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ABSTRACT

Land use/land cover (LU/LC) and climate are the two main factors directly influencing
catchment hydrological processes and consequently changes in these factors will result in
significant hydrological impacts. Quantifying the magnitude and direction of these
impacts is of great importance for land use planning and sustainable water resources
management. The Geba catchment (5137 km?) located in the highlands of Northern
Ethiopia; Africa contributes a significant portion of flow in the river Nile and forms an
important source of water to a large population. In the past few decades, the catchment
has experienced significant changes in LU/LC in the form of degradation due to
anthropogenic activities and subsequent restoration brought about by conservation
measures. Also, trend analysis of hydro-meteorological data carried out as part of this
study provided evidence of changes in rainfall and temperature regimes in the catchment.

Therefore, the present study was taken up to characterize the hydrology of the Geba
catchment using available hydro-meteorological data and to apply and evaluate the
potential of the Soil and Water Assessment Tool (SWAT) model to simulate major
hydrological processes and sediment dynamics in the catchment. The objective was to
use SWAT to simulate changes in hydrological processes brought about by changes in

LU/LC and climate variability within the catchment.

Accordingly, the research methodology adopted involved the following tasks: (1) Using
historical (1971-2013) ground-based observations of rainfall, air temperature (7 climate
stations) and streamflow (1 gauging station) statistical and trend analyses were carried
out for monthly and seasonal time steps. Also, trends in several extreme climatic indices
related to rainfall and temperature were analysed (2) LANDSAT satellite imagery
acquired for multiple dates during the period 1971-2013 were subject to standard image
processing and supervised classification procedures to derive LU/LC maps for the Geba
catchment. These classified maps were used to detect changes in different LU/LC classes



during the periods 1973 — 1987, 1987 — 2000 and 2000 — 2013 (3) Using a variety of
inputs (ground and satellite-based) related to topography, soils, LU/LC, rainfall and
climatic variables, the ArcGIS version of the SWAT model (ArcSWAT) was applied to
the Geba catchment. Given that the catchment experienced significant changes in LU/LC
over the 40 year period considered, a novel model calibration/validation approach was
adopted involving the use of different LU/LC maps for different time periods (4) Using
observed streamflow records at the outlet of the Geba catchment, the SWAT model was
subject to sensitivity analysis following which calibration and validation was carried out
using both monthly and daily time steps. Model performance in simulating streamflow
and sediment concentration at the outlet was evaluated using different statistical criteria
(5) Using the validated SWAT model, a novel method to evaluate the separate and
combined impacts of LU/LC changes and climate changes on major water balance

components in the Geba catchment was implemented.

Results of trend analysis revealed that during the study period (1971-2013), rainfall and
streamflow exhibited a decreasing trend, while maximum daily air temperature had an
increasing trend and minimum daily air temperature showed decreasing trend at 95 %
confidence level. As regards LU/LC changes, during 1973-1987 and 1987-2000 time
periods about 10.83 % and 9.13 % of the catchment area was transformed largely from
shrub, forest and rangeland mainly to agriculture and barren land. During 20002013,
about 18.37 % of the total catchment area was transformed from barren land and range to
agriculture, shrub, forest and urban area. SWAT model validation using observed
streamflow records yielded values of coefficient of determination (R?) between 0.86 and
0.96 and Nash-Sutcliffe efficiencies (Ens) between 0.73 and 0.83 for different simulation
periods with a monthly time step. For daily streamflow predictions, R? values ranged
between 0.77 and 0.91 and Ens values were between 0.7 and 0.79. SWAT also provided
reasonably accurate predictions of daily sediment concentrations during validation (R*:
0.81-0.895, Ens: 0.79-0.80). These results prove that the SWAT model is a reasonably

accurate tool for simulation of hydrological processes in the Geba catchment, whereas R?



and Ens for daily and monthly flow were very less (satisfactory) for the single static
LU/LC (2000) map, mostly followed in many studies. Impacts of LU/LC changes and
climate variability were evaluated by dividing the study period (1973-2013) into three
phases based on LU/LC and climatic conditions: Phase (1) - LU/LC maps of 1973 and
1987, climate of 1974-1983 and 1984-1993 Phase (1) - LU/LC maps of 1987 and 2000,
climate of 1984-1993 and 1994-2003 Phase (I1I) - LU/LC maps of 2000 and 2013,
climate of 1994-2013 and 2004-2013. The SWAT model was run separately for four
scenarios in each phase involving combinations of LU/LC and climate. Results indicated
that the combined impacts of the LU/LC changes and climate variability increased
streamflow and potential evapotranspiration in both Phases | and 11, while available soil
water contents decreased. Positive impacts in the form of reduced streamflow and
increased soil moisture resulted in Phase Ill due to extensive conservation measures
implemented after 2000. Overall, changes in LU/LC seemed to have a higher impact on

hydrological processes than changes in climate.

The present study has demonstrated the applicability and efficacy of a convenient
methodology integrating satellite remote sensing and modelling to characterize
hydrological processes and simulate hydrological changes in a heterogeneous tropical
catchment. The proposed strategy may be adopted to formulate strategies for
sustainable land and water resources management in the region, and in similar

hydro-climatic settings elsewhere in Africa.

Key Words: Catchment modelling, Climate variability, Geba Catchment, Hydrological
impacts, LU/LC, Northern Ethiopia, Trend analysis, SWAT Model.






TABLE OF CONTENTS

ABSTRARCT ettt b bbb bRt bt bt b e b bbb e ne e [
LIST OF FIGURES. ...ttt e Xi
LIST OF TABLES ... XV
LIST OF ABBREVIATIONS ...t Xix
CHAPTER 1 INTRODUCTION ...cooiiiiiiiieieise e 1
1.1 Overview of Water Resources and Sustainable Development.............c.ccococvinnnnnne 1
1.2 Statement of the ProbIEmM ..........ccoiiiiiii e 5
1.3 RESEArCN QUESTIONS ....ccviiiiiectee ettt ettt et et e e be e sar e e beesbaesreesneeenns 7
1.4 Research Objectives of the Present STUdY .........ccocoovieriiiniiinieece s 8
1.5 Structure OF the TRESIS.....c..oiecire e 8
CHAPTER 2 REVIEW OF LITERATURE ......cooiiieeee e 11
P 1 oo [0 od o] o PSSR P RPN 11
2.2 Variability and Trend Analysis of Hydro-meteorological Variables..................... 11
2.3 Hydrologic Modelling and ClassifiCation .............ccccooeriiininiiniiieeese e 13
2.3.1 Classification of Hydrologic Models............cccooveiiiiiiiececeseee e 14

2.3.2 Application of Hydrologic Modelling Integrating with Remote Sensing and

2.4 Applications of SWAT Model under LU/LC Change Scenario and Assessment of

Hydrological RESPONSES ........cvieiiiiiii ittt e e reeenna e 17
2.5 Land Use/Land Cover ChanQesS.........civieieeiieeiie et sse et ae e siee e 19
2.5.1 Approaches and Methodologies of LU/LC Mapping .......ccccceeeverencnenenennnns 21
2.5.2 Land Use/Land Cover Change Studies in Ethiopia..........cccocooeviiieiiiiinnnnnnns 22
2.6 Overview of Soil Erosion and Sediment Dynamics........c.cccccevvvvevieiiieeieeive e, 23
2.7 Climate Variability, Change and Related IMpactS..........cccccceviveiveeiiie e, 26



2.8 SUMMArY OF LITEIatUre .......ccveiieie et 29

CHAPTER 3 STUDY AREA AND RESEARCH METHODOLOGY.................. 31
3.1. Location Of the STUAY ATEa .......cc.oiiiiiiiiieeee e 31
3.2 TOPOGIAPNY ...tttk bbb 32
BB ClIMALE 1.ttt bbbttt bbb nne s 33

3L BLLRAINTAIN ... s 33
3.3.2 TEMPEIALUIE ...ttt r e r e 34
B4 HYATOIOGY ...ttt 35
3.5 Geology, SOils and [and USE ..........cceeiieieiieiiec e 37
3.6 DALA USEU ...ttt bt nne s 38
3.7 Research Methodology AdOPLEd ... 39

CHAPTER 4 STATISTICAL AND TREND ANALYSIS OF HYDRO-

METEOROLOGICAL DATA ..ottt 41
o I [ oo [FTox o] TSRS 41
|V 1= 1 Tl (o] (o] |V PSR UO TP PP PP 43

4.2.1 Rainfall EXtreme INAICES ........ccouviieiiee et 44
4.2.2 Data Quality and Homogeneity TeStiNg ........ccevvvevieeiieiieiecc e 46
4.2.3 The Mann-Kendall Trend ANalysSiS .........ccccoviieiieiiiic i 48
4.3 RESUILS anNd DISCUSSION........cuiiieieieieiiiesieeieseesieetesreesteeneesaesteeneesneesaeeneesreesneenee e 51
4.3.1 Spatial and Temporal Analysis of Meteorological Data .............cccccocerervneenne. 51
4.3.1.1 Patterns and Variability of Rainfall .................ccocooiiiiicc, 51
4.3.1.2 Trend Analysis of Rainfall...............ccccoov i 65
4.3.1.3 Seasonal Rainfall ANalYSIS .........cccoviiiiiiii e 69
4.3.2 Observed Trends and Extreme Rainfall INdiCeS..........cccovvevviieiicin i 76
4.3.2.1 Trends in Wet-day Annual Total Rainfall (PRECTOT) and Simple Daily
Rainfall Intensity (SDIH) INAICES......c.cciiiiieiiiecie e 77
4.3.3 Changes in the Extreme Rainfall Frequency INdiCes...........ccccocevviirenciinnnnn. 79
4.3.3.1 Maximum Length of Indices for the Dry and Wet Periods ...................... 79

Vi



4.3.3.2 Daily Rainfall of Absolute Threshold INICES ..........cccvevvvierviieiieciec, 83

4.3.4 Changes in the Extreme Rainfall Depth and Intensity Indices............c..c........ 84
4.3.4.1 Extreme Rainfall Indices for 1-day and 5-day Event Durations................ 84
4.3.4.2 The Percentile Threshold Indices of Daily Rainfall Events....................... 87

4.3.5 Temperature Data ANAIYSIS ........cccvevviieiieir e 89
4.3.5.1 Trend Analysis Of TEMPEIAtUIE ..........cccvevveieeie e 94

4.3.6 Potential Evapotranspiration Trends ...........cccoooeveriiinienieieienese e 101

4.3.7 Estimation of Evapotranspiration ...........ccccecereieneiinisiseeesese s 102

4.3.8 Trend Analysis of River DISCharge ... 105
4.3.8.1 Annual Streamflow ANalySiS ........ccccoveiieiiiiiiiicce e 105
4.3.8.2 Kiremt (Rainy Season) Streamflow Analysis..........cccccevviiiinniininnnns 106

O o] Tod [ 1] o] PSPPSR 108
CHAPTERS5 LAND USE/LAND COVER CHANGE DETECTION................ 109
5.1 INIFOUUCTION c..ve ettt bbb ene e 109
5.2 MEtNOAOIOY ... e 109

5.2.1 Landsat Multispectral Scanner (MSS) .......cccoiiiiiiiiininee e 110

5.2.2 Landsat Thematic Mapper (TM) ....cccoooiiieiiecece e 111

5.2.3 Landsat Enhanced Thematic Mapper plus (ETM+) .....cccoovevviieiicce e, 111

5.2.4 IMAQge Pre-PrOCESSING ....cverveitirtiriieieeieeieie st ste sttt sttt e bbb b e 113

5.2.5 IMAQe PrOCESSING ....ccuveuiiieitiiteitesie sttt b 113

5.2.6 Classification ACCUracy ASSESSIMENT .......c.ccvevrieiieiierieeie e se e sre e ee e 114

5.2.7 Image ClasSifiCation ..........c.cccveiiiiiiicce e 115
5.2.7.1 Selection Of TraiNiNG ATEES .........cccourieiierieieresie st 115
5.2.7.2 Transformations and INAICES........ccccceiivereiiieiiieie e 116
5.2.7.3 False Color Composition (FCC) ....cccovveiiiiiieiiecec e 116
5.2.7.4 Supervised ClasSIfICatioN ..........ccccovviiiiiiiiiie e 116
5.2.7.5 Maximum Likelihood Classification.............ccccovcveierivernsiesineie e 117

5.2.8 Land Cover Classification SYSTEM .........cccooiiiiiiiniiiiieieee e 118

5.3 RESUILS aN0 DISCUSSION.......cotiiiiiiiiiieiie sttt ettt ae st 119



5.3.1 Land use/land cover Changes at Watershed Level...........cccccoevveiiiieinenne 119
5.3.1.1 Spatial Distribution of Land use/land cover Classes of 1973 and 1987 .. 120
5.3.1.2 Spatial Distribution of Land use/land cover Classes of 2000 and 2013 .. 126

5.3.2 Rate of Land Use/Land Cover Changes ..........cccoovreririniieienene e 128
5.3.3 Land use/land cover Changes at Sub-basin Level ...........ccccccoveiviveiciiens 130
5.4 CONCIUSION. ....coviiieiiiteiti ettt bbb be b 133
CHAPTER 6 APPLICATION OF SWAT HYDROLOGICAL MODEL ......... 135
T8 A [ 0o 1ot o] PSP SS PP PRRPRN 135
6.2 MEthOAOIOQY ....c.eevieiece e 135
6.2.1 Selection Criteria of Hydrological Model .............c.cocooveiiiiiiicieec e 135
6.2.2 Reasons for Selecting SWAT MOdEL.........cccooiiiiiiiiiiieeeee e 136
6.2.3 Model Description 0f SWAT 2012 .......ocoeiiiiiiiiiiseseeeeese e 136
6.2.4 Hydrological Component 0f SWAT ..o 137
6.2.4.1 SUIrface RUNOTT ........ooiiiiee e 139
6.2.4.2 SEdimeNnt COMPONENT. .......coiiiiiiiiieieie e 140
6.2.4.3 Actual and Potential Evapotranspiration ............c.ccocevveeeieienenenenennens 140
6.2.4.4 Water Movement in SOIl.........cccooiiiiiiiiie e 143
6.2.4.5 Ground Water FIOW EStIMAation ..........ccccovvieieieiiiinieieenese e 144
6.2.4.6 FIOW ROULING PRASE ..ot 144
6.2.5 Data Acquisition and Preparation for SWAT Model .........cccoceviniiiiinnnnnne. 145
6.2.6 SWAT MOel INPULS .....oooveiiiiee e 145
6.2.6.1 Digital Elevation Model (DEM) .........ccccoviiiiieiiiiccecce e 145
6.2.6.2 Meteorological Data............coooiiiiiiiiiieiee e 146
6.2.6.3 SOOI DALA........cceeiireiicieiieie e ae s 146
6.2.6.4 Land USe/Land COVET .......c.coueiieiiiiiiieie ettt 147
6.2.6.5 Hydrological Data...........ccccoiueeiiiiieeiic e 147
6.2.6.6 SEAIMENT UALA........ccuviieiieie e 148
6.2.7 SWAT MOCEI SELUP ...cvviiiiiieisiese e 148
6.2.7.1 Watershed DeliN atiON............cocveiiiiiieiiieiie e 148



6.2.7.2 Hydrologic Response Units (HRU) .......ccccceiieiiiieieece e 150

6.2.7.3 WEANEr GENEIALON ......c.veveieiiiie st 151
6.2.7.4 SENSITIVILY ANAIYSIS ....eoiiieiiiie it 152
6.2.8 Modelling of the Geba River Catchment............c.ccooiiiiiiiiiic e 155
6.2.8.1 Model Calibration, Validation, and Performance Evaluation.................. 155

6.3 RESUILS aNd DISCUSSION.....ccuiiuiiiiiiiieiie sttt 158
6.3.1 Sensitivity Analysis and Parameter EStIMation ............ccoccvvvvviveresieenennnnns 158
6.3.2 Model Calibration and Validation .............cccocceiiieriiieninene e 161
6.3.2.1 Daily and Monthly Streamflow Predictions ............c.ccccvvveiiveiiiiieiecnne 163
6.3.3 Water Balance COMPONENLS .......cc.eiieiiiiieiieie et 176
6.3.4 Model Calibration and Validation for Daily Sediment Simulations........... 177
6.3.5 Demarcation of Soil Erosion Susceptibility..........c.ccoovvviiiininiiiicnne 181

6.4 CONCIUSION......oviiieieiieiti ettt sb et renne e 186

CHAPTER7 HYDROLOGICAL IMPACTS TO CHANGES IN LAND

USE/LAND COVER AND CLIMATE VARIABILITY ..o 189
70 R [ 0o [ od 1 o PSSR 189
A\, = i g oo (o] [T |V 2RSSO SUSRPPRORN 191

7.2.1 Land Use Land Cover Scenarios Development..........cccooveveiieiiececicieenens 191
7.2.1.1 Existing State (Baseling SCENAIi0)........cccovviiererininieieeese e 192
7.2.1.2 Land Degradation SCENAO..........uiureeieieiie et 192
7.2.1.3 Land Restoration SCENAIIO...........cuuveeeieierie et 193

7.2.2 Hydrological Impact of Changes in LU/LC and Climate Variability ............ 196

7.3 RESUILS aN0 DISCUSSION.......ceivierieiieeieeniesieesieereesteesieeseessee e sseesteeeesneesseeseesseesseeneens 197

7.3.1 Scenario Analysis for LU/LC Changes .........ccvvieiinininieieene e 197
7.3.1.1 BOUNAING SCENAIIOS ...c.vveeiieiiie ettt 198
7.3.1.2 Land Degradation SCENAI0..........cccuveiuiiiiiiiiesie e 199
7.3.1.3 Land Restoration SCENAIO ........c.couvrvereeriesieseerieeiesteeie e see e sneessaeeens 202

7.3.2 Hydrological Impact of LU/LC Changes and Climate Variability................. 204
7.3.2.1 Impact 0N RUNOTT ..o 204



7.3.2.2 Impact on Available Soil Water and Potential Evapotranspiration ......... 209

B o3 Tod [V o] USSR 213
CHAPTER 8 CONCLUSIONS ...t 215
S 300 I 1 (0T (1 o1 1o o ISP ST 215
8.2 CONCIUSIONS ...ttt ettt e et e s baebe e neesreeneenaesreeneeas 215
8.2.1 Historical Trends of Hydro-Meteorological Analysis..........ccccccvvveveiiveieennns 215
8.2.2 Land Use/Land Cover Change ASSESSMENL..........cccvrvririeierienieniesie s 217
8.2.3 Calibration, Validation and Performance Evaluation of SWAT Model......... 218
8.2.4 LU/LC and Climate Variability Impact Assessment on the Hydrology of the
Geba CACNMENT .......eeiiciece e re e re e 220
8.3 Contributions from this RESEArCh..........cccooiiiiiiiiie e 222
8.4 RECOMMENTALIONS .......cciuiiiiic ettt e e e reeenre e 223
8.4 Perspectives for FULUIE STUAIES ........cccveiiiii e 226
8.6 SWAT Model LImItation ........c.cccoveiiiiieiieie e 226
REFERENGCES ... oottt e e e nneee e 227
APPENDIIX et e e e e r e e e naaaeeean 253
PUBLICATIONS ...ttt sttt st nbesneene s 259
RESUMIE ...ttt sttt bbb sneene s 261



LIST OF FIGURES

Figure 3.1: Location of the Geba Catchment ...................cocoiiiiiiii i,
Figure 3.2: DEM of the Geba Catchment.....................oooiiiiiiiiiiien,
Figure 3.3: Average monthly rainfall for the Geba basin (Ethiopian
Meteorological Agency data, 1971-2013) .....c.oiiiiniiiiiiiiie e,
Figure 3.4: Average monthly minimum and maximum temperature for the Geba
basin (Ethiopian meteorological Agency data, 1971-2013) ...........ccccoviiienenn...
Figure 3.5: Major river basins in Ethiopia (MOWE) ................ocooiiiiii
Figure 3.6: Major Soil types of the Geba basin (FAO 1998) .............ceiviiienenn.
Figure 3.7: Research Methodological Framework of the Study.......................
Figure 4.1: Mean annual rainfall of rainfall stations in Geba River Basin...........
Figure 4.2: Geba River basin seasonal rainfall distributions..........................
Figure 4.3: Temporal variation of average monthly Rainfall of different decades
for stations (a) Abiadi (b) Adigudem (c) Adigrat (d) Hawzien (e) Mek’ele (f)
Senkata and (g) Wukro of Geba River basin.................coviiiiiiiiiiinnenn.

Figure 4.4: average annual rainfalls at the Geba River basin rainfall stations......

Figure 4.5: average monthly rainfall in the Geba River basin rainfall stations......
Figure 4.6: Average monthly rainfall at the (a) upper stream and (b) downstream
of the Geba River basin.............ooiiiii i e,
Figure 4.7: Standardized anomalies of time series annual average rainfall totals
Of the SEVEN STAtIONS. ...\ttt e e
Figure 4.8: Standardized anomalies of time series of annual rainfall at the seven
stations (a) Abiadi (b) Adigudem (c) Adigrat (d) Hawzien (e) Mek’ele (f)
Senkata and () WUKIO ...
Figure 4.9: Variation of annual rainfall for stations (a) Abiadi (b) Adigudem (c)
Adigrat (d) Hawzien (e) Mek’ele (f) Senkata and (g) Wukro of Geba River basin

Xi



Figure 4.10: Variation of Rainy season rainfall for stations (a) Abiadi (b)
Adigudem (c) Adigrat (d) Hawzien (e) Mek’ele (f) Senkata and (g) Wukro of
Geba RIVEr DASIN ...
Figure 4.11: Variation of dry season rainfall for stations (a) Abiadi (b)
Adigudem (c) Adigrat (d) Hawzien (e) Mek’ele (f) Senkata and (g) Wukro of
Geba RIVEr DASIN ...
Figure 4.12: Trends in 1971-2013 for PRCPTOT (a), for CDD (b) and CWD (c)
Figure 4.13: Trends in 1971-2013 for the 10mm (a), for the 20mm (b) and for
tNE 25MIM (C) c.oeit i e
Figure 4.14: Trends in 1971-2013 for RX1day (a), RX5day (b) and SDII (c)......

Figure 4.15: Trends in 1971-2013 for R90P (a), R95P (b) and R99P (¢c)............
Figure 4.16: Temporal variation of average monthly minimum Temperature of
different decades for stations (a) Abiadi (b) Adigudem (c) Adigrat (d) Hawzien
(e) Mek’ele (f) Senkata and (g) Wukro of Geba River basin
Figure 4.17: Temporal variation of average monthly minimum Temperature of
different decades for stations (a) Abiadi (b) Adigudem (c) Adigrat (d) Hawzien
(e) Mek’ele (f) Senkata and (g) Wukro of Geba River basin ....................c.c.....
Figure 4.18: Linear trend line corresponding to average monthly maximum
temperature at the seven stations (a) Abiadi (b) Adigudem (c) Adigrat (d)
Hawzien (e) Mek’ele (f) Senkata and (g) Wukro ...
Figure 4.19: Linear trend line corresponding to average monthly minimum
temperature at the seven stations (a) Abiadi (b) Adigudem (c) Adigrat (d)
Hawzien (e) Mek’ele (f) Senkata and (g) Wukro ...,
Figure 4.20: Variations of average monthly PET for the stations in the Geba
CalCMBNT . ..o
Figure 4.21: Temporal variation of average monthly ET of different decades for

GEDA RIVEI DASIN. e e e

xii

72

75

81

82
86

88

92

94



Figure 4.22: Time series plots for the annual River discharge at the outlet gauge
station. The straight line shows the trend line ....................cccceee i iiiiiiiieeen.. 106
Figure 4.23: Time series plots for the rainy season River discharge at the outlet

gauge station. The straight line shows the trend line ...................ocoiial. 107
Figure 5.1: Methodology adopted for LU/LC change analysis and

4[5 e e 10 ) s DT 119
Figure 5.2: Land use/land cover map of Geba River basin in 1973.................. 124
Figure 5.3: Land use/land cover map of Geba River basin in 1987 .................. 125
Figure 5.4: Land use/land cover map of Geba River basin in 2000 .................. 126
Figure 5.5: Land use/land cover map of Geba River basin in 2013 .................. 127
Figure 5.6: Changes in LU/LC in the Geba River basin from1973 to 2013.......... 128
Figure 5.7: Annual rate of change in LU/LC at Geba River basin .................... 130
Figure 6.1: Input and Output Components of the SWAT Model..................... 138
Figure 6.2: Soil map of the Geba basin (FAO 1998) ............coiiiiiiiiiiiiiii, 146
Figure 6.3: Geba catchment area sub-basins...................cocooiiiiiiiiinina, 149
Figure 6.4: Time series plots of catchment streamflow and rainfall .................. 159

Figure 6.5: Sensitivity ranking for hydrology in the Geba River basin for SWAT

Figure 6.6: Time series of the observed and simulated average monthly
streamflow for calibration and validation period for 1973, 1987, 2000 and 2013
land use 1and COVEr MaP .. ..o e 167

Figure 6.7: Scatter plots of simulated and observed flow for calibration period

(@) 1973, (b) 1987, (c) 2000 and (d) 2013 land use land cove map ..................... . 169
Figure 6.8: Scatter plots of simulated and observed flow for validation period (a)
1973, (b) 1987, (c) 2000 and (d) 2013 land use land cove map ............cccccceeveee. 171

Figure 6.9: Scatter plot of observed and simulated sediment for calibration and

validation period for 2000 and 2013 land use/land cove map .................oeene... 177

Xiii



Figure 6.10: Time series of the observed and simulated daily sediment for

Calibration and validation period for (a) 2000 and (b) 2013 land use land cove

Figure 6.11: Predicted annual net soil loss for the 1973, 1987, 2000 and 2013
LU/LC maps in the Geba catchment ................coooiiiiiiiiiiiiiiiii e, 183

Xiv



LIST OF TABLES

Table 4.1: Meteorological stations selected for analysis with details of
coordinates, elevation, observation period and observed mean annual rainfall
VALUES et e e e rre e
Table 4.2: Definition of the rainfall indices used in this study .....................
Table 4.3: Showing the stations with their ID and Missing data (%)...............
Table 4.4: Annual and seasonal rainfall (mm) and their coefficient of variation
estimated over the period 1971-2013 ...t
Table 4.5: Average contribution of the three seasons (in Percent) and the
highest monthly and peak rainfall contribution to the annual totals (mm) .........
Table 4.6: The driest and wettest years and seasons by station during the period
Table 4.7: Annual rainfall trend detection for the stations in the Geba River
[0 T3 O RO PR PP
Table 4.8: Rainy seasonal rainfall trend detection for the stations in the Geba
River basin for the period (1971-2013.......cciiiiiiii e
Table 4.9: Dry seasonal rainfall trend detection for the stations in the Geba
River basin for the period (1971-2013).......ciiiriiiiiie s
Table 4.10: The occurrence of the lowest and highest Simple Daily Intensity
INdex (SDIL) o.nniiii e e et e are e
Table 4.11: Mann-Kendall Statistic (P) and Sen's slope for PRCPTOT, CDD,
CWD, R10mm, R20mm and R25mm for all stations ...............................e.
Table 4.12: Mann-Kendall Statistic (P) and Sen's slope for R95, R95, R99P,
SDII, R1x day and R5x day for all stations .................ccoooiiiiiiiiiiiiiie,
Table 4.13: Decadal CV of minimum temperature for the stations in the Geba
RV BT s

Table 4.14: Decadal CV of maximum temperature for the stations in the Geba

XV

44

45

46

59

60

62

66

70

73

78

79

78

89



RIVEr Dasin. ... e 90
Table 4.15: Results of the Mann-Kendall test for the average monthly

maximum daily temperature data..................ooiiiiiiiiieeeeeee. 9D

Table 4.16: Results of the Mann-Kendall test for the average monthly
minimum temperature data...........coevviiiiiiiiiiieiie e 98

Table 4.17 Temporal Variation of monthly ET of different decades for Geba

RIVEr Dasin. ... ... 103
Table 4.18 Temporal Variation of monthly PET of different stations for Geba
RIVEIr Dasin ... e 104
Table 4.19 Results of the Mann-Kendall test for the annual streamflow data

106
Table 4.20 Results of the Mann-Kendall test for the seasonal (rainy and dry)
streamflow data ...t e eeernee e, 107
Table 5.1: Description of Landsat Multispectral Scanner (MSS) .................... 111
Table 5.2: Description of Landsat Thematic mapper (TM) ..............ccooeennn 111
Table 5.3: Description of Landsat Thematic Mapper Plus (ETM+) .................. 112
Table 5.4: Spatial distribution land use/land cover classes during 1973 to 2013
time period of the Geba River basin .................ccooeiiiiiiiiiiinieieececceneeeee. 120
Table 5.5: Land use/land cover Change detection matrix .....................cceeeee. 121

Table 5.6: Land use/land cover types and changes from1973-2013 at Geba
RIVEIr Dasin ... 129
Table 5.7: Major land use/land cover changes from 1973 to 1987 in sub-basins
(Percentage of change is computed with respect to the area of the sub-basin) .... 131
Table 5.8: Major land use/land cover changes from 1987 to 2000 in sub-basins
(Percentage of change is computed with respect to the area of the sub-basin) .... 131

Table 5.9: Major land use/land cover changes from 2000 to 2013 in sub-basins.

(Percentage of change is computed with respect to the area of the sub-basin) .... 132
Table 6.1: Soil Available Water and Hydraulic Conductivity...................... 146
Table 6.2: The slope classes of the Geba Catchment .......................ooee 150

XVi



Table 6.3: HRU distribution across the sub-basins ............ccooviiiiiien i 151

Table 6.4: SWAT parameters Sensitivity class ..............c.coooviiiiiiiiiiiin.. 153
Table 6.5: Parameters and their ranges in sensitivity analysis of SWAT model

154
Table 6.6: SWAT most sensitive parameters and their MRS values ............... 159
Table 6.7: SWAT flow sensitive parameters and fitted values after calibration
................................................................................................ 162
Table 6.8: SWAT model performance evaluation for daily and monthly
streamflow predictions using static LU/LC (2000) map.............ccceevevvnennnn.. 163
Table 6.9: SWAT model performance evaluation for daily streamflow
J 0T 1115 o) 1 1 166
Table 6.10: SWAT model performance evaluation for monthly streamflow
PLEAICTIONS. ..ottt ettt et ettt et e et et e e et e e 166
Table 6.11: Average annual water balance components derived from the
SWAT model (all values are inmmofwater) ..................oooiiiiin, 178
Table 6.12: Model Performance values for sediment during calibration and
validation periods for 2000 and 1987 LU/LC MaPS.........coveviiiriniineanannnnns 179
Table 6.13: Identification of soil erosion susceptible area ........................... 183
Table 6.14: Sub-basin sediment yield of the simulation period..................... 184
Table 7.1: Characteristics of 2013 LU/LC data and deforestation scenarios ...... 191
Table 7.2: Characteristics of simulated LU/LC afforestation scenarios ............. 192
Table 7.3: Simulation results from bounding cases scenarios ........................ 196
Table 7.4: Simulation results from land degradation scenarios ....................... 197
Table 7.5: Simulation results obtained from land restoration scenarios ......... 200
Table 7.6: Simulated surface runoff volumes for the 1973-2013 land use/land
COVET SCENATIOS . .vteutttentteette et eateeanssereeiieeeiseesireeesiseeesseeesseesssseessssnesssinnnns 202
Table 7.7: Simulated baseflow from 1973 to 2013 land use/land cover
CONAITIONS. ...t eeennenesenien e e e e neees 204

XVii



Table 7.8: Predicted average annual runoff volume under various LU/LC and

Climatic CONAITIONS ... e, 207

Table 7.9: Predicted average annual soil water and PET under different LU/LC

and climatic CONAITIONS ....nneeee et e eeeeeeeeeeeneaen. 208

XViii



LIST OF ABBREVIATIONS

Abbreviations

Description

ARMA
ARIMA
ARS
ASTER
CDD
CN
CSA
Cv
CwWD
DEM
ENMA
ENVI
ETCCDMI
ET
ETM+
FAO

FCC
GIS

GLCF
HRU
IPCC
ITCZ
IWRM
JJAS

Auto-Regressive Moving Average
Auto-Regressive Integrated Moving Average

Agricultural Research Service

Advanced Space borne Thermal Emission and Reflection Radiometer

Consecutive dry days

Curve Number

Central Statistical Agency of Ethiopia
Coefficient of Variation

Consecutive wet days

Digital Elevation Model

Ethiopian National Meteorological Agency
ENvironment for Visualizing Images
Expert Team Climate Change Detection and Monitoring Indices
Actual Evapotranspiration

Enhanced Thematic Mapper Plus

Food and Agricultural Organization

False color composition
Geographic Information System

Global Land Cover Facility

Hydrological Response unit
Intergovernmental Panel on Climate Change
Inter-tropical Convergence Zone

Integrated Water Resources Management

June, July, August and September

XiX



LU/LC Land use/land cover

LH-OAT Latin Hypercube and ‘One-factor-At-a Time’
LCCS Land Cover Classification System

MCE Multi-Criteria Evaluation

MoWE Ministry of Water and Energy

MoWIE Ministry Water, Irrigation and Energy

MoWR Ministry of Water Resources

MRS Mean Relative Sensitivity

MSS Multispectral Scanner

MUSLE Modified Universal Soil Loss Equation

NASA National Aeronautics and Space Administration
NCC Natural Color Composite

NDVI Normalized Difference Vegetation Index
NRCS Natural Resource Conservation Service

NSE Nash and Sutcliffe simulation efficiency
PBIAS Percent bias

PEST Parameter ESTimation

PET Potential Evapotranspiration

R Coefficient of determination

RGB Red, Green and Blue

RMSE Root Mean Square Error

ROI Regions of Interest

RS Remote Sensing

RSR Ratio of root mean square error to measured Standard deviation
SAM Spectral Angle Mapper

SCS Soil Conservation Service

SD Standard Deviation

SDII Simple daily intensity index

SPOT Systeme Polyvalent pour Observation de la Terre

XX



SSY

SUFI-2
SWAT
SWAT-CUP

™
UNECA
USA
USDA
USGS
USLE
UTM

Specific Sediment Yield

Sequential Uncertainty Fitting

Soil and Water Assessment Tool

Soil and Water Assessment Tool — Calibration and Uncertainty
Program

Thematic Mapper

United Nations Economic Commission for Africa
United States of America

United States Department of Agriculture

United States Geological Survey

Universal Soil Loss Equation

Universal Transverse Mercator

XXi






CHAPTER 1

INTRODUCTION

1.1 Overview of Water Resources and Sustainable Development

The availability of water in the right quality and quantity for human and ecological uses
is being threatened by pollution, droughts and floods. Various bio-physical factors that
modify the earth’s environment as well as socio-economic factors have led to
mismanagement of natural resources (IPCC, 2001). Among the factors that have direct
impact on water resources; climate changes due to global warming and land use/land
cover (LU/LC) changes due to anthropogenic activities, play central roles. Increased
stress on available water resources is being caused due to population growth, rainfall
variability and increased consumption across various sectors. This is especially true in the
context of Africa, where non-availability of desired levels of water supply and
environmental degradation are posing severe constraints on human welfare and economic

growth.

Efforts to provide adequate water resources for Africans have been confronted with
several challenges, including population pressure, erosion/siltation and likely
environmental consequences of LU/LC changes on the hydrological cycle (IPCC, 2007;
Conway and Schipper, 2011). An integrated approach is required for the assessment of
management issues and strategies relating to use and distribution of water resources.
Integrated water resources management is not only required for analysing consequences
of the adverse natural conditions such as floods or droughts but also to evaluate and
assess promising strategies to reduce vulnerability to environmental constraints and
changing climate (IPCC, 2007). In addition, the concept of water resources management
requires matching of water availability and water use in a river basin (Tilahun, 2006; Lin
et al., 2007; Guo et al., 2008). River basins are the preferred land surface units for water



related studies because their drainage areas represent natural spatial integrators or
accumulators of water and associated material transport and thus allow for the
investigation of cumulative effects of climate and human activities on the water cycle and

environment (Vanmaercke et al., 2010; Zenebe et al., 2013).

Water availability in the form of surface water or groundwater is determined by a large
number of factors/variables related to soil-vegetation-atmosphere continuum. An aspect
often forgotten in this respect is the impact of new patterns of LU/LC on availability of
water. There are many connections between land surface characteristics and water cycle.
Primarily, LU/LC can affect the partitioning incident rainfall into infiltration and surface
runoff components thereby affecting surface and sub-surface hydrological processes
(Belay, 2002; Lambin et al., 2003; Bewket and Sterk, 2005; Lin et al., 2007; Tewelde,
2009). Any changes in LU/LC will have effects not only on hydrological regimes, but
also on ecological communities (Hadgu, 2008; Nyssen et al., 2010; Girmay et al., 2010;
Taye et al., 2013; Mahmoud and Alazba, 2015; Babar and Ramesh, 2015).

Within the African continent, Ethiopia faces a large number of water-related problems
enumerated earlier. Located in the horn of East Africa, Ethiopia has a geographical area
of about 1.13 million km?. The population of the country is more than 90 million,
increasing by 2.7 % each year, and as such is the second populous country in Africa next
to Nigeria (CSA, 2008). The annual rainfall in the country varies from less than 100 mm
in the low lands along the border with Somalia and Djibouti to 2,400 mm in the
southwest highlands, with a national average of 744 mm (Awulachew et al., 2007).
Ethiopia is known for its substantial water resources potential, hence, known as the water
tower of Africa, contributing more than 85 % of the flow to the Nile River in addition to
contributions to many trans-boundary rivers. The total annual runoff is estimated to be
about 122x10° m®; however only less than 20 % is naturally contained within the country
with the remaining leaving the country as trans-boundary river flow (MoWE, 2010).
There is ample water resource in central, western and south western parts, while most of

the North Eastern and Eastern parts of the country are relatively dry. The distribution and



availability of water is erratic both in space and time. Hence, despite abundance in some
parts, the country is highly water-scarce due to paucity of water control and storage

infrastructure.

Recent studies in the Eastern African region have revealed that changes in LU/LC and
variability of climate pose challenges to the integrity of quality and availability of water,
and agricultural productivity (Nyssen et al., 2005; 2007; Setegn et al., 2011). Moreover,
there are several indicators of water stress and scarcity in the region, including the
amount of water available per person and the volume ratio of water withdrawn and
potentially available (IPCC, 2001; IPCC, 2007b). This situation has been attributed to the
increasing population, which translates into increased demand for water supply (for
domestic and agricultural productivity), as well as to climate change. Global warming
would induce changes in precipitation and wind patterns, changes in the frequency and
intensity of storms, ecosystem stress, reduce availability of fresh water, and a rising
global mean sea level (Hurni et al., 2005; Legesse et al., 2010; UNECA, 2011). Although
the impacts may not be easily predicted, changes in weather patterns may lead to the
prevalence of severe drought conditions or extreme flood events in the region. The
existence of prolonged drought periods regarding water scarcity has seriously affecting
agricultural production and the socio-economic activities in the region. Ethiopia is one of
the eastern African countries likely to experience continuous land, water and ecological
degradation as a result of global and local climate anomalies, which is a challenge for
water resources management to sustain economic development in the country (Nyssen et
al., 2004; Zenebe et al., 2013).

To balance supply and demand for water resources and to reduce undesirable effects for
the environment and society, changes in actual LU/LC have to be studied at all spatial
scales. The land surface provides a critical role in the water cycle as it is the level at
which precipitation is redistributed into evaporation, runoff or soil moisture storage (Setegn
et al., 2008, 2009). Thus, Land use/land cover studies should be viewed as responding to

the complex interactions and responses linking social and biophysical processes that



occur on the land (Chow et al., 1988; Maidment, 1993; Nyssen et al., 2009). With
increasing human activities concerning water conflicts, it is important to understand the
interactions between hydrological processes and associated LU/LC and climate changes
in catchments (Nyssen et al., 2010; Friedrich et al., 2012; Wubishet et al., 2015). Such an
understanding can be achieved by integrating land use planning and water resources
management. Land use/land cover change data represents a key variable in the
management and understanding of the environment, as well as driving many
environmental models such as hydrological models within large river basins or even for
particular smaller to medium catchments. There is a need to develop proper planning and
management approaches within the context of Integrated Water Resource Management
(IWRM). IWRM is defined as a process that considers the co-ordinated development and
management of water, land and related resources to enhance economic and social welfare
without jeopardising the sustainability of the ecosystems (Global Water Partnership,
2005). Thus, sustainable development of water resources is a key to the maintenance of

the natural ecosystem that supports the well-being of human populations.

A crucial first step towards implementing IWRM s to assess the temporal and spatial
variability of available water resources at catchment-scale. Typically, this requires
analysis of long-term observations of river flows and groundwater levels at multiple
locations within a catchment. However, spatio-temporal analyses of water resources are
usually rendered difficult, if not impossible, in developing countries such as Ethiopia due
to sparse ground-based data networks. Even with availability of surface and groundwater
observations, characterizing the working of the hydrological cycle and understanding the
linkages between hydro-climate and LU/LC is not possible unless additional observations
on soil moisture, evapotranspiration, surface runoff, baseflow, sediment concentrations
and groundwater recharge are available. To circumvent this problem, the use of
mathematical models which seek to represent the working of the hydrological cycle
within a catchment have been proposed as solution. Once an appropriate hydrological
model has been applied, calibrated and validated for a given catchment using available

observations of streamflow, it can be used not only to provide estimates of available
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water resources but also to evaluate the impacts of likely changes in LU/LC and climate.
A large number of hydrological models of different types — empirical, conceptual or
mechanistic; lumped, semi-distributed or distributed; deterministic or probabilistic;
event-based or continuous, have been developed over the past several decades. Different
types of hydrological models vary with respect to process representation, input data
requirement, complexity of use and nature of output provided. A state-of-the-art review

of currently available hydrologic models can be found in Daniel et al. (2011).

The Soil and Water Assessment Tool (SWAT) hydrological model (Arnold et al., 1998)
has been widely recognized as a powerful tool for carrying out such studies. The free
availability, good modelling capability, GIS interface, incorporation of key features of
catchment properties, including links between LU/LC and hydrological responses makes
it an attractive and most sought after hydrological model. The ArcSWAT?2012 version of
the model is integrated within a Geographical Information System (GIS) platform and
also derives certain inputs from satellite remote sensing. SWAT has been widely used in
various regions of the world and in different climatic zones at daily, monthly and annual
time steps. It has been successfully implemented at spatial scales ranging from small
watersheds to large River basins in different parts of the world (Fohrer et al., 2005; Li et
al., 2009; Mango et al., 2011; Van Griensven et al., 2012; Arnold et al., 2012). In some
parts of Ethiopia, SWAT has been effectively implemented to predict water yield,
sediment yield and water quality of different catchments (Setegn et al., 2008; Easton et
al., 2010; Betrie et al., 2011; Setegn et al., 2011; Mengistu and Sorteberg, 2012; Van
Griensven et al., 2012).

1.2 Statement of the Problem

The Geba River is a tributary of the Tekeze River which in turn is a major tributary of the
Nile River. The Geba basin is endowed with terrestrial diversity ranging from forests and
wildlife. However, the basin and its natural resources are under great pressure due to

rapid rural and urban population growth, poor agricultural practices, and deforestation.



These practices have resulted in land degradation, soil erosion, loss of biodiversity,

poverty and unemployment.

Inappropriate water resources management, poor land use practices, deforestation, lack of
appropriate water harvesting and soil conservation measures are major problems in the
basin. Also, undulating topography, intense rainfall and sparse vegetation cover have
played a major role in causing severe soil erosion and land degradation problems in the
Northern highlands of Ethiopia. The effect of degradation arising from poor land use
practices are accelerating runoff and sheet erosion within the catchment area, leading to
severe rill, gully, and stream bank erosion and sedimentation. Increased sediment loads
cause deposition in the lower reaches of rivers. Consequently, highlands of the country
are losing soil at a rate of 1.3 billion tons per year (Hurni, 1988). As a result the country
is facing severe erosion causing a decline in land productivity (Nyssen et al., 2005). The
average rate of soil erosion from croplands in the highlands is estimated at 42 t ha™* per
year (Hurni, 1988) and is by far greater than an average agricultural soil formation rate of
approximately 1 t ha * per year (Lal, 2000). Soil erosion is even more severe in the barren
hillsides in Northern highlands of the country.

The Northern highlands of Ethiopia represent a complex environment with a long history
of human occupation, deforestation and severe problems of land degradation and soil
erosion (Nyssen et al., 2004; 2005). This continuous change in LU/LC has impacted the
water balance of the catchment by changing the magnitude and pattern of runoff.
Consequently, crop and livestock production and energy supply situations are at risk with
a negative impact on the socio-economic situation of the country. Moreover, there is a
clear general lack of quantification of the impact of LU/LC changes and climate
variability on hydrological responses and lack of erosion and sediment yield estimates
due to data scarcity. In addition, knowledge of the interactions between LU/LC, climate
and runoff processes is lacking in the area. Therefore, the question as to when, where and

to what extent these changes can occur and how these can affect hydrological processes



and sediment dynamics is still open and needs to be answered before meaningful

adaptation strategies can be adopted.

In light of the above mentioned problems, it is imperative to understand the hydrological
processes occurring within the Geba river basin using appropriate modelling tools and
techniques. There is an urgent need to use hydrologic modelling techniques that can
assess the impacts of LU/LC changes and climate variability on the hydrologic responses
relating to runoff and sediment yields from the sub-basins of the Geba river basin. This
would help to estimate the catchment’s water budget, runoff/sediment timing and
magnitudes and the impacts of anthropogenic activities and climate changes on the
hydrology of the river basin. These estimates will support decision makers and planners
to optimize water supply and demand, and to advocate sound land use practices, while

ensuring environmental sustainability.

1.3 Research Questions

The following questions need to be answered with respect to hydrological characteristics

of the Geba catchment.

a) Are there changes in runoff, rainfall and temperature in the Geba river basin? If there
are changes, what are the pattern of the changes i.e. are the changes increasing or
decreasing? Are the changes gradual or abrupt? If there are changes, in which
months/season do they occur? Do extreme climate events show a trend?

b) How has LU/LC changed over the past four decades in the Geba catchment? Can
analysis of land cover dynamics and change detection be carried out using satellite
data available in the public domain?

c) Is there a potential to use a readily available hydrological model to simulate the
hydrology of the Geba basin in the presence of spatial heterogeneity in physical
characteristics and hydro-climatic conditions? How can data from a variety of ground-
based measurements be used as input to the model? Is there a potential to use satellite

data in the modelling exercise?



d) What should be the most appropriate hydrological modelling strategy to be adopted in
a situation where rapid changes in LU/LC take place?

e) Can a distributed hydrologic model provide information on the temporal and spatial
variability of major hydrologic components of runoff, evapotranspiration, soil
moisture and sediment concentrations? What will be the level of accuracy of such
simulations?

f) How can the combined and separate hydrological impacts of likely LU/LC changes
and climate changes be simulated using a hydrological model?

1.4 Research Objectives of the Present Study

In an effort to provide answers to the research questions posed in Article (1.3), the

present study was taken up with the following specific research objectives:

1. To statistically analyse historical records of relevant hydro-meteorological variables

in the Geba catchment and investigate changes and trends over time;

2. To explore the feasibility of using satellite imagery to analyse land cover dynamics

and detection of changes in LU/LC in the Geba basin over the past four decades;

3. To wunderstand the overall hydrological processes using available hydro-
meteorological data, and to apply and evaluate the potential of the SWAT model to

simulate major hydrological processes and sediment dynamics in the Geba catchment;
4. To quantify, assess and analyse the impacts of LU/LC changes and climate variability
on streamflow and sediment dynamics in the Geba catchment.

1.5 Structure of the Thesis

Chapter One provides an introduction to problems related to sustainable water
resources management specifically in the context of Africa and Ethiopia. Challenges

with regard to characterization of available water resources, LU/LC changes and climate
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variability in the Geba catchment are discussed. Based on critical questions which need to
be answered for sustainable water resources management in the catchment, research
objectives of the present study are presented. A brief, chapter-wise description of the
present thesis is presented.

Chapter Two reviews literature relating to LU/LC change detection, climate variability,
sediment transport, hydrologic modelling and hydrologic impact assessment. Previous
studies elaborating advances made in hydrologic models and their use investigating the
impacts of climate and LU/LC changes are reviewed.

Chapter Three provides a description of the physiographical features, location, soil
types, topography, LU/LC and overall climatic conditions in the Geba catchment. A
description of the different datasets used in the present study and the overall research
methodology adopted in the present study are discussed.

Chapter Four discusses the statistical and trend analysis of historical hydro-
meteorological data obtained for the Geba catchment. Monthly and seasonal averages of
rainfall, air temperature and streamflow are subjected to trend analysis. Also, trends in
extreme climate indices relating to rainfall and temperature are detected.

Chapter Five discusses LU/LC dynamics and change assessment within the Geba River
catchment based on a supervised Maximum Likelihood classification of Landsat imagery
MSS and TM for 1973 and 1987, and Landsat imagery ETM+ for 2000 and 2013. The
variability in spatial LU/LC extents for each classified LU/LC class between the four
periods has been examined. The results a