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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.  
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T                 Mean daily air temperature at 2 m height (oc) uଶ               Wind speed at 2 m height (ms-1) eୱ                Saturation vapour pressure (kpa) eୟ               Actual vapour  pressure (kpa) 



xxi 
 

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

p               Atmospheric pressure (kpa) ߣ               Latent heat of vaporization (2.45 MJ kg-1 oc-1) c୮             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) Rୟ             Extraterrestrial radiation Gୱୡ            Solar constant = 0.0820 MJ m-2 min-1, d୰              Inverse relative distance Earth-Sun ωୱ             Sunset hour angle [rad] sin(δ)       Solar decimation (rad) R௦             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 ߙ              Albedo or canopy reflection coefficient ܴ௦            The incoming solar radiation (MJ m-2 day-1) 

Rnl            Net out going long wave radiation ߪ              Stefan –Boltzmann (4.903*10-9 MJK-4 m-2 day-1) ݑ௭            Wind speed at z m height 
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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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