002 00 00 72 91 03 11.7 63 295 59 57 01 0.1 759
2003 9.5 0.1 0.0 1062 64 0.1 3.5 0.6 574 0.1 0.1 32 18720
2004 0. 00 00 138 0.1 0.1 0.1 0.1 0.1 0.1 05 0.1 1510
2005 0.1 0.0 0.0 12 03 0.1 0.1 0.1 1.1 09 01 00 400
2006 00 00 00 85 0.1 0.1 0.1 0.3 0.6 1772 106 0.2 19770
2007 01 01 22 558 112 59 0.1 1.5 1.8 14 148 02 95.10
2008 0.1 0.1 0.1 0.8 573 267 519 337 80 209 278 02 227.60
Average 2.08 134 10.04 27.28 26.17 2123 1091 20.60 1449 37.14 1241 047 184.15
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Table 8. Water yield (ha-m) for different probabilities of exceedence

Probability of Return
Exceedance period Period (Time)

(%) (year) Annual  Intermediate = Wet  Dry
5 20 343.1 1153 1219 1103
10 10 300.3 100.7 105 925
15 6.67 271.4 90.9 93.6 80.5
20 5 248.4 83 84.6 71
25 4 228.7 76.1  76.8 629
30 3.33 211 70 69.8 555
35 2.86 194.6 642 634 487
40 2.5 179.1 58.8 572 423
45 2.22 164.1 534 513  36.1
50 2 149.3 48.1 455 30
55 1.82 134.5 4277 39.6 238
60 1.67 119.5 37.1  33.7 17.6
65 1.54 103.9 31.2 27,6 112
70 1.43 87.5 248 21.1 4.4
75 1.33 69.9 17.6  14.1 0
80 1.25 50.1 9 6.4 0
85 1.18 27.2 0 0 0
90 1.11 0 0 0 0
95 1.05 0 0 0 0

The average annual water yield 184.17 ha-m of water with coefficient of variability 0.97 was
obtained. As shown in Table 10, the water yield for Intermediate, Wet and Dry were 64.85, 67.23
and 52.09 ha-m with their respective coefficient of variability 1.17, 1.43 and 1.89. These indicate
that there was a relative variability among the seasonal yield. The annual crops are common in
the study area of which sorghum is the dominant ones, the Intermediate and Wet water yield are
of vital importance, therefore the 70 % dependable water yield for annual, intermediate wet and
dry are 87.50, 24.80, 21.10 and 4.40 ha-m, respectively the detail for different probabilities are
presented in Table 8.
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Table 9. Simulated monthly sediment yield (t/ha) at diversion point

Month Total

Year Jan Feb Mar Apr May Jun Jul  Aug Sep  Oct Nov Dec
1994 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.16 0.02 0.03 0.00 024
1995 0.00 0.00 0.16 0.63 0.40 0.03 0.29 0.11 0.23  0.00 0.00 0.00 1.85
1996 0.00 0.00 128 0.81 1.68 373 021 1.05 0.26 0.00 0.02 0.00 904
1997 0.00 0.00 0.10 0.22 0.01 0.00 040 0.02 0.00 439 145 0.02 6.61
1998 098 0.80 0.07 0.03 0.14 0.00 0.00 0.00 030 0.51 0.00 0.00 283
1999 0.00 0.00 2.65 0.01 0.03 0.00 0.00 0.08 0.23  0.22 0.00 0.00 3.22
2000 0.00 0.00 0.00 025 1.17 003 000 159 0.7 009 025 000 35
2001 0.00 0.00 037 024 0.05 0.04 0.00 0.04 0.00 0.00 0.00 0.00 0.74
2002 0.00 0.00 0.18 0.08 0.00 0.08 0.05 024 0.04 0.04 0.00 0.00 071
2003 035 0.00 000 1.83 0.05 0.00 0.02 0.00 048 0.00 0.00 0.03 2.76
2004 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 022
2005 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02
2006 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 193 0.10 0.00 216
2007 0.00 0.00 0.09 094 0.09 0.04 0.00 0.01 0.01 0.01 0.13 0.00 1.32
2008 0.00 0.00 0.00 001 044 028 044 025 007 020 025 000 194

Average 0.09 0.05 0.33 036 0.27 028 0.09 0.23 0.13 049 0.15 0.00 248

Table 10. Summarized water and sediment yield at the diversion point

Mean Water Yield Mean Sediment Yield

Period Yield(ha-m) SDAV CV Yield(t/ha) SDAV CV

Jan 2.09 5.73 2.74 0.09 0.26 2.96

Feb 1.36 5.01 3.69 0.05 0.21 3.87

Mar 10.06 20.7 2.06 0.33 0.72 2.21

Apr 27.28  35.69 1.31 0.36 0.51 1.4

May 26.15 4641 1.77 0.27 0.5 1.84

Jun 21.23 67.03 3.16 0.28 0.96 3.39

Jul 10.91 18.77 1.72 0.09 0.16 1.67

Aug 20.6 3891 1.89 0.23 0.46 2.04

Sep 14.48 16.63 1.15 0.13 0.15 1.12

Oct 37.14 76.3 2.05 0.49 1.19 2.4

Nov 12.4 26.4 2.13 0.15 0.37 2.49

Dec 0.47 0.92 1.95 0 0.01 2.7

Annual 184.17 179.17 0.97 2.48 2.49 1

Intermediate 64.85 7594 1.17 1.01 1.08 1.07

Wet 67.23 96.2 1.43 0.73 1.34 1.82

Dry 52.09 98.67 1.89 0.73 1.54 2.09
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4.2.2. Sediment yield

In this study the SWAT model which was calibrated and validated only for hydrological
component of Erer gauging station was used to estimate the sediment yield with their respective
distribution among the subbasins. Even though due to lack of observed data for sediment, the
result of the model is indicative since the most driving force i.e. Runoff is calibrated. Based on
this simulation, the annual sediment yield at the diversion point of [ja Galma Waqo project was
in the range of 0.02 to 9.04 tons per hectare during the year 1994 to 2008 with annual average
yield of 2.48 tons/ha and the coefficient of variation of 1.00. The detail is presented in Table 9
and Table 10.

4.2.3. Sediment distribution

The spatial variability of sedimentation rate were identified and shown in figure 13 and based on
which the potential area of intervention can identified. The average annual yield of sedimentation
for each subbasin was used to generate sediment source map shown in Figure 13. The output of
model showed that Subbasin 6 of [ja Galma Waqo at the existing condition generates a
maximum annual average sediment yield of 13.3 ton/ha, this was attributed due to the
topographic slope and landuse of this subbasin. It was an agricultural land with > 12.72% of
which has a slope > 20%. And the minimum yield of less than 1.5 tons/ha was obtained for
subbasin 2, it has a slope < 10% and 64.87% of it was covered by range brush the rest was

agricultural.

Hurni (1989) had conducted a research to estimate the rate of soil formation for Ethiopia and
found that the range of tolerable soil loss level for various agro-ecological zone of Ethiopia from
2 to 18 tons/ha. The simulated sediment yield in this study area was found to be in the tolerable

rate as indicated in Table 11 and figure 13.
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Table 11. Simulated sediment yield (t/ha) with respect to subbasin

SUBBASIN

Year 1 2 3 4 5 6 7 8 9
1994 0.544  0.199 1.052 1.552 0.733 2.129 0.514 1.493 0.644
1995 2777 1.229 2.234 6.274 3.597 9.227 4.147 6.141 2.846
1996 8.061 3.619 17.961 43.612 10.172 64.423 11.563 43.421 21.296
1997 2.867 1.105 15.474 45.767 3.704 68.88 3.432 45.714 22.204
1998 4296  2.233 1.79 6.134 5.627 8.945 4.947 5.707 2.711
1999 3.854  2.289 0.605 1.397 5.058 2.059 5.65 1.337 0.58
2000 5.873  2.438 0.58 2.105 7.385 3.152 7.417 2.066 0.935
2001 0.956 0479 0.321 1.584 1.211 2.412 1.32 1.513 0.633
2002 1.349  0.596 0.167 0.792 1.741 1.213 1.699 0.758 0.329
2003 3.116  1.234 4.95 19.813 3.99 30.839 3.214 18.812 8.307
2004 0.378  0.186 0.01 0.103 0.483 0.161 0.704 0.099 0.037
2005 0.047  0.021 0 0 0.061 0 0.06 0 0
2006 7.528  3.656 0 0 9.746 0 7.285 0 0
2007 2376  1.177 0.323 1.654 3.029 2.547 3.996 1.607 0.708
2008 4.71 1.961 0.561 2.524 6.046 3.874 6.474 2.482 1.072
Average  3.249 1495 3.069 8.887 4.172 13.324 4.162 8.743 4.153
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5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

Given the complexities of a watershed and the large number of interactive processes taking place

simultaneously and consecutively at different times and places within a watershed, it is quite

remarkable that the simulated results comply with the measurements to the degree that they do.

Based on the results obtained in this study, SWAT is assessed to be a reasonable model to use for

water quality (sedimentation) and water quantity studies in the Ija Galma Waqo watershed. On

that positive note, however, a careful calibration and uncertainty analysis and proper application

of modelling results should be exercised.

5.2. Recommendation

Notwithstanding the data scarcity, the result is very satisfying and provides notable
insight into the runoff availability and the associated uncertainties in this susceptible
region.

Subbasin no 6 of Ija Galma Waqo at the existing condition (agricultural land with >
12.72% of which has a slope > 20%) generates a maximum annual average sediment
yield of 13.3 ton/ha, this can be reduced by using sediment yield intervention strategies
such as land slope stabilization, construction bench terraces, changing the land use of
steepy area and afforestaion.

As only river discharges were calibrated and validated, it has to be emphasized that other
outputs presented in this study, such as sediment yield, have to be treated with caution.
The model could be further tested when data on sediment load is available.

Finally, [ja Galma Waqo spate irrigation project was designed with no adequate
information and it was designed to supplement a minimum of 350 mm water but the
study shows at 70% dependable flow the available water is 250 mm, this indicate that
there is a high shortage of water. Therefore, this problem can be solved by reducing the
hectare to be developed and by selecting appropriate crops which can be grown with

minimum water and stress tolerant, with the availability of water.
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7.1. Appendix I. Meteorological and Hydrological Data Tables

Appendix Table 1. Statistical precipitation data (1981 - 2000) and temperature for Haramaya station

Item Month

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
PCP_MM 8.18 22.59 62.89 112.58 112.96 46.88 103.30 132.85 114.04 45.72 17.32 6.30
PCPSTD 21.14 2337 65.03 48.16 60.22 30.53 53.24 60.31 43.51 51.21 22.79 11.45
PCPSKW 872 691 6.21 3.53 3.95 5.07 4.05 3.07 3.17 5.00 9.63 10.80
PR W1 0.03 0.09 0.19 0.30 0.29 0.25 0.40 0.46 0.42 0.11 0.06 0.04
PR W2 086 0.72 0.67 0.70 0.67 0.64 0.63 0.67 0.71 0.74 0.81 0.88
PCPD 792 7.16 11.72 15.92 15.08 12.80 16.68 18.68 18.64 10.16 8.20 9.68
TMPMX 23.00 24.57 25.48 2542 25.58 24.92 23.92 23.42 23.61 23.76 23.30 22.37
TMPSTDMX 1.89 192 1.85 2.05 1.75 1.85 2.06 1.71 1.17 1.43 1.45 1.40
TMPMN 6.84 6.77 10.77 12.40 13.57 13.96 13.47 13.49 12.72 8.32 4.84 4.82
TMPSTDMN 449 438 3.58 2.71 2.06 0.99 0.65 0.72 1.76 3.84 3.93 4.17
WNDAV 1.80 2.01 2.13 1.94 2.02 2.83 2.78 2.24 1.40 1.14 1.39 1.55
RH(%) 73.09 75.60 79.75 77.18 83.18 84.78 85.50 84.78 85.00 83.29 80.40 76.00
SOLARAV 18.40 19.70 20.20 18.90 18.20 16.30 15.30 15.40 18.10 20.20 19.60 19.20
TDEW 11.29 11.73 11.79 13.07 13.51 13.98 13.85 14.62 13.86 12.00 10.22 9.02

Where:

PCP_MM : average monthly precipitation (mm) TMPSTDMX : Standard deviation for daily maximum air temperature in month (°C).
PCPSTD : standard deviation TMPMN: Average or mean daily minimum air temperature for month (°C).
PCPSKW : skew coefficient TMPSTDMN: Standard deviation for daily minimum air temperature in month (°C).
PR W1 : probability of a wet day following a dry day SOLARAYV (mon): Average daily solar radiation for month (MJ/m2/day).
PR_W?2 : probability of a wet day following a wet day DEWPT (mon): Average daily dew point temperature in month (°C).

PCPD : average number of days of precipitation in month WNDAYV (mon): Average daily wind speed in month (m/s).
TMPMX: Average or mean daily maximum air temperature for month °C).
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Appendix Table 2. Haramaya total monthly precipitation (mm)

Month
Year Jan. Feb. Mar. Apr.  May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Total
1981 4.2 84 2393 1683 120.2 162 1227 204.7 142.0 15.2 2.6 0.0 1043.80
1982 3.1 578 61.6 92.0 141.7 31.2 85.4 122.1 87.6 158.8 38.1 11.0 890.40
1983 0.0 257 133 809 1763 753 116.1 300.6 151.4 23.5 4.2 0.0 967.30
1984 0.0 0.0 0.0 25.6 167.7 71.9 67.6 101.6 100.2 0.0 175 6.7 558.84
1985 0.0 0.0 469 128.0 87.6  29.7 88.3 80.2 69.6 9.9 6.1 0.0 54634
1986 0.0 386 141 1539 110.1 80.8 66.1 161.4 96.7 34.0 5.8 0.0 761.50
1987 0.0 8.1 180.2 148.6 2482 29.6 63.3 123.2 111.9 28.8 2.7 0.0 944.60
1988 9.8 438 304 1543 31.3 541 1015 173.7 173.4 41.9 0.0 6.0 820.20
1989 0.0 144 1549 1145 694 526 104.0 146.0 104.4 41.2 3.6 450 850.00
1990 1.7 73.1 454 1323 59.6 54.1 80.9 162.3 133.8 53.3 0.0 7.0  803.50
1991 0.0 51.7 36.2 73.2 586 257 108.3 104.8 120.1 25.8 0.0 0.0 604.40
1992 39 11.0 182 85.2 65.1 683 77.5 97.6 107.1 36.6 104 4.1 585.00
1993 46.2 38.9 3.0 206.8 1059 31.0 59.3 92.7 102.4 109.1 0.0 0.0 79531
1994 0.0 0.0 283 914 1576 159 261.6 139.9 181.3 5.2 744 0.0 95554
1995 0.0 23.7 1085 195.6 93.1 449 128.0 109.3 87.3 9.6 0.0 9.1 809.06
1996 8.3 2.0 104.6 76.9 226.2 136.8 184.0 201.3 153.7 09 242 0.0 1118.96
1997 0.0 0.0 78.1 1254 1559 59.8 148.7 102.7 61.7 194.1 60.4 6.0 992.77
1998 86.5 S51.0 20.3 59.9 554 248 1165 104.4 175.7 540 21.3 0.0  769.80
1999 0.0 3.7 683 77.5 77.4 0.0 0.0 0.0 0.0 372 17.1 1.6 282.80
2000 0.0 0.0 6.3 61.3 519 35.0 86.1 128.4 120.5 353 580 295 612.25
Mean  8.18 22.59 62.89 112.58 11296 46.88 103.30 132.85 114 4572 1732 6.30  785.62
Stdv. 21.14 2337 65.03 48.16 60.22 30.53 53.24 60.31 43.51 5121 2279 1145 203.99

Source: MoWR. (Bold values are Estimate)
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Appendix Table 3. Statistical precipitation data (1995 - 2005) for Harar rainfall and temperature

Month
Item Jan. Feb. Mar. Apr. May. Jun. Jul.  Aug. Sep.  Oct. Nov. Dec.
PCP_MM 14.49 10.78 7496 10539 78.53 88.61 128.86 164.52 126.03 44.15 16.96 14.00
PCPSTD 25.05 13.12 44.02 91.19 51.23 3843 6270 9332 78.67 54.69 2392 1697
PCPSKW 946 5.83 4.36 451 333 4091 3.45 3.99 6.53 521 6.79 7.8
PR W1 0.03 0.04 0.16 0.27 025 0.26 0.33 0.34 032 0.13 0.05 0.03
PR W2 0.89 090 0.73 0.73 0.71 0.76 0.69 0.78 0.75 0.84 088 0.93
PCPD 10.00 10.57 12.00 15.71 15.50 17.00 16.36 20.14 17.79 15.14 10.50 11.79
TMPMX 26.82 28.09 28.12 27.39 26.66 2574 2451 2492 2579 2643 2649 26.35
TMPSTDMX 227 199 232 232 137 211 2.26 1.70 1.57 232 171 1.34
TMPMN 11.71 12.42 1344 13.77 13.89 13.81 13.56 13.66 13.15 13.02 11.96 11.30
TMPSTDMN 1.86 1.83 1.43 1.19 1.17 1.04 0.99 1.12 092 141 180 1.82
WNDAV 1.51 126 1.21 095 0.83 0.81 0.74 0.73 0.69 071 097 1.29
RH 70.60 71.20 79.20 85.40 88.00 89.00 87.33 8550 87.17 82.20 75.75 70.00
SOLARAV 20.00 19.80 20.40 20.40 1990 18.80 18.10 1790 1870 19.90 19.60 19.10
TDEW 15.19 16.36 1837 19.19 19.23 1879 17.62 17.58 1827 17.71 16.14 14.63
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Appendix Table 4. Harar total monthly precipitation (mm)

Month
Year Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Total
1995 00 246 1122 318.1 67.1 55.3 114.6 108.4 38.9 3.4 0.0 253 867.9
1996 9.2 2.4 83.1 33.8 1715 131.0 114.1 175.2 181.0 0.0 9.6 0.0 910.9
1997 0.0 0.0 721  159.0 150.5 1374 54.4 67.4 12.0 136.8 17.2  20.6 827.3
1998 59.0 384 16.5 43 595 47.5 59.0 32.9 229.6 29.7 20.5 0.0 596.9
1999 0.0 3.0 80.7 774 553 1238 117.2 141.7 58.1 154.2 0.0 0.0 811.4
2000 0.0 0.0 20 1144 799 24.0 72.2 98.8 78.3 12.3 79.9 543 616.1
2001 0 5 54.5 39 99 63.4 114.9 357.8 170.9 8.9 0 115 924.9
2002 69.1 8.2 85.5 74.8 29  129.2 122.5 208.9 112.6 31.7 0 8715
2003 10.6  26.5 61.7 74 22.6 84 2194 258.8 219 31 5 157 1028.3
2004 11.5 0 90.9 206.6 14.7 83.7 183.1 137.8 210.9 76 17.5 12.6  1045.3
2005 0 105 1654 579 114.7 954  246.1 222 75 1.7 36.9 0 1025.6
Mean 1449 10.78 7496 10539 7853 88.61 128.86 164.52  126.03 44.15 16.96 14.00 866.02
Stdv 25.05 13.12 44.02 91.19 51.23 3843  62.70 93.32 78.67 5469 2392 1697 151.26

Source: MoWR. (Bold values are Estimate)
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Appendix Table 5. Hydrological data for Erer gauging station (m’/s)

Month
Year Jan Feb Mar Apr May Jun Jul  Aug Sep Oct  Nov Dec  Average(m’/s)
1984 0.19 0.12 0.08 007 080 0.51 043 090 0.78 0.58 0.04 0.00 0.37
1985 0.00 0.00 0.00 061 084 091 040 1.11 079 029 0.00 0.00 0.41
1986 0.00 0.00 0.00 000 044 0.72 098 038 065 0.73 0.21 0.14 0.35
1987 0.06 0.07 0.19 226 434 051 021 031 1.33  0.18 0.06 0.00 0.79
1988 0.00 0.00 0.00 152 0.05 0.18 031 6.79 1071 6.59 1.29 0.00 2.29
1989 0.00 0.00 056 545 193 1.14 199 287 396 1.04 0.37 0.07 1.62
1990 0.00 0.00 0.00 081 045 0.00 023 3.04 338 1.04 0.00 0.16 0.76
1991 053 053 0.53 1.27 143 088 1.65 143 073 021 0.19 0.14 0.79
Mean 0.10 0.09 0.17 150 128 061 0.78 210 279 133 0.27 0.06 0.92
STDEV  0.19 0.18 024 1.77 137 038 069 215 345 2.15 043 0.07 0.68

Source: MoWR.

Appendix Table 6. Simulation result of average daily flow ( m’/s) in month for the Erer guaging station

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average
1984 0.608 0.074 0.006 0.025 0.886 1.130 0.345 0.536 1.564  0.040 0.013 0.006 0.435
1985 0.000 0.001 0.191 1.602 0.172 0.039 0.245 0.590 0.363 0.025 0.007 0.014 0.271
1986  0.001 0.004 0.004 1.351 1.189 0.207 0.236 1.417 1267  0.541 0.067 0.023 0.528
1987 0.015 0.001 0.347 2375 5.606 0.229 0.785 0.463 2.142  0.908 0.046 0.034 1.087
1988  0.068 0.017 0.037 3228 0.793 0.015 0.044 6.734 4562  2.098 0.031 0.011 1.472
1989  0.005 0.005 0.726 3.208 0.545 0.041 0.311 1.688 1.726  0.131 0.066 0.565 0.752
1990 0.007 0.107 0.159 1324 0.519 0.672 0.045 1.000  3.790 1.676 0.043 0.015 0.778
1991  0.009 0.612 0.155 0.240 0.132 0.029 0.816 0.397 1.856  0.239 0.019 0.942 0.449
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7.2. Appendix Il. Homogeneity Test Result

Homogeneity test annual rainfall for Harar station result
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Appendix Figure 2. Probability plot of annual rainfall Harar station

Appendix Table 7. Probability of rejecting homogeneity of annual rainfall (Harar station)

Rejected?
Statistics 90% 95% 99%
Range of Cumulative deviation No No No
Maximum Cumulative deviation Yes No No

Closeness of linear relationship (CDF) R?=0.91
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Homogeneity test for average annual flow for Erer gauging station
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Appendix Figure 4. Probability plot of annual average flow (m’/s) Erer gauging station

Appendix Table 8. Probability of rejecting homogeneity of annual average flow (Erer station)

Rejected?
Statistics 90% 95% 99%
Range of Cumulative deviation No No No
Maximum Cumulative deviation No No No

Closeness of linear relationship (CDF) R*=0.81 Poor
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7.3. Appendix I11. Soil Data Parameter Value for each Soil Type

Appendix Table 9. Soil parameter value for Chromic Luvisols

Soil Hydrologic Group: D
Maximum rooting depth (mm): 1800.00

Porosity fraction from which anions are excluded: 0.500

Crack volume potential of soil: 0.500

Texture: Clay

Layer 1 2 3 4

Depth [mm]: 300 700 1100 1800
Bulk Density [g/cc]: 1.31 1.35 1.4 1.3
Ave. AW (Incl. Rock) Fraction 0.11 0.12 0.19 0.12
Ksat. [mm/hr] 0.28 035  23.66 0.83
Organic Carbon [weight %] 0.4 0.2 0.2 0.1
Clay [weight %] 59 54 18 55
Silt [weight %] 15 15 55 23
Sand [weight %] 26 31 27 22
Rock Fragments [vol. %] 0 0 0 0
Soil Albedo (Moist) 0.25 0.25 0.25 0.25
Erosion K 0.12 0.13 0.2 0.14
Salinity (EC) 0.3 0.8 0.3 0.2

Source: MoWR and computation
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Appendix Table 10. Soil parameter value for Calcic Vertisols

Soil Hydrologic Group: D
Maximum rooting depth (mm): 2000.00
Porosity fraction from which anions are excluded: 0.500

Crack volume potential of soil: 0.500

Texture: C

Layer 1 2 3 4

Depth [mm)]: 160 800 1300 2000
Bulk Density [g/cc]: 1.21 1.19 1.17 1.18
Ave. AW (Incl. Rock) Fraction 0.12 0.1 0.11 0.11
Ksat. [mm/hr] 4.76 3.15 2.35 1.99
Organic Carbon [weight %] 2.4 2.1 0.9 0.6
Clay [weight %] 50 69 79 77
Silt [weight %] 41 25 17 18
Sand [weight %] 9 6 4 5
Rock Fragments [vol. %] 0 0 0 0
Soil Albedo (Moist) 0.09 0.11 0.25 0.25
Erosion K 0.16 0.15 0.19 0.18
Salinity (EC) 0.1 0.2 0.3 0.9

Source: MoWR and computation
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Appendix Table 11. Soil parameter value for Eutric Cambisols

Soil Hydrologic Group: D
Maximum rooting depth (mm): 1800.00
Porosity fraction from which anions are excluded: 0.500

Crack volume potential of soil: 0.100

Texture: SC

Layer 1 2 3 4
Depth [mm)]: 300 800 1200 1800
Bulk Density [g/cc]: 1.38 1.48 1.49 1.29
Ave. AW (Incl. Rock) Fraction 0.11 0.12 0.11 0.11
Ksat. [mm/hr] 1.33 1.88 1.69 0.88
Organic Carbon [weight %] 1.5 0.9 0.8 L.5
Clay [weight %] 45 46 38 55
Silt [weight %] 22 18 16 24
Sand [weight %] 33 36 46 21
Rock Fragments [vol. %] 0 0 0 0
Soil Albedo (Moist) 0.16 0.25 0.25 0.16
Erosion K 0.12 0.13 0.14 0.12
Salinity (EC) 0.2 0.7 1.9

Source: MoWR and computation
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Appendix Table 12. Soil parameter value for Rendzic Leptosols

Soil Hydrologic Group: D
Maximum rooting depth (mm): 300.00
Porosity fraction from which anions are excluded: 0.500

Crack volume potential of soil: 0.100

Texture C
Layer 1
Depth [mm]: 300
Bulk Density [g/cc]: 1.19
Ave. AW (Incl. Rock) Fraction 0.11
Ksat. [mm/hr] 6.09
Organic Carbon [weight %] 3.5
Clay [weight %] 51
Silt [weight %] 38
Sand [weight %] 11
Rock Fragments [vol. %] 0
Soil Albedo (Moist) 0.04
Erosion K 0.15
Salinity (EC) 0.109

Source: MoWR and computation
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Appendix Table 13. Soil parameter value for Haplic Phaezems

Soil Hydrologic Group: D
Maximum rooting depth (mm): 2000.00
Porosity fraction from which anions are excluded: 0.500

Crack volume potential of soil: 0.500

Texture C
Layer 1 2 3 4
Depth [mm)]: 300 600 1500 2000
Bulk Density [g/cc]: 1.31 1.26 1.29 1.23
Ave. AW (Incl. Rock) Fraction 0.12 0.1 0.12 0.12
Ksat. [mm/hr] 0.93 1.1 0.74 0.78
Organic Carbon [weight %] 1.6 2 0.7 0.5
Clay [weight %] 53 59 55 61
Silt [weight %] 23 24 25 24
Sand [weight %] 24 17 20 15
Rock Fragments [vol. %] 0 0 0 0
Soil Albedo (Moist) 0.15 0.12 0.25 0.25
Erosion K 0.11 0.11 0.14 0.15
Salinity (EC) 0.1 0.1 0.1 0.1

Source: MoWR and computation
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Appendix Table 14. Soil parameter value for Vertic Luvisols

Soil Hydrologic Group: D
Maximum rooting depth (mm): 2000.00
Porosity fraction from which anions are excluded: 0.500

Crack volume potential of soil: 0.500

Texture: C
Layer 1 2 3
Depth [mm]: 300 900 2000
Bulk Density [g/cc]: 1.3 1.24 1.28
Ave. AW (Incl. Rock) Fraction 0.12 0.11 0.12
Ksat. [mm/hr] 0.77 0.75 0.56
Organic Carbon [weight %] 1.2 0.7 0.4
Clay [weight %] 50 66 57
Silt [weight %] 21 18 23
Sand [weight %] 29 16 20
Rock Fragments [vol. %] 0 0 0
Soil Albedo (Moist) 0.2 0.25 0.25
Erosion K 0.12 0.13 0.14
Salinity (EC) 0.3 1.1 24

Source: MoWR and computation
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Appendix Table 15. Soil parameter value for Humic Nitisol

Soil Hydrologic Group: D

Maximum rooting depth (mm): 2000.00

Porosity fraction from which anions are excluded: 0.500

Crack volume potential of soil: 0.500

Texture: C
Layer 1 2 3
Depth [mm]: 200 700 2000
Bulk Density [g/cc]: 1.23 1.13 1.23
Ave. AW (Incl. Rock) Fraction 0.11 0.063 0.13
Ksat. [mm/hr] 1.32 0.9 3.07
Organic Carbon [weight %] 2.4 1.4 0.6
Clay [weight %] 61 77 55
Silt [weight %] 26 15 36
Sand [weight %] 13 8 9
Rock Fragments [vol. %] 0 0 0
Soil Albedo (Moist) 0.09 0.17 0.25
Erosion K 0.12 0.12 0.2
Salinity (EC) 0.1 0.2 0.2

Source: MoWR and computation
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Appendix Figure 5. Weather station entry menu
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Appendix Figure 6. Soil data entry menu
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Appendix Figure 7. Land cover plant growth entry menu
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