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ABSTRACT 

The appropriate conjunctive water use management of groundwater and surface 

water resources draws paramount significance in the backdrop of the ever increasing 

water demand for agricultural, industrial, and domestic uses particularly in the arid and 

semi-arid regions as the surface water is very limited and groundwater is already in 

stressed condition. With this view point, two integrated management models, namely, 

conjunctive water use simulation-optimization model and optimal land and water 

resources allocation model were developed. The conjunctive water use simulation-

optimization model incorporates the stream-aquifer interaction of the hydrologic process 

of the physical system prevailing in the basin, managerial constraints that arise due to 

meeting water demand for irrigation and water supply, environmental flow and water 

sustainability restrictions and hydrological uncertainty. The optimal resources allocation 

model involves cropping pattern and seasonal allocation of water resources, rainfall 

uncertainty and economic return in order to maximize the net agricultural productivity. 

A simulation model visual MODFLOW and integrated with GIS was used for the 

development of conceptual groundwater flow model. Kriging method of interpolation in 

Arc GIS has been used for spatially visualization and analysis of parameters. The 

frequency analysis of monthly rainfall data were executed by using normal and log-

normal distributions to consider the reliability of rainfall used for irrigation water demand 

estimation in CROPWAT model. The simulation model was linked with the optimization 

model internally using response matrix approach for the optimal conjunctive use of 

surface water and groundwater resources satisfying ecological and drought restrictions 

and to ensure sustainability of the water resources in the watershed areas. The optimal 
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solutions of wells were obtained in both the watersheds to investigate the optimal 

pumping strategies with and without stream flow depletion constraints characterizing 

environmental flow restrictions. 

A groundwater flow simulation model using Visual MODFLOW was first 

constructed and calibrated to simulate the hydrologic response of the stream-aquifer 

system in both study areas, namely, Aynalem and Hormat-Golina valley watershed, 

Ethiopia and it incorporates stream-aquifer interaction and water budgeting of the system. 

The calibrated model results show good agreement between simulated and observed 

hydraulic heads in both the watersheds. The sensitivity analyses of calibrated parameters 

were carried out in both of the watersheds in order to provide reliability and confidence 

of model results. 

The results of optimal pumping indicates that overexploitation of water has been 

taken place in some of the wells in the Aynalem well field which are mostly located in 

the lower right bank of the watershed. Groundwater pumping triggers the stream flow 

depletion in the Aynalem well field and alternative strategic options were evaluated by 

using the conjunctive management model to moderate the stream flow depletion rates for 

ecological purpose and to meet demands of the downstream users during dry months. A 

decrease of optimal pumping rate in the Hormat-Golina valley watershed is observed in 

some of the wells due to the restriction of stream flow depletion and the optimal 

conjunctive water use simulation-optimization model has played a great role in 

preserving groundwater by using surface water when it is sufficiently available. This can 

reduce the adverse impact of excessive groundwater pumping and can be used in case of 

deficiency. 
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       The developed resources allocation optimization model was used to determine 

optimal cropping patterns and water resources allocation at different rainfall probability 

levels to ensure maximum agricultural production in the Hormat-Golina valley irrigation. 

The results obtained from optimal cropping pattern shows an increase in net annual return 

than the government targeted. The findings reveal that the coupled application of 

simulation-optimization model is very useful to the planners and decision makers in order 

to ensure sustainable water resources development in the basin.  

        Further, ANN model has been also developed for the prediction of groundwater 

level of monitoring wells in the Aynalem well field, Ethiopia. The prediction 

performance of ANN model was evaluated and a very satisfactory result is achieved. 

Hence, ANN model has the advantage in the prediction of groundwater level with less 

intensive data by learning the system behavior of input-output relations simply without 

the explicit characterization and quantification of the physical system as well as accurate 

representation of the governing physical laws.  

  



    

     औ   तह                     त                              , औ       औ               
     त  ह                                      ह       ह               औ     -            ,       

 तह          ह त     त ह  औ        ह      ह  त     त     त    ह  इ                ,         त 

          ,     त  ,                            -             औ  इ  त       औ            

                त                                          -                    औ          
    त  ,            ह औ         त    त     औ                                                    

               ,                       त    त           ह इ                      -    इ  

इ                   त  ह         तत   इ  त                       फ            औ          
                      ,            तत  औ                    ह  त                    त       

        

                                 औ                     त                 ह               

       इ त                                                             त        औ             
                        ह                                                   इ त             
                     त                                               त                        

                                  त                                 त   औ         त        
  त         औ                                    त         त              तह       औ       

           इ  त                        त                         त                          
                    ह   त             त              ह    ह                      इ  त         

     त                                          इ  त            त              

                      त  ह              ह                        ह   ह              औ       
             ,             औ  ह    -                   , इ                -    फ              -

                 त                                        औ   ह     -    फ   इ        औ  

                       त  ह                                                                     

औ       ह   ह इ                          त      त  ह                          औ               
                                                               त                       

इ  त                   इ   त   त  ह                                                               
                 ह         त                                त ह                                  



   ह                  त  ह  औ               त                                         
                   त                         ह            त             औ        ह             

               त                                                        Hormat-Golina      
           इ  त                              ह             त                                त  ह  
औ  इ  त           त                       -                 तह                            

                                ह      ह      त             ह   ह                         त    

                त  ह  औ  इ                    इ त               त  ह   

     त                                     ह  -                          त              

          त                                       त     इ  त  फ         औ                  

          त                          इ  त  फ       त       त                               
त                                           त  ह           त त  ह                                    

       त                       औ             त                   -                     त 

       ह त        ह त  ह   

        इ         ,                          फ   , इ                                  त     
                         त          ह                                                       
औ      ह त   त                त           इ    ,                     त                  
    ह त  ह     इ    -                 त      ह                ह                     त  ह ,      
               त औ     त                     ह          -            त                 

  त           



vii 
 

CONTENT            
Page No. 

CERTIFICATE                                                                                                                 II 

ACKNOWLEDGEMENTS III 

ABSTRACT                                                                                                               IV 

CONTENT                                                                                                               VII 

LIST OF FIGURES XIII 

LIST OF TABLES XVII 

NOTATIONS                                                                                                            XVIII 

ABBREVIATIONS XXII 

CHAPTER 1      INTRODUCTION 1 

1.1 Background 1 

1.2  Water Scenario in Ethiopia 6 

1.3  Objectives of the Study 11 

1.4  Organization of the Thesis 12 

CHAPTER 2      LITERATURE REVIEW 15 

2.1  Water Resources Management Using Optimization Techniques 16 



viii 
 

2.2  Groundwater Management Using Numerical Models 20 

2.3  Concluding Remarks 29 

CHAPTER 3      MODEL DEVELOPMENT 31 

3.1  Formulation of Conjunctive Water Use Optimization Model 33 

3.1.1  Objective Function 37 

3.1.2  Physical and Managerial Constraints 38 

3.1.3  Generating Response Matrices 42 

3.2  Formulation of optimal Land and Water Resources Allocation Model 47 

3.2.1  Objective Function 48 

3.2.2  Constraints 49 

3.2.3  Optimization Model Inputs 51 

3.3  Groundwater Flow Simulation Model 52 

3.3.1  Description of Visual MODFLOW 55 

3.3.2  Simulation Model Calibration 58 

3.4  Estimation of Crop Water Requirement 60 

3.4.1  Description of CROPWAT 63 

3.4.2  Estimating Dependable Rainfall 66 

3.4.3  Estimating Effective Rainfall 71 

3.4.4  Computation of Reference Evapotranspiration (ETo) 73 

3.5  Methodology for integrity developed models 79 



ix 
 

CHAPTER 4      APPLICATION OF DEVELOPED MODEL 86 

4.1  Description of Aynalem Watershed 87 

4.1.1  Geomorphology and Hydrogeological Setting. 88 

4.1.2  Climate Characteristics 94 

4.1.3  Land Use Land Cover and Soil Type 98 

4.1.4  Groundwater Level and Stream Discharge 100 

4.1.5  Existing Water Supply Schemes 102 

4.1.6  Permissible Drawdown at Constraint Sites 104 

4. 2  Description of Hormat-Golina Valley Watershed 105 

4.2.1  Drainage and Hydrogeological Setting 106 

4.2.2  Climate Characteristics 109 

4.2.3  Soil and Farming System 112 

4.2.4  Groundwater Potential of Hormat-Golina Valley 114 

4.2.5  Pumping Capacity and Permissible Drawdown in Wells 115 

4.3  Irrigation Development in Hormal-Golina Valley 117 

4.3.1  Cropping Pattern 119 

4.3.2 Crop Coefficient (Kc), LGP and Irrigation Efficiency 121 

4.3.3  Yield of Crops and Cost of Cultivation 122 

CHAPTER 5      RESULTS AND DISCUSSION 124 

5.1  Groundwater Flow Modeling of Aynalem Well Field 124 

5.1.1  Initial Head and Boundary Condition 125 



x 
 

5.1.2  Hydraulic Conductivity and Transmissivity 128 

5.1.3  Recharge and Groundwater Abstraction 129 

5.1.4  Model Calibration and Validation 130 

5.1.5  Transient Groundwater Flow Simulation 134 

5.1.6  Water Budget 137 

5.1.7  Sensitivity and Uncertainty Analysis 140 

5.1.8  Future Groundwater Level Prediction 144 

5.2  Groundwater Flow Modelling of Hormat-Golina Valley 149 

5.2.1  Initial Head and Boundary Conditions of the Model 151 

5.2.2  Hydraulic Properties of the Aquifer system 154 

5.2.3  Groundwater Recharge to the Alluvial Valley 155 

5.2.4  Calibration of the Simulation Model 156 

5.2.5  Sensitivity Analysis of Aquifer Parameters 162 

5.2.6  Water Balance of the Aquifer Domain 163 

5.3  Dependable Rainfall for Hormat-Golina Valley 165 

5.4  Reference Evapotranspiration and Irrigation Water Requirement for Hormat-

Golina valley 169 

5.5  Optimal Water Management in Aynalem Watershed 171 

5.5.1  Optimal Pumping Without Stream Flow Depletion restriction 172 

5.5.2  Optimal Pumping with Stream Flow depletion restriction Scenario 177 

5.6  Optimal Water Resources Management in Hormat-Golina Valley 181 



xi 
 

5.6.1  Optimal Groundwater Pumpage 183 

5.6.2  Conjunctive Use of Groundwater and Surface Water 189 

5.6.3  Optimal Cropping Pattern 191 

5.6.4  Optimal Water Resources Allocation 195 

5.6.5  Net Annual Return 197 

5.6.6  Sensitivity Analysis of Land and Water Resources Allocation Model 198 

CHAPTER 6      ARTIFICIAL NEURAL NETWORK MODEL FOR 

GROUNDWATER LEVEL PREDICTION 202 

6.1  Design of ANN 203 

6.2  ANN Model Input and Pre- Processing of  Data 206 

6.3  Performance Evaluation Criteria 208 

6.4  ANN Model Results and Discussion 209 

6.4.1  Training and Testing of ANN Model 209 

6.4.2  Performance of ANN Model 210 

6.4.3  Sensitivity Analysis of Groundwater Level Prediction by ANN Model 211 

6.4.4  Comparison Between ANN and Physical Based Groundwater Models 212 

CHAPTER 7      SUMMARY AND CONCLUSIONS 216 

7.1  Summary 216 

7.2  Conclusions 219 



xii 
 

7.3  Limitation of the Study 226 

7.4  Future Scope of the Work 227 

REFERENCES                                                                                                              228 

Appendix I   Procedures of total drawdown calculation at a location induced by 

managed pumping 255 

Appendix II   CROPWAT model input data, and cost and net return of crops 259 

Appendix III   Optimal pumping results of wells 262 

Appendix IV   ANN model for groundwater prediction and Optimization problem 

function code 266 

BRIEF CV OF CANDIDATE 271 

 

  



xiii 
 

LIST OF FIGURES 
 

Figure No.                Title                                   page No. 

Fig. 1.1  Location map of Ethiopia (modified from World Factbook-CIA) ....................... 7 

Fig. 1.2  Ethiopian river basins map (Awulachew et al., 2007) .......................................... 9 

Fig. 3.1  Schematic diagram of conjunctive water use optimization model ..................... 36 

Fig. 3.2  Schematic diagram for the application of response matrix method ................... 43 

Fig. 3.3  Trial and error calibration procedure adopted from Anderson and Woessener, 

(1992) ................................................................................................................. 59 

Fig. 3.4  Schematic presentation of CROPWAT model ................................................... 65 

Fig. 3.5  Flow chart of the methodology for integrating various  models ........................ 81 

Fig. 4.1  Location map of Aynalem  Watershed ............................................................... 88 

Fig. 4.2  Topography map of the Aynalem watershed area .............................................. 89 

Fig. 4.3  Cross section of Aynalem watershed (A-B) ....................................................... 89 

Fig. 4.4  Physiographic and drainage pattern of Aynalem watershed .............................. 90 

Fig. 4.5  Hydrogeological map of Aynalem well field (WWDSE, 2006) ........................ 93 

Fig. 4.6  Hydrogeological cross section in the Aynalem catchment (WWDSE,2006) ..... 93 

Fig. 4.7  Monthly minimum and maximum temperature (at Mekelle airport observatory 

station, 1993-2013) ............................................................................................ 97 

Fig. 4.8  Average monthly rainfall (at Mekelle airport observatory station, 1993-2013) . 97 

Fig. 4.9  Land use map of the Aynalem watershed area (adopted from Teklay, 2006) .... 99 

Fig. 4.10  Soil type of Aynalem watershed (adopted from WWDSE, 2006) ................... 99 

Fig. 4.11  Temporal variation of hydraulic head at various wells .................................. 101 

Fig. 4.12  Average monthly stream flow discharge (1993-2006) ................................... 101 



xiv 
 

Fig. 4.13  Location map of  Hormat-Golina valley sub-basin ........................................ 107 

Fig. 4.14  Drainage map of Hormat-Golina valley watershed ........................................ 107 

Fig. 4.15  Groundwater flow direction of Hormat-Golina watershed ............................. 109 

Fig. 4.16  Average temperature (At Kobo observatory station (1996-2010) .................. 111 

Fig. 4.17  Average rainfall (At Kobo Observatory station, 1996-2010) ......................... 111 

Fig. 5.1  Initial hydraulic head of the modeled  area ...................................................... 126 

Fig. 5.2  ASTER DEM of the study area with adjoining boundaries of the Aynalem well 

field .................................................................................................................. 128 

Fig. 5.3  Calibration spatially interpolated hydraulic conductivity in the Aynalem 

watershed (m/day) ............................................................................................ 133 

Fig. 5.4  Comparision of simulated and observed heads for steady state flow simulation

......................................................................................................................................... 133 

Fig. 5.5  Simulated potentiometric lines for transient state at 90 day stress period ........ 135 

Fig. 5.6  Comparison between observed and simulated heads for transient flow simulation 

at t=90 days stress period ................................................................................. 136 

Fig. 5.7  Observed and simulated water level elevation at selected wells ...................... 136 

Fig. 5.8  Variation of pumping and recharge during the stress period (2003-2006) ....... 139 

Fig. 5.9  Variatin of stream leakage, lateral outflow and storage during the stress period 

(2003-2006)...................................................................................................... 139 

Fig. 5.10  Sensitivity of steady state simulation to changes in hydraulic conductivities, 

stream bed conductance and recharge ............................................................ 143 

Fig. 5.11  Sensitivity of predicted water levels in representative wells to recharge ....... 143 

Fig. 5.12  Variation of drawdown in wells during the prediction period ........................ 145 



xv 
 

Fig. 5.13  Groundwater flow pattern after 10 and 20 year in the study area .................. 147 

Fig. 5.14  Drawdown after 10 years in the study area .................................................... 148 

Fig. 5.15  Drawdown after 20 years in the study area .................................................... 148 

Fig. 5.16  Initial hydraulic head in the Hormat-Golina Valley ....................................... 153 

Fig. 5.17  Schematic diagram illustrating the conceptual model boundaries of the study 

area ................................................................................................................. 153 

Fig. 5.18  Spatial variation of calibrated hydraulic conductivity in the study area ........ 158 

Fig. 5.19  Comparison of calculated and observed head contour maps .......................... 160 

Fig. 5.20  Histogram showing range of error between observed and simulated heads ... 160 

Fig. 5.21  Comparison of simulated and observed hydraulic head ................................. 161 

Fig. 5.22  Sensitivity analysis of hydraulic conductivity and recharge .......................... 163 

Fig. 5.23  Comparison of the empirical with computed normal and log-normal CDF plots 

for the selected months ................................................................................... 166 

Fig. 5.24  Monthly dependable rainfall at 80, 50 and 20% probability exceedance ....... 168 

Fig. 5.25  Comparison of total annual optimal and non-optimal pumping from each well

......................................................................................................................................... 175 

Fig. 5.26  Comparison of average monthly optimal and non-optimal pumping during dry 

periods ............................................................................................................ 176 

Fig. 5.27  Comparison of average monthly optimal and non-optimal pumping in scenarios 

with and without stream flow depletion constraints ....................................... 180 

Fig. 5.28   Comparison of optimal and non-optimal pumping from each well in scenarios 

with and without stream flow depletion constraints ..................................... 180 

Fig. 5.29  Location of pumping wells in the Hormat-Golina watershed ........................ 183 



xvi 
 

Fig. 5.30  Average monthly stream flow depletion ........................................................ 187 

Fig. 5.31  Monthly optimal groundwater pumping ......................................................... 188 

Fig. 5.32  Optimal groundwater pumping and surface water diversion .......................... 191 

Fig. 5.33  Optimal cropping during dry seasonal at different PEs .................................. 194 

Fig. 5.34  Optimal cropping during wet seasonal at different PEs ................................. 194 

Fig. 5.35  Optimum allocation of surface water and groundwater at different PEs during 

dry season ....................................................................................................... 196 

Fig. 5.36  Optimum allocation of surface water and groundwater at different PEs during 

wet season ....................................................................................................... 196 

Fig. 5.37  Comparison of net annual returns obtained with optimal cropping pattern and 

government proposed at different PEs ........................................................... 198 

Fig. 5.38  Sensitivity of net annual return to the cost of crop cultivation ....................... 200 

Fig. 5.39  Sensitivity of net annual return to the selling price of crops .......................... 200 

Fig. 5.40  Sensitivity of net annual return to  irrigation water price ............................... 201 

Fig. 6.1  Schematic diagram of node j ............................................................................ 203 

Fig. 6.2  Configuration of feed forward three- layer ANN model for groundwater level 

prediction in Aynalem well field ..................................................................... 206 

Fig. 6.3  Comparison between groundwater level simulated by numerical model and 

ANN model at selected sites ............................................................................ 215 

 

  



xvii 
 

LIST OF TABLES 

Table No.           Title                                  Page No. 

Table 4.1  Values of important river morphological parameters ...................................... 91 

Table 4.2  Agro-climatic zones of Ethiopia ...................................................................... 95 

Table 4.3   Maximum permissible Drawdown (Smax) of wells ....................................... 105 

Table 4.4   Pumping capacity of wells in Hormat-Golina valley .................................... 116 

Table 4.5   Maximum permissible drawdown (Smax) values in Hormat-Golina valley .. 117 

Table 4.6   Selected cropping system (wet and dry season cropping) ............................ 120 

Table 4.7   Cropping Patterns for the study area at Kobo Command (modification of 

Kobo-Girana pressurized irrigation project crop agronomy feasibility report)

....................................................................................................................... 120 

Table 5.1  Water budget obtained from the developed steady state model .................... 164 

Table 5.2  Kolmogorov-Smirnov test (K-S) and Coefficient of determination (R2) ...... 167 

Table 5.3  Reference  crop evapotranspiration (ETo) computed using FAO Penman-

Monteith ......................................................................................................... 170 

Table 5.4  Net irrigation requirement (NIR) of different crops in (mm) ........................ 171 

Table 5.5  Optimum pumping of wells during dry periods............................................. 173 

Table 5.6  Maximum drawdown obtained from simulation model ................................ 189 

Table 6.1   Performance statistics of ANN model .......................................................... 211 

Table 6.2   Sensitivity analysis of input variable ............................................................ 212 

 

 

  



xviii 
 

NOTATIONS 
A              Cross sectional area 

             Crop coefficient 

             Yield response factor 

Z               Total water (pumpage from existing wells and diverted from a stream) (L3) 

,    Groundwater extraction from cell  in time period k (L3/T) ( )  ,     Stream diversion from reach  in time period k (L3/T) 

            Number of groundwater pumping cells 

              Number of stream diversion reaches 

             Number of time periods in a time horizon. 

               Number of days of pumping in the kth month 

k                 Index for time period  

                 Index for well number 

                 Index for stream diversion site 

,              Groundwater head drawdown at cell  at the end of period n (L) 

, ,     Drawdown influence coefficient per unit pumping ⁄  

, ,     Drawdown influence coefficients per unit flow diversion ⁄  ( )  ,      Quantity of water diverted from stream (L3/T) 

,              Stream flow depletion rate at reach   at the end of time period n (L3/T) 

, ,      Stream flow depletion influence coefficient per unit pumping ⁄  

, ,     Stream flow depletion influence coefficient per unit flow divertion ⁄  



xix 
 

             Number of groundwater pumping cells 

                Number of stream diversion reaches. ( )            Irrigation demand in time period k ( )          Municipal water supply demand at time period k 

, ,     Lower bound of pumping wells 

,   ,     Lower bound of stream flow diversions; 

,        Upper bound of pumping wells ( )  ,        Upper bounds stream flow diversions 

Zp                 Net total annual income of crops (Birr, Ethiopia currency) 

i                    Index for crop season  

n                   Total number of crops grown in a crop season  

Pij                       Market price of the jth crop grown in season i ( Birr kg-1) 

Yij                Yield of the jth crop grown in ith season (kg ha-1) 

Cij                 Cost of crop cultivation (Birr ha-1) 

                Area allocated to crop j grown in season i (ha) 

               Cost of surface water (birr/m3); = cost of groundwater (Birr/m3) 

 ( )           Allocation of surface water in season i (m3)  

 ( )           Allocation of groundwater in season i (m3) 

Ai                Total caltivated command area in season i 

           Growth irrigation requirement of crop j grown in season i (mm)  

             Conveyance efficiency of surface water   

             Conveyence efficiency of groundwater  



xx 
 

A                Minimum area under the jth crop  

              Maximum area under the jth crop (Q ) ,       Seepage flow between the groundwater flow system and stream reach (L3/T); Csb             Streambed conductance in stream reach   (L2/T); Hs ,             Head in stream reach at time k (L);  h , , ,           Groundwater head in cell  , ,  at time k (L). 

K                 Hydraulic conductivity of the streambed material in the reach (L/T), 

B                 Width of the stream reach (L); 

L                  Length of the stream reach (L), 

M                Thickness of the streambed material (L). 

ETc              Crop evapotranspiration 

ET                Evapotranspiration K                 Crop coefficient, 

              Reference evapotranspiration 

R2                Coefficient of determination PE             Effective rainfall (mm) 

Ptot             Total rainfall (mm R                 Net radiation at the crop surface (MJm-2 day-1) 

G                 Soil heat flux density (MJm-2 day-1) 

T                 Mean daily air temperature at 2 m height (oc) u                Wind speed at 2 m height (ms-1) e                 Saturation vapour pressure (kpa) e                Actual vapour  pressure (kpa) 



xxi 
 

∆              Slope vapour pressure curve (kpa oc-1) γ               Psychrometric constant (kpa oc-1) 

p               Atmospheric pressure (kpa) 

               Latent heat of vaporization (2.45 MJ kg-1 oc-1) c              Specific heat at constant pressure (1.013 10-3 MJ kg-1 °C-1) ε               Ratio molecular weight of water vapour/dry air = 0.622. 

RH            Relative humidity 

(e°(T))      Saturation vapour pressure at temperature (T) R              Extraterrestrial radiation G             Solar constant = 0.0820 MJ m-2 min-1, d               Inverse relative distance Earth-Sun ω              Sunset hour angle [rad] sin(δ)       Solar decimation (rad) R              Solar radiation   (MJ m-2 day -1) 

n               Actual duration of sunshine [hour], 

N              Maximum possible duration of sunshine or daylight hours [hour], 

as               Regression constant 

Rns            Net short wave radiation 

              Albedo or canopy reflection coefficient 

            The incoming solar radiation (MJ m-2 day-1) 

Rnl            Net out going long wave radiation 

              Stefan –Boltzmann (4.903*10-9 MJK-4 m-2 day-1) 

            Wind speed at z m height 



xxii 
 

ABBREVIATIONS 
 

ANN                        Artificial Neural Network 

AQUACROP           Crop water productivity model  

ASCE                      America Society of Civil Engineering 

ASTER         Advanced Space borne Thermal Emission and Reflection Radiometer 

AWC                       Available Soil Moisture Content  

AMC                        Actual soil moisture content  

a.m.s.l                       Above Mean Sea Level 

BCF                           Block-Centered-Flow package 

BMC                         Billion Metric Cube 

CADSM                    Command Area Decision Support Model  

CDF                           Cumulative distribution function 

CIA                           Central Intelligence Agency  

Co-SAERAR             Commission for Sustainable Agricultural and environmental  

                                   Rehabilitation in Amhara Region 

CSA                           Central Statistical Agency 

CRPSM                     Crop Yield and Soil Management Model  

DEM                         Digital Elevation Model  

Dv                              Ratio of standard deviation predicted to observed values 

EIGS                          Ethiopian Institute of Geological Survey 

FAO                           Food and Agricultural Organization 

FNN                           Feedforward Neural Network 

GA                             Genetic Algorithm 



xxiii 
 

 

GDP                         Gross Domestic Product 

GIS                          Geographic Information System 

GOF                         Goodness of fit  

ISOM                        Irrigation Simulation and Optimization Model  

ITCZ                         Inter tropical convergence zone  

KGVDP                    Kobo-Girana Valley Development Program 

LP                             Linear Programming 

LNOR                       Log normal distribution 

MAE                         Mean absolute error  

ME                            Mean error 

MCM                        Million Metric Cube 

MCE                         Metaferia Consulting engineering 

MoWR                      Ministry of Water Resource 

MWSSO                    Mekelle Water Supply and Service Office 

NOR                          Normal distribution 

NMSA                       National Meteorological Service Agency 

NSE                           Nash-Sutcliffe coefficient error 

N-W                           North West 

PE                              Probability Exceedance Level 

PDF                            Probability Density Function  

RIMMOD                  Rice Irrigation Management Model  

RMSE                        Root mean square error 



xxiv 
 

RCH                           Recharge 

SA                              Simulating Annealing 

SCS                            Soil Conservation Service 

SRTM                        Shuttle Radar Topography Mission  

SMADA                     Storm Water Management and Design Aid 

STR                             Stream 

SRTM              Shuttle Radar Topographic Mission 

UCA                           Unit command area 

UN                              United Nation 

UTM                           Universal Transverse Mercator 

USGS                          United States Geological Survey 

USDA                         U.S. Department of Agriculture 

VES                             Vertical Electrical Sounding 

WAPCOS                   Water and Power Consultancy Services (India) Limited 

WGS                           World Geodetic System 

WWDSE                     Water Works, Design and Supervision Enterprise 
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