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ABSTRACT
Land degradation is a major watershed problem casggmificant loss of soll
fertility and productivity in the Ethiopian highlands. Soil erosion is one form of land
degradation. To develop effective erosion control plans and to achieve reductions in
sedimentation, it is important to quantify the sedimeeldyand identify areas that are
vulnerable to erosion. The objective of this study was to formulate sustainable land
management options that alleviate soil erosion. The study was conducted in a small
watershed located about 80 km North East of Bahir Dar.
The runoff depth was measured and sediment sampling was performed during the
main rainy seasoaf 2010. Twentythree piezometers were installed and water level
measurements were taken for a 5 month period. In addition, infiltration rates were
measured. Aimple saturation excess water balance model was used to simulate the
flow and sediment processes in the watershed and to identify runoff and sediment
source areas. The watershed landscape was divided into saturated, degraied and
slopesareas to undstand the hydrologic behavior. Finally, the model output was
comparedo sediment and runoff data observed at the oufi¢he watershedlhe
model predicted the daily stream flows and sediment concentration reasepibl
Twenty-two percent of the watshed consisted of degraded area as the only sources
of surface runoff and sediment. Group discusslignoveredhat surface runoff from
the lower degraded watershed was the major cafusal erosionThis was in
agreement witlinfiltration testmeasuements whichindicated that infiltration rates
exceeded rainfall raselnfiltration and rechargeere greater othe steegslope
compared with the lower slopd3iezometereading indicated that during the rainy
season there was a perched wtdble,which disappeared after the rain stopped. In
general perched water table depths were greaten slopeghan upslope but never

reachedhe soil surface
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PREFACE

Thisthesis report consists of foahapters In thefirst chapter a generaltroduction

is givenon hydrologicaland erosion processeswatershed# the Ethiopian
HighlandsThe second chapténetopography, sad, climatic condition and cropping
pattern of the studwatershed are presentielowed by theexperimentaprocedures

and the description @fsimplerainfall runoff model In thethird chapterthe results of

the masurements afinfall, infiltration rates, perched water table depths, ruaod
erosion patterns are presented and discussed. In adddiomunityunderstandings

of watershed hydrology, hydrological model calibration and model simulation results
arediscussedThe fourth chapter gives the conclusgmecommendations and future

directions
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CHAPTER ONE
1. | NTRODUCTI ON
1.1. Background

In the Ethiopian highlands, soil and water are the most critical. Nearly 85% of the

population depends on subsisteageculture. One process that threatens the resource

base is soil erosion. Studies have shown that in Ethiopia billions of tons of soil are lost
annually (USAID,2000)Due to greater population press
intensive cullosveas i mave eb®@smoinncreasing to
of 7 ton/ ha equivalent toLdeaft heOodi onm I &kt
hi ghl yl ysapraitaibale ranging from |l ess than 1 t
1988, Miti kd debabu, e208b. an2010) .

In order to formulate management options, soil erosion must be considered. Soil loss
from a watershed can be estimated based on an understanding of the underlying
hydrological process, climatic conditions, landforms and soil fac@ne option for
formulating management options is to use models to elucidate processes controlling
the hydrologic and sediment fluxes. Erosion rates depend on the rainfall intensity and
the total amount of precipitation after the onset of the rainy sg¢hss adding a level

of temporal complexity to the system. Hence, watershed models that are capable of
capturing these processes in a dynamic manner can be used to provide an enhanced
understanding of the relationship between hydrologic processes, erosion
sedimentation, and management optidmg&thiopia, soil erosion is a major

challenge, posing a severe threat to the country's economy and development. The

problem also extends to the downstream countries of Sudan and Egypt because the



Blue Nile drainstie Ethiopian highlands and contributes to the sedimentation of

downstream reserviors.

Future devel opment of water resources in
reduction of soil |l osses. Sever al | ar ge

erosilénrwiduce reservoir capacity such as

Aswan Hi gh Dams. I n addition, in the water
represents a fertility |l oss and finally sc
i ncrsevarsfeace runoff and reduce interflow (T
Erosion models are an i mportant tool I n €

the | ocation of vul nerabl e areas t hat neec

Erosion modbBkesEappbpedni highl ands range

r

relationships [Universal Soil Loss Equatic

(1985) adapted the empirical USLE for Ethi

Zegeye et al . (20ilfli)ed hbSvMelHd damtb e hues entb dt o

annual soil |l osses but question the reli

erosion and t esnhpootrhad n da syterarb.ut i on

Physicallybased erosion models have been applied with some suiccessous

parts of the Ethiopian Highlands, including the Agricultural NRmint Source

Polution (AGNPS) model (Haregeweyn and Yohannes, 2003 and Mohammed et al.,
2004), the Soil and Water Assessment Tool (SWAT) (Setegn et al., 2008¢,

atk

modi fi edB SWefTer Bal ance moamWat(e&rasEronsiedn a

Predi ct iwWERP(2leke,j2@00ptr e t ested for the Ethiop

model s exWBpar SWAPpplied with the assumpti c

runoff mechaniusnno fgfo vperroncse stshe n al | areas.



Under the prevalemtinfedagricultural production system, the progressive

degradation of the natural resource base, especially in Soil and Water Assessment
Tool (SWAT)Based Runoff and Sediment Yiditbdelling: A Case of th&umaa
Watershed in Lake Tana Sub basin highly vulnerable areas of the high lands coupled
with climate variability have aggravated the incidence of poverty and food insecurity

(Awulachew et al., 2007).

Many of these modeling studies simply predictedrsedi on a monthly basis and

were not validated for shorter time intervals. Furthermore, these models do not
include erosion due to concentrated flow channels and gullies (Capra et al., 2005),
hence they fail to predict erosion accurately in the countryalze existing models
simulate neither actual runoff patterns nor erosion phenomena, more realistic models

need to be developed and tested for monsoonal climates (Steenhuis et al, 2009).

Recently Steenhuis et al. (2009R01WhHi thavet
devel oped simple distributed models that t
account that are suitable for monsoonal cl
watershed based on a daily bagied.atThveel mode
simple and divides the watershed up into t
periodically saturated bottom | ands, sever
over an i mpermeable | ayer and hilelasi des. 1
produce surface runoff and sedi ment and ¢t
flow to t-chey rawemagdendi scharge and sedi me
surprisingly well predicted for the Blue 1
(22®) modi fied theWBWABymoddef { BWAD t he HRI
topography and soil depth and surface runc

the soil DbecanrWB ssaitnuurlaatteedd. aSVW#AITI abl e daily



the BluenNatesbasral scales well (Easton
reqguirements, howeVvWB ,i sf ocru nshWAITs amael SIMAE C i

with | imited data sources such as in Ethi

Therefore, in this studgimple water balance hydrology modaeds used to predict
sediment yield and also to formulate sustainable land management options that

alleviate soil erosion in the Enkulal watershed.
1.2. Objectives

In Ethiopianwatershed erosion, sediment transport, and sedimentation are critical
problems. Tk current level of degradation leading to erosion, and sedimentation are
causing considerable loss of sdik a consequencthe soik arebecoming shallow,

less fertile In addition waterstorageas decliningand droughts arneecomingmore

frequent andntense.

The overall objective of this studyto understanthe watershed runoff arsbil

erosion by monitoring and simulating the discharge, sediment loss and ground water
levels Our specific objectives are 19 determine the spatial and temporal factors that
affect soil erosion and sedimeg) evaluate a simple model model soil erosion

losses anthe effectiveness of Soil and Water Conservation (S®¢Qytures.

The study was carried ot the Enkulal watesheda sub watershed of the Guraa

catchment west of Lake Tana

€
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CHAPTER TWO

2. MATERI ALS AND METHOD
2.1. Description of Study Area
2.1.1. Location and topography
The Enkulal catchment is a small tributafitiee Gumara watershed, located
approximately 80 km northeast B&hir Dar.Enkulal watershed covean area of 398
ha(Figure2-1). The gauging statiois locatedat 374 6 6 E 817 dTKé 1
watersheds located withirDera woredagnadministrative unit) in Gelawdios keleel
The watershed topograpls described by adevationrange from 2306to 2528 m,a
222 m altitude differencéore than hree quarter of the watershednsagriculture
generally low yielding and plowed by oxdRainfallin the Enkulal watershed is
monco-modal and most of the rainfall is concentratethe season June to September
and with virtual drought from November through April. The four wettest months
cover 85 percent of the total annual rainfall. The dry season, being from October to
May has a total rainfall of about 15% of the mean annualalhl{WWDSE, 2007).
With slopes ranging from 0.5% to 40 Gable2-1), steep and very steep slope areas

(> 15% slope) covealmosthalf in the watershed.

Table2-1: Watershed characterization based on slope (Source: Weigel, 1986)

Slope (%) Description Area (ha) Coverage (%)
0-2 Flat 1.62 0.41
2-10 Sloping 109.35 27.49
10-15 Moderately steep 115.02 28.92
1530 Steep 162 40.73
>30 Very steep 9.72 2.44
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Figure2-1: Location of Enkulal watershed
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Figure2-2: Slope map of Enkulal watershed

2.1.2. Sos |

The soil types in Enkulal watershegre gathered from the World Soils map and
were classified as Hapllauvisols and Eutrid_eptosolgFigure2-3). The most
dominant soils in the watershed are Haplic luvisols encompassing 88% of the

watershed. The remaining of the wateshasEutric leptosols 12%.



legend
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[ — |
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Figure2-3: Soil map of Enkulal watershed

The Enkulal watershed hagelativelymeanhigh annual rainfall o4577mm and
remainscloudyduring most of the raingeasonMaximum observed daily rainfall is

89 mm. The average annual temperature rangesriien v g 8

2.1.3. Land use and cropping pattern

Approximately 84% of the Enkulal watershed is cultivated land, while around 14% is
forest and the remaining part is tall and grazing landCereal plough cultivation is

the dominant cultivation system and most of the cultivated fields are usually planted
with barely,teff, wheat, linseedyibto, peas and beante common crops are growing

in the area. Because of increasland pressure, fallow periods are shortened and the



fields are given less of a chance to regenerate, this results in decreasing yields due to
decreasing fertility of the soil, increasing erodibility and ultimately total degradation.

(Figure2-4) shows different type of lands in percentage.

244 0.2

m Bare Land
m Crop Land
= Forest

m Grass Land

Figure2-4. Percentage of land useEnkulalwatershed

Farmers have limited income and are unable to buy artificial fertilizers to improve the
productivity of the land and to slow the process of degradation. Furthermore, natural

fertilizers, like livestock dung, are used for cooking fuel.



2.2. Datdl|l@axtion
2.2.1. Met r olDagsicchaalr ge dmntaSedi ment

Based on the objective of the study, metrological di#y maximum and minimum
temperaturesvas collected during the field campaign from Ethiopia Metrological

Agency (EMA) Bahir Dar office.

The runoff stage recording station was located at the outlet of the watershed. Every
morning at 6 AM and evening at 6 PM the river stage was recorded and a sediment
sample taken when there was sediment in the water. On days with storm runoff during
the day an additional gage level reading and sediment sample were taken at 12 noon.
To decide if a sediment sample shouldabalyzeda secchi disk with eight dots was

used. If one or more than one of the dots matsvisible a one liter sample was taken
otherwise it was assumed that the water was sedimerdrfddee samplevas

discarded

The amount of sediment load within the sample was determined by oven drying the
one liter grab samples then weighing the oven dried soil. Total soil loss for that
samping interval was then calculated by multiplying total water flow per time by the

sediment concentration determined from the-litee sample.

Determining the stage discharge rating curve was cumbersome, because the river
discharges were only measured &t knd medium levels. For estimating the
discharges at high river stages, we used the observation of Liu et al (2008) that after
500 mm cumulative effective rainfall the discharge is a constant fraction of the

rainfall. Thus, by trial and error we developedtage discharge curve that had this

10



property anditted the measured discharge riverfor low to mediumlevels. The

rating curveequation is shown belaw

0 ™M oD 8888888888888888888888
WhereH is the river stage (cm) and Qtie dischargém?/s).

Discharge vs water stage
0.06
y = 0.3351%0858 o
0.05 R2=0.9807 /
E 0.04
% /
% 0.03
I3
g0.0Z &
0.01
0 /
0O 005 01 015 02 025 03 035 04 045
Q(m3/sec)

Figure2-5: Calculated dischargeersuswater height

2.2.2. Ground Water Table Measur ement
Twenty three piezometers were instaltbcbughoutof the watershednd covered

variousof landusessuchasforest land, cultivated land, and fallow land with steep
slopesranging between zero and thirtiielocationsof piezometersitthelower,

middle andupper part®f the hillslope

The piezometers consisted of 5 c¢cm diameter
piezometers was perforated and covered wit

the tubes but prevents inflow of sedi ment.

11



closadawpt astic cap and sealed with plasti
obfedi meinte the above ground opening of t he

prevent rainfaldl entering in the tube.

Figure2-6: Piezometer location in Enkulal watershed

The piezometers wereTheslaalgdae ddmica nheht earn a u ¢
slightlythartgebet hBme dril ltimg wapesmoplpled
|l ayer, bedrock, orr athiezodngterdeapth chngeddronedc72 wa s

to 3.32 meters.

Water depth in the piezometers was collected every day at 6:30am in the morning

from the first of August up to middle of November. W@ tleerv el was measur ¢

12



usi ng s tFigurd?-7)Mieetreadings(helped to identify areas with a high water
table and potential, estimating the imperiyiedayer depth and to identify the ground
water flow directiorandsources opotentialsaturation excess runofetailed
information(depthto the impermeable layer @mlaily values of water deptfgr each

of thepiezometer sites can be found in Apperlix

Figure2-7: Piezometers installation at the field
2.2.3. Topogr aWehtine sasr i ndex

Topography is an important control on hydrological processesapreach to

quantify this control is the topographic indexa/ t a n b )ais thé contributing

13



armmand b i sThisihdex haslbecgre widely used in hydrolagg con be

derived from thaligital elevation model (DEM).

The topographic index for each grid cell was computed based on upslope contributing
area per unit length of contour and topographic slope of the cell. As a result,
bottomlands, with large upslope contributing areas, have higher topographic index
values andhave a greater depth of perched water table and thepafore to

saturation.
2.2.4. I nfil trsati on Rat e

Soil infiltration rate was measured at nine different locations throughout the watershed
using a 3ecm diameter singleing infiltrometer. During the data tection the

infiltrometer was hammedinto the groundip to10-15 cmin orderto controlfor

lateral flow. Then water was added to the yiangd the water depth was measured at
varying time intervals. Here, it should be recognized that infiltration ragesured

with infiltrometers orill slopescannot be converted directly to saturated

conductivities since the water degththe ringis deepeidown slopehan upslope

(Derib, 2005) andhewetting frontafter reaching the impermeable layeoved

downhill rather than vertically downwarBor shallow soilsthe infiltration ratewill

underestimate the saturated conductivity

2.2.5. Soi | Physi cal Properties

The textural composition of soil samples collected from the infiltration test locations
were neasured in the laboratory. Soil textural composition was determined using the
simple hydrometer analysis meth@#fore the field work (data collection) each place
of sampling site in the watershed was identify by using Giing the survey, a total

of nine composite soil samples were collected from the top, middle and the bottom

14



part of the watershed. All the necessary sample preparation work was done before the
laboratory analyses. The pliaboratory analyses sample preparation process included
air-drying, crushing of the clods by hand (reduction of the aggregates to the right size,
mostly less than 2 mm), and sieving so as to make the remove stones and other large

organic material.

2.2.6. Field Observations and I ntervi e
Field observations were made and evey was administered to the farmers living in

the watershed. Trained field technicians collected the data using structured
guestionnair¢hatcan be found in Appendix Jhe field observations and survey

assessment were held to better understand soiber@®il loss processes at different

parts of the watershed and SWC (soil and water conservatroigjures in reducing

soil loss from the watershednd to understand the possible reasons for controlling

erosion and sediment transpdttwas alsaan opportunity for the farmers to express

their perception and to present questio8B.SS version 15 for windows was used to

analyze the data from the questionnaire. Descriptive statistics was used to calculate the

percentages from the respondents.

2.3. Data E€€becki

Data checking was done mainly ftwetconsistency of all collected data. Rainfall, staff
gauge, stream flow, suspended sediment load, and piezometetedateheckedvith
missing values, time sequergiecontinuities, and negative valugsre checked

before used for analysi$heabove primary data collected during the major rainy

season (2010) were incorporated and analyzed using Microsoft Excel spreadsheets.

15



2.4. Data Anal ysi s

The statistical criteria selected for comparison of the perforenahthe model in
predicting discharge were the N&aShtcliffe coefficient, E, a dimensionless indicator
widely used to evaluate hydrological models (Nash and Sutcliffe, 1&¥Tjicient of
correlation,Y , and root mean square of error (RMSE). Theh\&stcliffe coefficient
(E) was calculated as:

B 7Y
B ©

O p 8888888888888888¢

where $is the simulated discharge for each time stefis the observed discharge
value,U is is the mean discharged n is the total number of values with in the
period of analysisThe NaskSutcliffe coefficient (E) is a measure gdodnesof-fit
ranging fromb t, with bne indicating a perfect fit while zero indicates that the
model is predicting no better thétme average of the observed data. Legates and
McCabe (1999) in Harmel and Smith (2007), mentioned that E is better suited to
evaluate model goodnes§fit than thecoefficient of determinatiolY 8 However,
like'Y , E is overly sensitive to extremelwas because it squares the values of paired

differences, as shown in Equation 2.

The root mean square error, RMSE, is vegltepted absolute error goodressit
indicator that describes differences in observed and predicted values in the appropriate

units (Legates and McCabe, 1999). It is calculated as:
T
‘YO"Y‘OOB YQUTQ 8888888888888888a0

Where all the terms have the same meaning as the admyations

16



2.5. Di fferent phases of the field wo
2.5.1. Prfei el d wor k

Themain activity conducted before the field warlaspreparing the land cover map

of theGumaa watershedising satellite imageselecting the area, field visit and

preparing a action plan of field work

2.5.2. Fi eMlod k (primary data collectio
The required hydrological dateere collectedrom respective officg The data

consisted ofdaily discharge, daily rain fall, max and min temperature, sun shine hours

and wind speed and as well as slope, topographic map of the studyMwoesover

during a survey of the catchment, ground truth data was collected using GPS for the

wetted area, girthing land, water table by usirezgneters and intervieswere

conducted with local people to gather information about the land cover. Sediment data

was colleted were collected by using one liter of bottle and then processed on

laboratory. In addition 23 piezometers were installed in transects to measure the water

table depths. Finally, soil depth estimations were taken by field technicians throughout

the wateshed and registered using GPS points.

2.5.3. Post field work
The hydrological and metrological data that were collected dfiglthwork and the

secondary dat addusewte cakbrate thendele s s e d

2.5.4. Soil Hydrometer Analysis
A hydrometer is one of tr@mplest and most rapid methods for mechanical analysis
of soils. This method was used to measure the density of the soil suspension. The

hydrometer was calibrated to measure specific gravity of the suspension.
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The formula we used for calculation of thercentage of original sample in

suspension was:

— O0Y O
0 O

888888888888888T

Ca

WhereP is the percentagef soil remaining in suspension, W = oven dry weight of
sample, G = specific gravity of soil particles (2.65) &oecific gravityof liquid (1),
< = hydrometer reading corrected thye dcompositecorrection factor” related to

temperature
Y Y Y88888888888888888888888v

Where R is the reading in the soil suspension ahds the difference between the
hydrometer reading in distilled water at the same temperature as the settling column,

and the hydrometer reading in a column of the dispersing agent plus hypochlorite.

The diameter of a soil particle corresponding to thegrgage indicated by the
hydrometer reading was computed by the equation:

0

O v .,—Y88888888888888888888888(p

whereD is the diameter of the particle in mm, K is a constant that depends on the
temperature of the suspension and the specific gravity of the soil particles, L is the
distance (cm) from the surface of the suspension to the level at which the @ensity
beingmeasured, and T is the interval of time from the beginning of sedimentation to

the taking of the reading (min).
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The hydrometer reading at 40 sec represents silt and clay in the suspension. Hence, to
determine the amount of sand, subtract this reading fitensample masslhe

following set ofequatiors wasusedto calculate the percentage of sailtiand clay
Sand (%) = (Sample masd40 sec hydrometer reading / Samplass) xL00and
Clay (%) = (40 sec hydrometer reading / Sample mass) x 100

Silt (%) = 100- (Sand % + Clay %)

2.6. Mo d el Devel opment: Conceptual mo
Originally, the conceptual model for the water balance type rainfatdff model

developed by Collick et al (2008j.was later refined by Steenhuis et al (2009);

Engda, 2011, andilahun etal (2011). Tilahun et al (2011) are then extended the

model to predict sediment concentration in Anjeni Watershed. The following is a

summary form these papers:

Watersheds in the Ethiopian highlands are characterized by relatively flat bottomlands

and gene to steep slopingplandsT hwat er shed i s then divided
Two surface runoff source areas consi sting
saturated during the wet monsoon period ar
soil ceowvreermaiTnhi ng hil |l si de areas have infi
intensity (Bayabil et al., 2010 and Engda
Thornthwaite Mather procedueer e t hen applied to each ar eeé

flow fredi aatudayrbaadseeda nddoerve r d ®anwt he hi |l | si

l nputs to the model are rainfald/l and poter
are the magnitude of the relative areas ar

witlingdpoamhar ati on for the runoff produci
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capacity for the hillside. I n addition t he
maxi mum stoltage &od bhhkffirst order grounc

takeshifldr sd opes to drain after a rainstor

I n the sedi ment model, the basic assumpti c
runoff producing source areas: saturated &

fromnadamedegraded hill sides because al most

The sedi ment model takes into account bot't
runoff i s generated and hthemotet Sedismgtor t c ap e
concentration is linearly reked to the overland flow velocity from the runoff

producingareaEr osi on rates are greater in the mo

pl ant cover than in the saturated source &

2.7. ModBéscription

A water balance model was mifeld from the model in Collick et al. (2008) for small
watersheds in the upper Blue Nile basin presented bgteenhuis et al. (2008) for

the whole Blue Nile basin. The basic inputs to the model are daily precipitation and
potential evapotranspiratiomhe following is taken from the paper by Steenhuis et al.

(2008).

I n this(modpbt EAnspirati on) -nmaaxs, ctahlec uel gautaetc
devel oped by ,( 20n0e9s g E o g E aPET fvHich wades

between 4nm/day during thelry season and 1 mm/day during the rainy season.

oY

P z Y 8888888888888888888%
YRV

Wher gi €Tref erencemd&XT i(snmd aialyy , max)i mum t emp
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Model outputs include daily runoff, interflow, and base flow according to the type

ard proportion of area under consideration within the watershed.

The amount of water stored in the topmost layer (root zone) of the soil, S (mm), for
hill slopes and the runoff source areas were estimated separately with a water balance

equation of the form:
Y Yy 0 8°YOY DQIiYaB 88888888888y

Where P is precipitation, (mni'§{ AET is the actual evapotranspiration, (mi),ds.
piprevious time step storage, (mm), R saturation excess runoff (hrRerc is

percolation to the subsoil (mmtdand @t is the time step.

During wet periods when the rainfall exceeds potential evapotranspiration, PET (i.e.,
P>PET), the actual evaporation, AET, is equal to the potential evaporation, PET.
Conversely, when evaporation exceeds rainfall (i.e., P<PEE J Hbrnthwaite and
Mather (1955) procedure is used to calculate actual evapotranspiration, AET
(Steenhuis and van der Molen, 1986). In this method, AET decreases linearly with

moisture content, e.g..
60 YOO — 88888888888888888888 w

Where $(mm) is the available water stored in the root zone per unit areaand S
(mm) is the maximum available soil storage capacity defined as the difference
between the amount of water stored in the top soil layer at wilting point and the
maximum moisture aaent, equal to either the field capacity for the hill slope soils or
saturation (e.g., soil porosity) in runoff contributing areasy ®aries according to

soil characteristics (e.g., porosity, bulk density) and soil layer depth. Based @n Eq.

thesurface soil layer moisture storage can be written as:
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Y Yy QR ——2 R FOrP<PET oo 10

In this simplified model, direct runoff occurs only from the runoff contributing area,
when the soil moisture balance indicates that the soil is saturated. Recharge and
interflow originate from the remaining hill slopes. It is assumed that the surfadé runo
from these areas is minimal. This will underestimate the runoff during major rainfall
events and, to test its significance, the model was run on a daily, weekly, and monthly

basis.

In the overland flow contributing areas when rainfall exceeds evapptration and
fully saturates the soil, any moisture above saturation becomes runoff, and the runoff,
R, can be determined by adding the change in soil moisture from the previous time

step to the difference between precipitation and actual evapotramspigat.:
Y Yy 0 60Yo8888888888888888 p
Y Y 888888888888888888888888 0Q0Q

For high infiltration areas on hill slopes the water flows either as interflow or base
flow to the stream. Rainfall in excess of field capacity becomésrge and is routed
to two Reservoirs that produce base flow or interflow, here it is assumed that base
flow reservoir is filled first and when full, the interflow reservoir starts filling. The
base flow reservoir acts as a linear reservoir and its oytBéwand storage, Bare

calculated when the storage is less than the maximum storaggaBS

Y 8"y 001 &0y Yo888888888888 p&Q

6Yp ADD Yo
0 P U‘DI

5 8888888888888888 p QQ
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Wher e U -lifsof theraguifeh atheftime it takes for half of the volume of the
aquifer to flow out without the aquifer being recharged. When the maximum storage,

BSnax IS reached then:
0Y 607 88888888888888888888888 p &

60

6 p AGBH Yo

75 888888888888888 p&Q

Interflow originates from the hill slopes with the slope of the landscape as the major
driving force of the water. Under these circumstances, the flow decreases linearly (i.e.,

a zero order reseoir) after a recharge event.

z

‘00 c0 ‘B BZ T
. Tt

888888888888888pt

The total interflow, IFat time t can be obtained by superimposing the fluxes for the
individual events. Where U* is the duratic

interflow ceases, (s the interflow at dime t, Perctyis the percolationonl day s .
2.7.1. Sedi ment mo d e |

In calculating the erosion from runoff producing area, we are assuming that rate of
erosion depends on the stream powg@rger unit arealhe maximum concentration

of sediment that a strearan carry (called the transport limiting capacityg/L)) can

be derived from the stream power function as shown by Ciesiolka et al. (1995) and Yu

et al. (1997)
0 wn 8888888888888888888888puv

Whereq, (mm/day) is the runoff rate per unit area from each runoff producing region,

a (g Lmm"day") is a variable derived from the stream power. The varilitea

23



function of the sl ope, Manningds roughnes
depaitability (Yu et al 1997)As water depth increasesessentially becomes

independent of the runoff rate per unit area and can be taken as a constant (Yu et al,

1997). The exponentiah, that takes a value of 0.4 assuming both a wide channel and

a linearrelationship between sediment concentration and velocity (Ciesiolka et al

1995 and Yu et al 1997). Since tBkulal is almost 40(ha, the water in the channel

is sufficiently deep so that is constant.

For erosion of cohesive soils, the sediment comagah will not always reach the

transport limit. Only in cases where, for example, the rills are formed in newly

plowed soils, the transport capacity willbenlee be b u et al (2010) fo
t h e network Has been fully established, no furthiersion will take place and the

sediment source becomes limited and, the concentr&jom]l fall below the

transport limit. For the cases when the sediment concentration becomes lower than

the transport limitCy, Ciesiolka et al. (1995) found basen the work of Hairsine

and Rose that the sedi ment concentsrati on

(g/L):
o} wn 888888888888888888888888p ¢

whereag is the source limit and is assumed to be independent on the flow rate for a
particular watershed (as compared to plots). Introducing a new vakhluefined as
the faction of the runoff producing area with active rill formation, the concentration of

sadiment from the runoff producing area can then be written as:

0 0 00 0 8888888888888888pyx
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CombiningEq.17with Egs. b and 16the concentration from the runoff producing

area becomes
0 O OO O R 88888888888888puy

Finally, in the calculation of the daily concentration, baseflow and interflow play an
important role. In a monsoon climate, baseflow can be at the end of the rainy season a
significant portion of the total flow. Thus, in thest part of the rainy season the
subsurface flow dilutes the peak storm sediment concentration from the runoff
producing zones when simulated on a daily basis. It is therefore important to

incorporate the contribution of baseflow in the prediction ofrsedt concentration.

Next, we calculatd the concentration of the sediment yield in the stream. Since the
interflow and baseflow are sediment free the sediment load per unit watershefl area,
(gm~day?), can be obtained by multiplyir@ in Eq. 18by the relative area aride

flux per unit area, e.g.,
®w o0n w OV w n on ®© OO w n 8pw

wherery andr] are the runoff rates expressed in depths units for contributing\area
(fractional saturated area) aAg(fractional degraded area), respectively. Assuming
that the saturated and the degraded zones have the same values for transport and
source limiting capacities, the concentration of sediment in the stream can be obtained
by dividing the loadr (Eg. 19 by the total watershed discharge

0n 0n O 0w o

0 — - 888888888¢m
0on o n on n
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Whereq, (mm/day) is the base flow amgl(mm/day) is the interflow per unit area of
the nondegraded hillside, Awhere the water is being recharged to the subsurface

(baseflow) reservoir.
2.8. Mo d el cali bration

Evaluation of the hydrologic model behavior and performance is commonly made and
reportel through comparisons of simulated and observedvaluese next step i ¢
cali brate daily values of the discharge wi

the sediments concentrations with the sedi

For the hydrologywrmomekdleral lwemiene ailnputated
the rainfaldl i n to su-sftiaet e cersuenrovfofi rasn,d trheecyf
othe size (A) and thepsdRaXiomumhet ohage aap:
the sultdhenyfanedtfveédg.fehdtmaxi mum st orage c
(BSk, of Ilinear aquifer and t hel*dr alim atghee t
sedi ment model, there are two calibration

each two r unadrfafsroounr cEeq uaarte aosn a2 0

Model calibration was done manually through randomly varying input parameters in
order that the bes-tffiitlbosvaseasshbi evedgbedmwe
and observed river discharge. The calibrated input parameterstedrafisnaximum

storage gax0f t he three regions and {tahe reservoli
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CHAPTHRETE

3. RESULTS AND DI SCUSSI ON
3.1 Rainfall Amount and Distribution
Sequential and spatial rainfall (precipitation) characteristics are very important factors
that affect runoff generation. In the 398 ha watershed two rain gauges installed give
temporal effects of rainfall that were obtained framtomatic rain gaugeeadngs.
The annual precipitation based on 5 years of observatig4g inm average annual
rainfall (Figure3-1). Rainfall over the Enkulal watershednmeonomodal and most of
the rainfall is concentrated in the season June to Septekebemj. During the

keremt precipitation exceeds evaporation. The excess leaves the watershed aver time

Figure3-1: Five Years rainfall amount and distribution

Monthly and annual rainfall amounts gneesented iffable3-1. Themonthly rainfall

distribution for each year is highly variable (coefficient of variation, CV %B{ear
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to year monthly rainfall is also highly variable except in months of rainy sgakdy
(11%) and August (25%HRAnnual total coefficient of variability is too low (CV = 4%)
with an averagef 1,577 mmof rainfall and standard deviation of 60 mm. Derib

(2005) states annual rainfall with CV > 30% is an indication of high vulnerataility
drought. Regardless of the higher year to year and annual monthly rainfall variability,
the low variability of total annual rainfall minimizes the risk of drought in the study
area. Hurni and Grunder (1986) verified that drought is not a problem @aréais

because of low variability of annual rainfall.

Table3-1: Annual and monthly rainfall distributian mm for five years in the study
area

Year

2006 | 2007 | 2008 | 2009| 2010 | Avg. | SD (f/:; Max | Min
Total| 1634 | 1532 | 1605 | 1494] 1617 | 1577 ] 60 | 4 | 1634] 1494
Jan| O | 199 | 814 | 0 | 131 | 23 | 34 | 148] 81 | O
Feb| 14 | 05 | 0 | 51] 0 | 1 | 2 |163] 5 | 0
Mar | 68 | 222 | 15 | 632] 333 | 25 | 25 | 97 | 63 | 2
Apr | 632 | 87.8 | 81.9 | 19.1] 521 | 61 | 27 | 45| 88 | 19
May | 147.3| 65.6 | 2115| 28.2| 65.3 | 104 | 74 | 72 | 212 | 28
Jun | 170 | 281.4] 209.4] 66.8 | 151.2| 176 | 79 | 45 | 281 | 67
Jul | 482.2| 424.7| 376.4| 418.3| 499.3| 440 | 50 | 11 | 499 | 376
Aug | 452.5| 439.1| 341.8|667.4] 527.0| 486 | 121 | 25 | 667 | 342
Sep | 255 | 183.1] 228.6|113.2] 203 | 197 | 54 | 27 | 255 | 113
Oct | 475 | 81 | 51.8 |107.4| 41.4 | 51 | 36 | 70 | 107 | 8
Nov] 0 | 0 | 25 | 3 | 211] 5 | 9 [168] 21 | 0
Dec| 7.9 | 0 | 185] 2 | 97 | 8 | 7 |9 19| 0

Avg. | 136.1| 127.7| 133.7|124.4| 134.8
SD | 1750 | 166.0| 1352 | 2063 | 1870

(j/;’ 128.5| 130.0| 101.0| 1658 | 138.7

3.2. Rai nRuandf f Rel ati onshi ps
The rainfaltrunoff datawascollected from Enkulal watershed in thminrainy

seasorof 201Q It helpsus to clarify the ruaff processes in the watershd&the runoff
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from July isgreaterthan August and September. By dividing the monthly rubpff
the monthly precipitation, the runoff coefficients are obtained. The runoff coefficients
in the rainy season ranfiem 0.5 to 0.4Figure3-2). Theresult showshat runoff

coefficiens fluctuatewhenrainfall increases durintherainy season.

0 1 2 3 4 5
160 ' ' ' ' 05
140 O [ J - 05
04
120
04
100

- 0.3 mRunoff(mm/month)

0.3 ®RF(mm/month)

L 0.2 ©®Runoff coefficients

- 0.1

Jun Jul Aug Sep

Figure3-2: Monthly runoff, RF, andrunoff coefficient in themainrainy season

3.3. Soi |l i mfaitlet rati on

The infiltration rates in the watershed range fi@@h mm/hr to 32.5 mm/kare shown
below(Table3-2). It havea greatemfiltration rates; IRthan the morelownstream
locationsthat are lessandyand have more clayhe soil infiltration ratesre plotted

together withslopefor eachlocation in(
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Figure3-3). There is a surprising relationship between slope and infiltration rate with

the greatest infiltration rates associated with the steepest slopes. Note that infiltration

rates in the watershed are in excess of maosfall intensitiesexpectedn the area

and infiltration excess runoff is unlikely exceftringthe most intense storms

Table3-2: Average soil infiltration rate at different soil type, slope range and land use

in study area

Testing|| Location in | Average IR Slope athillside .
site watershed | (mm/hr) | measuringpoint (%) Soil type Land use
T1 top 325 29.5 Loamy fallow grass
sand
Loamy
T2 top 18.3 16.3 sand fallow land
T3 top 12.4 13.4 Sandy clay| terra_ced and
loam cultivated
T4 middle 7.3 15.1 Sandy loan] fallow grass
T5 middle 12.3 11.8 Sandy clay| grass land
T6 middle 16.7 8.4 Clay cultivated land
77 | bottom 13.1 9.6 Sandy clayl  ¢yiow land
loam
78 | bottom 11.3 6.6 Sandy clayl - sh Jand
loam
T9 bottom 8.4 10.1 Salndy clay grass land
oam
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3.4. Sotelxt prroaplaralyy s e s

The soilsand, silt, and clay percentages frtira top, middle and bottom portions of

the watershed and the resultsml texture clasfication are given in

Table3-3. The watershed is sandier than 8wl ConservatiofiResearch Pgram

(SCRB watershedswhich area part of acollaborativeeffort bythe Swiss Agency for
Development and Cooperatiand theEthiopian governmertb combat land degradatiorn

the next section we will see that the saturation areas in the Enkulal watersheds are
smaller than in the SRCP watersheds and the sandier nature and the resulting greater

conductivity in the sulml might be the cause

35.0 35.0
§
o 30.0 - I 30.0
o
i)
2 25.0 25.0
(@)
£
g 20.0 - 20.0
e
£ I i4 Average IR(mm/hr)
o 15.0 - 15.0
©
p -1
'S 10.0 - 100 | slope of hillside(%)
S
=
:“é 5.0 - L 5.0

0.0 - - 0.0

Q Q R Z e e
OF RO (&b& ({\\& @8 0606‘ o‘éo@ o’é'o@
9 O w

Figure3-3: Relations of average soil infiltration rate whbsition in the landscape

Table3-3: Texturalpr operties of soils typesd percent
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Location Sand (%) | Clay (%) | Silt (%) Soil Texture

Top 84 10 7 Loamy sand

Top 78 16 6 Loamy sand

Top 65 32 3 Sandy clay loam
Middle 79 15 6 Sandy loam
Middle 55 38 6 Sandy clay
Middle 36 58 6 Clay
Bottom 63 28 9 Sandy clay loam
Bottom 65 29 6 Sandy clay loam
Bottom 62 32 6 Sandy clay loam

3.5. Ground water amr&ads afgise avt meht ar € a

Theabsoluteground watetable elevationsvereaveraged and interpolateding
inversedistanceweighted(IDW) and spline methods-rom the23 piezometerl5
were usedor interpolation and theemainingeightfor validation. Thespline method
gawe the best resl{Table3-4) and was used to plot the water table elevation in
(Figure3-4). In generakhe ground water tabkdevationwasmoreclosely related to
landscape position than to crop type and landndieatingthat thecatchment was

underlain by ammpermeable layer
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Legend

enkulal_drnetord_Clip

[ | Enkulal

Value
High : 4

-Low:O

Figure3-4: Average groundwater table elevations for Enkulalershed
Table3-4: The validation result in IDW and SPLINE interpolatioethod

0 170 340 680 1,020 1,360
[ mm eee— GG
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In orderto evaluate the watéable response to rainfall tiperchedvater tables height
above the hardpan wecensidered After initial analysisthe perchedvaterlevels
weredivided up in two partsupper(top) andlower (ottom. The reason was thit
seenedthat the two groupactedindependent of each oth€Figure3-5) shows the

division of the watershed and the locatiointhe piezometers located in each péhe

daily perched ground watezadingsdepthsfor each of the piezometengere averaged

to monthly values and are shown(iigure3-6) as a function of the slope of the land

In August when it rained most (of the 4 months shown)pteachedvatertables

were the highest. The levels decreased in September when it rained less and
Octoberonly in a fewlocationsa perched water tabsill existed The perched water

table completely disappeared in Novem{gure 36 d). For August and September
within each group there was an inverse relationship between slope and perched water
table height. The lovglope areas are generally closer to the river and have the highest

perched water levels. The inverse relationship is expected, because according to

Darcyds | aw when the flux is equal -when

sectional area (waterlike height) has to increase.
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In none of the piezometers in Enkulal watershed the water table was at the surface of
the soil. Thus unlike many other watersheds, this watershed has a minimum of
saturated area#é. small area of farmer installed ditchessfaund in the upper part of

the watershed, indicating that this area could produce surface runoff. Since there is
little overland flow the water falling during the rainy season, on the steep hillsides
infiltrates and flows as saturated subsurface flodawn the slope over the hardpan

to the river as part of the perched watewn the hill or leaves the weished as deep

percolation and provides water to a spring lower down the slope.

Figure3-5: Average groundwater depth recorded by piezometers at the upper part and
bottom part of the watershed
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Figure3-6: Average water table Vsverage slope for each month
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3.6. Hydr ol ogy model

The watershed was divided into three areas with different characteristics: exposed

bedrock (degraded area) and saturated areas that contribute surface runoff or hillsides

that produce recharge when the soil is\abfield capacityT he model cal i br at
s howalexs5) (2W@atof Enkul al wasoefr sthheed daergeraasd ecdo
required little preci pdztl@t mondOtdoo odendreat e
areas becomast haeh avthrdaeeedléhdh of ef fecti ve pre
after theodgegnseasgacmbWOnmThei hel | sBde or t
infiltration (recharge) abeaf imh&ntkat all ave

50mm of effecti vhe fpirelcd paapadiotny tfor anm avei | t

Table3-5: Model input values for surface flow components

Watershed Component Area Smax Symbol | Constant
(fraction) | (mm)

Hillside 0.3 50
Contributing area

Enkulal | Saturated bottom 0.1 50 & 17
Contributing area rocl
outcrops(degraded) 0.2 10 % 5

The Enkul al watershed is | ocated in the

Subsurface waterugpagsesauinder antiepgavi des
bel ow. The(B0OWl sefdeharicatasp®hait alrbhedimal l
i's in accordance ewidti mignsdidchgatteedz otmedtert he t
wat ershed behavedboditfofme rpeanrttl.y Itth ains tlhiek el
fl owvheof op of watershed became deep percol

in the root zone wasThimilshAoutd obhebewat
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Si ndegayRl ues otnhleyuaatiof ®fctsurface runoff in

rainfall season.

Table3-6: Model input values for the base flow and interflow

Parameter description Value Units
Maximum storage capacity of linear 500 mm
reservoir,’Y0

Half life, © 150 day
Interflow duration after rainfally’ 100 day

There are two parameters inhart f theatgecanmid noew t |
Whi | daslkeebhowi Batrieamhettd ewses sl owly depen
amount of water i ndebeeagdsofrkran esahré yiicnutlearrf
and stops tatwes BO0OOidaeys for -ltihfee wladrertshe d
base flow storage(Tabla3st) Isretad di thieorl 50h e agyasr a

t hat det e ntmernfelsowhoecnc ur s was. cali brated to

Threunmierek |l y averagbd osbowarge-7Bagdr 8s 3

The Nash Sutcli ffe eftfhiads igmpedye wmaosd e0l. 7vba s ia
simulate the dischamgae epFheebargert éeéhwal k>
t for the Enkul al watershed is I|ikely a cor

especially |l ater thetbampaengoséasonoaduer
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Figure3-7: Measured discharge (blue lingjdapredicted discharge (redline) for the
Enkulal watershedl'he solid blue area chart hanging from the top is precipitation
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Figure3-8: Weekly running average of measured and predicted dischargeoaitlite
of the Ehkulal watershed
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3.7. Sedi ment model

I n simulating the sedi ment | ossesH we fi
indicating plheudffaesdct wonh odctive gully for
(2010) found that tt hel gelroadgithedn g sopphed ga k@
were formedni eathg CAllglidtati on begins afte
then continues for approximately a three
we assume thatfrndm tcloencrewmnofafti aneas i s at
H=1) for the first four weeks after the f

few more fields are being prepared and t he

L, hasaedi ment cfornocne ntthrea tri uonno f f areas is at tr
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Figure3-9 : Predicted (red line) and observed (blue line) of the running 7 day
averaged sediment concentration for the Enkulal Watershed, The discharge is the
green solid chart
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The sedi ment corFigeed9arad i manl sthloawtned naccor di

using the H values as specified above and

model . The value for n was O0.f4 edd i(tTit mdan
al, 2011). d&aredicno elfafbil ei eélntwer e cal i brated -
of dat a. The olkdaressed oand h@r &dfl atbethlte on
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Figure3-10: Predicted and observed of the running 7 day averaged sediment
concentration for the Enkulal Watershed

Thedecrease isediment concentration at the end of the rainy season is also reported
in Tigray, the northern part of Ethiopia by Vanmaercke et al. (2010). They argued that
the low concentration of sediment in the runoff water is due to sediment depletion on

t h e fsdields &he@urrent modalso assumes that the water does not pick up
sediment in the field, and the sedimeng@nerated by raindrop splash. Others
(Descheemaeker et al., 2006 and Bewket W & Sterk G 2003) suggested that the lower

sediment concentratis are due to increased plant cover. Although there could be
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this effect as well, Tebebu et al (2010) showed for the Debre Mawi watershed that

such a relationship between plant cover and sediment concentration does not exist. In

the Blue Nile Basin, thdecreasing daily sediment concentration in the stream flow

can be estimated by assuming that base flow and interflow plays dilutes the sediment
contributed by the surface runoff. Early in the rainy season the baseflow and interflow

are negligible and coeatrations are greater.

3.8. Commuonter stodvadiergsshed hydrol ogy
A total of fifty farmersparticipated on infield discussi@mong these 20 of them were

women. The interview was conducted by me and one experienced sfidéruf

participant farmers attended up to grade fou?p %0 the participated farmerstgo

adult educatiomnd others didiot get any education.

From the total respondents 98% of the study participants consitietéaeir crofs
benefitted fromusing ferilizer. Of these, 95% answered tl@atreasing cropyields
was importantn improving the living standard of theodse hold. Ninetghree
percent reportethcreasing average crofeld during the last five years.
Regardingerosion all participantan the discussiogroup(farmers and data
collectors) agreed as soil erosion is a serious problem in the Enkulal watershed.
Erosion was mostevere fronthe beginning of June to the beginning of Aughdit.
of them (100%Xxonsidered that erosigmroblem in tleir farmwas getting worse
Among these95% observed greaterosionin theuplandthan in the down slope area
that was less steep and unlike most other watershed in Amhara did not exhibit
saturated overland flowAccording to the81% of therespondentghe main cause of
erosion was improper tillage, followed by high rain fall (12.5%) and slope/terrain
(6.3%). Most of then(68%) associatesbil erosionwith yield decline anénd some

of them (24%) withincreasd input demand. The noticeable changes watcesase
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soil stoniness 85% and removal of top soil (15%k)ty one percenparticipated in

soil and water conservation technologies initiated by the Government or NGOs. Of
these, 8% started before the project ar@Pb after the project phase out. Among th
participants 3% found it helpful for the reduction of erosioDespite this 90% of the
farmers reportethat,the major cause of soil loss was lack of conservation structures
and it occurred from July to August in the upper part of the watersliexf.the
respondentapplied fertilizerto their cropand Seventy six percent of the farmers

expectedd-5 quintals increase in yieldrom fertilizer application

! Onequintal is 100kg
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CHAPTER FOUR
4., CONCLUSA® RECOMMEN®ATI ON
4.1. Conclsusi on
Infiltration rate and subsface water deptineasurements indicatéaat most soils
had infiltration rates in excess of the rainfall intensitiesrandt of the discharge in

the stream originated from subsurface flow.

The modified simple water balance modeisused to prediatunoff and characterize

the runoff mechanism in hillope areas with some calibration parametpegific to

the area under consideratiths i ng t hese model s, it was pos
sourceé hateas so produced tthe gnarjTahaemsay ad fy ss «
based on the simheaghdear satdiwwm@ine h ateabl e
Enkul al watershed approxi mately one fi fth

source areas consisted of degraded and she

Thephysicda measurements and the modeling resultsein agreement with the

observation of the farmers that the bottom lands exhibited low amounts of erosion and
the hillsides were the main areas contributing to sediment loss. In addition, farmers
confirmed thatnfiltration excess was not a main factor in producing runoff and

erosion because only a minoragnsidered thatoth rainfall intensity and steepness

were main factors in causing soil erosi@urprisingly only one third othe farmers
indicated that outside agencies were helpful in reducing soil erosion frorfietusr

This indicates that these agencies need to reconsider their implementation practices for

soil ard water conservation practices.
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4.2. Recommesdati on

Based on the studyridings, the following recommendations are made:

For future stutks adetailed water balance model in the catchment can be developed
by taking results of the calibration of watershed area proportion based on runoff

response.

This study enableanyfurtherstudesto predict the impact of sediment loadl the
percentage transport by different runoff mechanisms. Therefore, developing the model
by considering erosion, runadf dfected byseasorandanestimateof soil exposed

for erosion will further imprae the efficiency of the model.

The performance of the model can be improved by increasing the number of rainfall
and discharge gauging stations within the catchment. It helps to devatay

rainfall runoff and soil loss relationship.

From the resulof survey questionnaire, we recommend that developing Soil and

Water Conservation (SWC) structure will help to reduce the amount of solil loss.

Onsite training of farmers either lggvernmental onorn-governmental organizations
will help to enhance theawareness and strengthen their skill towards controlling soil

erosion by construction of terrace, soil bund and other management options.

This study hasndédt incorporated the change
management options. Thus, the effeicthese management options on productivity

especially further construction of terraces needs to be studied.
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APPENDI CES

APPENDICES 1Piezometer installation sites and specific locatiorthéwatershed

Piezometel Elevation

code asl Depth(m) | Land use type
E1l 2462 0.75 Grass land

E2 2423 0.73 Cultivated land
E3 2413 0.72 Grass land

E4 2408 1.56 Bush land

E5 2404 0.59 Grass land

E6 2387 1.42 Grass land

E7 2394 1.2 Cultivated land
E8 2385 15 Bush land

E9 2382 1.64 Grass land
E10 2373 1.57 Grass land
E1l1 2370 2.06 Cultivated land
E12 2366 2.6 Bush land

E13 2384 2.08 Grass land
El4 2376 2 Grass land
E15 2389 1.6 Cultivated land
E16 2350 2.63 Bush land

E17 2355 3.32 Grass land
E18 2347 1.98 Grass land
E19 2341 3.3 Grass land
E20 2335 2.53 Cultivated land
E21 2325 1.97 Grass land
E22 2345 1.84 Grass land
E23 2346 1.86 Cultivated land
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