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Abstract 

 
The study focused on the simulation of groundwater flow system in lower part of Walawa Basin Sri Lanka 
using GIS, RS and Groundwater modelling. The aquifer system was modelled using PMWIN (Chang 
and Kinzelbach, 1998) as pre and post processor for MODFLOW (McDonald and Harbaugh, 1988) 
assuming steady state condition. Only the upper aquifer was modelled under unconfined condition 
represented by a single numeric layer which has 30m constant thickness. The grid cells of the model 
were taken 250x250m and the twenty five thousand six hundreds numbers of active cells were used to 
represent the entire study area which is approximated to 1600 km2 in extent. 
 
Model area and surface water bodies were delineated by the SRTM DEM optimisation and use of the 
topographic maps. Aquifer properties were assigned based on the analysis of pumping test data. 
Recharge to the major component of the system was considered to take place as direct infiltration of 
precipitation, or as lateral subsurface inflow. The Chloride Mass Balance Method (CMB) was 
employed to estimate the recharge.  
 
A combination of trial and error and automatic methods were used to calibrate the models using the 
observed hydraulic head. Manual calibration was performed until the Root Mean Square Error (RMSE) 
reached 6.5m. The Parameter estimation program (PEST) was used for the automatic calibration. This 
resulted in a further reduction of the (RMSE) error to 4.5m. Then a sensitivity analysis was carried out 
showing that recharge is the most sensitive parameter of the model. 
 
The water budget of the area reached equilibrium conditions with recharge from precipitation 108 
MCM, abstraction about 4 MCM, 139MCM seepage from aquifer to the surface water bodies and 35 
MCM from surface water bodies to the aquifer per year. Optimised parameters (transmissivity and 
recharge) are spatially distributed over the model area. Transmissivity increased from Upper part to 
the lower part of the area. But high recharge can be observed in the agricultural area while the 
discharge takes place in the flat area belongs to the lower part of the study area. 
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1. Introduction 

1.1. Background 

The future of the whole world highly depends on the sound management of natural resources such as 
water, soil and forest. The world is facing a rapidly growing demand for high quality water resources 
due to the increasing population and industries demand more water while availability remains 
constant. More than a quarter of the worlds population or a third of the population in developing 
countries lives in regions that will experience severe water scarcity in next century (Seckler et al. 
2001). At the same time over-exploitation of useable water resources already has threatened to the 
sustainability of fresh water availability (Zalewski, 2000). As most of the developing countries, Sri 
Lanka is also facing chronic water scarcity particularly in the dry season, with the population growth 
and increase of industrial and agricultural activities.  

Ambitious development plans of the Southern part of Sri Lanka indicate that the dominant role played 
by agriculture is geared to more industrial and service-oriented activities. Obviously, these changes 
will have an impact on society as well as on natural resources and require the inclusion of issues of 
water management. Currently, almost all water resources that diverted are used for irrigation with 
only a small percent used for industry and drinking water. Most recent development plans show that 
the use of water for urban areas and industry will increase from less than 10 million cubic metres 
(Mm3) currently to 100–150 Mm3 by the year 2025(UNESCO 2001). 

1.2. Problem Identification and Importance of the Study  

Throughout the world, regions that have sustainable groundwater balance are shrinking by the day. 
Three problems dominate groundwater use: depletion due to over abstraction; water logging and 
salinization are mostly due to inadequate drainage and insufficient conjunctive use; and pollution due 
to agricultural, industrial and other human activities.  
 
Walawa is one of the most important river basins in Southern part of Sri Lanka because major 
hydropower plant and irrigation schemes which make a significant contribution to food production 
and important nature reserves in the region are associated with it. Implementation of new settlement 
programme together with accelerated agricultural and industrial development, especially in the dry 
and intermediate zones in the country, required huge amount of water. A resettlement programme has 
been introduced to the Walawa Basin in 1966. The area required high water supply due to the ongoing 
agricultural and industrial activities under Udawalawe (Irrigation scheme stared in 1966, mainly deal 
with the agricultural activities of the area) extension irrigation scheme and Ruhunupura (Project deal 
with the development industries and harbour expansion) development program.  
 

Although surface water is the main source of water for agriculture, the region depends on groundwater 
for domestic purposes and small scale irrigation and water supply schemes. Generally the water 



 

2 

resources of the catchment are spatially as well as temporally unevenly distributed, because rainfall is 
highly variable and depending on elevation of the catchment. During the dry season, (August -
September) it is subject to water scarcity problems related not only to agricultural and industrial 
activities but also for human consumption. Dry period ratio of service interruption and dried up 80% 
suggest that the stability of the service by the water supply scheme highly depended on its water 
sources (JICA, 2003). Even before the envisaged development plans are implemented, the basin is 
already experiencing major water resource problems, clearly demonstrated by the recent drought 
leading to reduced water for irrigated agriculture, insufficient supply of domestic water and 
nationwide power cuts for up to eight hours a day (UNESCO 2001). 

 
Groundwater use is rapidly increasing in Sri Lanka, bringing several benefits to small farmers by 
allowing them to grow more crops and minimizing the impact of water shortages that occur during dry 
season. Over the last decade groundwater usage through tube wells has increased sharply in the area 
but groundwater is not properly managed as an additional source. Government organisations as well 
as several private parties are engaged in construction of tube wells in the country. At the same time 
there is no any authorised organisation to monitor or register groundwater data. Because of that, clear 
records on this resource cannot be obtained. 
 
Sustainable aquifer exploitation occurs when the rate of groundwater extraction is equal or less than 
the natural rate of groundwater replenishment for any level of aquifer storage. Thus to be able to 
exploit aquifer in a sustainable manner with minimal impact on the environment there is need to 
demarcate and evaluate the aquifer potential. Already it has been reported that in similar regions of 
Asia and the Middle East, the groundwater table is falling at an alarming rate (Seckler et al., 2001) 
due to over exploitation of groundwater. Replenishment and seepage losses from canal and inland 
reservoirs play a significant role in maintaining the shallow groundwater while rainfall and irrigation 
excess water that replenish the fractured and weathered aquifers in hard rock areas are limited. 
Groundwater, because it is underground and hardly noticeable, is often unacknowledged and 
undervalued resulting in adverse environmental, economic and social consequences. The over-
exploitation of groundwater by uncontrolled pumping can lead to detrimental effects on neighboring 
boreholes and wells, land subsidence, saline water intrusion and the drying out of surface waters and 
wetlands. Gaining experience from the other countries with longer history of groundwater use can 
benefit professionals and policy makers and relevant organizations, avoid the problems of ground 
water depletion, which must be seen as the major threat to food security in the next century� 

 
Techniques such as Geographic Information System (GIS), Remote Sensing (RS) and numeric 
groundwater modeling are new to the field of hydrogeology in Sri Lanka. Although lots of researches 
have been carried out under various research institutes, government and non-government 
organizations, in the field of surface water, less attention have been given to the field of 
hydrogeology. Since the groundwater of the area is not adequately investigated, lack of knowledge is 
a problem for the development and management of the aquifer in the area. In order to ensure a 
judicious management of groundwater, proper evaluation is required, its present status should be 
studied and prediction of the future status of the water resource should be attempted. Then it is 
necessary to allocate areas with high groundwater potential and better to improve control of 
abstraction rates to ensure proper groundwater management. 
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Due to the lack of reliable data on the particular basin this work will serve for the future 
hydrogeological study in this area. Moreover this model can be extended to the entire catchment as 
more detail information is collected and added to the database. In addition to these additional benefits 
of this work will be the compilation of hydogeologic database which can be used to enhance the 
development of groundwater as well as study the influence of groundwater in other field such as 
environment, economics etc.  

1.3. Selected Studies and Application of GIS, RS and Modelling  

1.3.1. Selected Studies 

RS and GIS together with numeric modelling have recently been used by many scientists as very 
efficient and reliable tools in the field of hydrogeology to demarcate the potential groundwater 
resources areas. 
 
Krishnamurthy et al. (1996) integrated and manipulated different layers produced by RS using GIS, to 
develop a model for the determination of groundwater potential zones in the Marudaiyar Basin in 
India. Shahid and Nath (2002) used GIS technology for the interpretation of hydro-geological data 
acquired from satellite images and geophysical techniques for the assessment of groundwater 
conditions.  
 
Gogu et al. (2001) clearly described various aspects of GIS and its applications coupling the GIS 
database with a process based numerical model which was implemented to the five catchments in 
Belgium. They created “loose coupling” tool between the spatial database scheme and the 
groundwater numerical model interface Groundwater Modelling System (GMS). Following time and 
spatial quarries the hydrogeological data stored in the database was used within different numerical 
models. 
 
A study on groundwater resources modelling of the Lenjanat aquifer system belongs to arid zone in 
Iran was also based on the integration of RS, GIS and numeric groundwater modelling (Gieske et al., 
2000). After analysis of available data on groundwater levels, and abstractions, a conceptual model 
was build of the aquifer which was then translated into a steady state computer model.  
 
Kabengwa (2001) discussed the occurrence and behaviour of groundwater in hard rock area in 
Kitumbezi-Igegero catchment, Uganda. Climatic condition of the catchment is similar to the semi arid 
climate of Sri Lanka. Importance of geophysics, hydrogeology, and hydrochemistry of the catchment 
had been studied giving more priority to GIS techniques and numeric modelling. This study modelled 
the area as one layer with constant thickness assuming confined condition. 
 
Few studies have been carried out in the field of hydrogeology in Sri Lanka, relevant to the study area. 
Hydrogeologic study on groundwater condition in Moneragala District (Raghava et al., 1982) presents 
the summary of hydrogeological analysis such as groundwater quality in relation to geology and well 
yield with the depth of the borehole. In 1984 they studied the origin and recharge of groundwater 
through isotope studies in Madula division. Groundwater recharge of the area was estimated as 18% 
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of the precipitation (Raghava et al., 1984). A large scale groundwater investigation programme carried 
out by the Water Resources Board (WRB) under Hambantota Integrated Rural Development Project 
(IRDP) concluded that the groundwater potential in the district is low while 69% of the whole district 
contains saline groundwater sources (Silva, 1984). Karunaratne (1984) carried out the hydro-
geological assessment of coastal hard rock terrain in Sri Lanka based on the resistivity soundings and 
hydrochemistry of the groundwater in Western part of Hambantota district. The study identified the 
productive aquifers in the weathered and fractured zone. It concludes that the main source of 
groundwater recharge is limited only to rainfall in period from October to December and 
evapotranspiration could not affect considerably to saturated fracture due to its confining condition. 
The study identified the recharge area to be limited above the elevation of 60 m and the flow in North 
South direction towards the sea. A study on groundwater flow and environmental impact of 
groundwater pollution was carried out in the Eastern part of Walawa Basin (Wijeratne, 1992) which 
confirmed that the fluctuation of groundwater level is closely related to the precipitation of the area. 
 
Nandalal (2001) discusses the water availability and losses, introducing a simplified water budget for 
the subcatchment, Udawalawa, within the Walawa catchment under International Water Management 
Institute (IWMI). However no account for water infiltration and recharge to the aquifer has been made 
in the study. The budget leaves a gap of 509 MCM unaccounted water attributed lack of data 
especially in the lower part of the basin.  
 
Droogers et al. (2002) paid attention to water, climate, food, and environment in the Walawa Basin. 
The study recommended policy formulation in water, climatic, social and economic aspects. They 
applied surface water models, Water and Salinity Basin model (WSBM) and SWAP for the study and 
summarized water balance of the catchment as averages for a thirty years period from 1961 to 2000, 
given in Table 1.1.The study built a linear regression model for the rainfall- runoff relationship based 
on the data collected in Samanalwewa, which is upstream of the Walawa river. The correlation 
coefficient of regression model was 0.69. According to the study, total inflow is 2528 mmyear-1 and 
the total outflow is 2398 mmyear-1.There is about 130 mmyear-1 of water is unaccounted. 
 

Table �1-1 Water Balance of the Walawa Catchment (Droogers et al., (2001) 
Inflow 

(mmyear-1) 

Out Flow 

(mmyear-1) 

Runoff 13 Rain 1428 

Evaporation 756 

Transpiration 615 Irrigation 1100 

Percolation 1014 

 

A study carried out by Japanese International Cooperation Agency (JICA) in collaboration with WRB 
revealed that the sound interconnection between the shallow and deep aquifer, stated that the water 
consumption and predicted demand for the selected area in the Moneragala and Hambantota districts. 
Rajasooriyar (2003) focused on the spatial distribution of groundwater quality in the Udawalawa sub 
catchment. Water quality problems due to high levels of fluoride, chloride and iron in shallow and 
deep aquifers were identified in this study. A study on spatial variability of groundwater recharge has 
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been carried out in five areas in different parts of the dry zone of Sri Lanka (De Silva, 2004). He 
estimated the recharge based on the unsaturated zone chloride profiling method and the results 
indicated that recharge is spatially varying within small areas (1ha) in the dry zone of Sri Lanka. 
 

1.3.2. Remote Sensing GIS and Groundwater Modelling 

RS and GIS with their advantages of spatial, spectral and temporal availability and manipulation of 
data covering large and inaccessible area with a short time has become a very useful tool in accessing, 
monitoring and conserving groundwater resources (Sener et al., 2004). A successful application of RS 
to groundwater has been the identification of lineaments that are thought to be faults and fracturing in 
hard rock environments. Another straightforward way to couple this technique with groundwater flow 
prediction, is to use remotely sensed imagery to define boundary conditions such as streams lakes 
wetlands, seepage areas, recharge zones or evapotranspiration zones. The NASA Gravity Recovery 
and Climate Experiment (GRACE) satellite has been citied as a potential tool for obtaining data 
regarding changes in groundwater storage. Saturated soils have a higher heat capacity than dry soils, 
suggesting that thermal sensor might be useful to estimate depth to water table. Moreover, RS 
techniques are available for locating moist or water logged soils that may indicate the presence of 
shallow water table (Becker, 2006). 
 
GIS provides a mean of representing the real world to integrated layers of constituent spatial 
information. In recent years the use of GIS has been adopted rapidly in groundwater management and 
research. GIS is now widely used to create digital geographic database, to manipulate and prepare 
data as input for various model parameters and to display model outputs. GIS, combing all data in a 
coherent and logical structure that link to a computing environment, provides a powerful tool for 
hydrogeological studies. A hydrogeological GIS database, offers facilities for groundwater 
vulnerability analysis and hydrogeological modeling. These functions allow primarily overlay or 
index operations, but newly available GIS functions support the requirement of process based 
approaches (Gogu, 2001). 
 

Groundwater models can be used to simulate historical conditions and predicting future aquifer 
conditions. For the future predictions model should be capable of reproducing the field observations. 
Before predicting the future states, it is necessary to asses the uncertainty of the model calibrated 
parameters. Groundwater modeling in spatial variables is a data intensive task for which GIS 
techniques have become popular tool, because of their capacity to handle both spatial and non spatial 
data (Hendricks, 2006). 

Integrated RS and GIS can be used as a platform to analyze diverse data sets. Numerical groundwater 
modelling techniques can be used to simulate the groundwater system. Combining satellite 
measurements with a physically based model supported by GIS may be the only practical approach for 
understanding the role of groundwater in the global water cycle (Becker, 2006). 

1.4. Objectives 

The purpose of this work is to study the groundwater flow system in lower part of Walawa basin 
integrating GIS, RS and numeric groundwater modelling.  
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The primary objective of the study is to understand the aquifer system conditions and from that 
understanding, develop realist and scientifically accurate groundwater flow model under steady state 
condition representing the physical characteristics of the aquifer incorporating the relevant processes. 
Primary objective was achieved through the following sub objectives. 

� Understand the hydrogeology of the study area by analysing available field data and remote 
sensing images. 

� Investigate the system behaviour with regard to aquifer connectivity and distribution of the 
aquifer properties in GIS platform. 

�  Analyse the hydro-chemical data using statistics and GIS to determine the recharge, its 
spatial distribution and to evaluate the groundwater quality of the area. 

� Develop a conceptual model and based on that to build a numeric model which can be used 
to simulate the groundwater flow pattern under steady-state conditions. 

The achievement of these primary and sub objectives will be facilitated by the following research 
questions: 

� Is the analysis of available field and remote sensing data enough to understand the aquifer 
system behaviour in terms of aquifer connectivity and distribution of the aquifer properties? 

� Can hydrochemical data be used to evaluate the recharge and   groundwater quality of the area 
by means of GIS and statistics analysis? 

� Can a reliable conceptual model be established based on the understanding achieved by the 
above steps? 

� Can the conceptual model be transferred to a numeric model which is capable to reproduce 
the observed condition of the aquifer system? 

1.5. Data and Framework of the Study 

Data and information required by hydrogeological studies are complex, because information 
concerning geology hydrology, geomorphology, soil climate, land use and topography features need to 
be analyzed and combined. Data are collected from databases, maps and reports as well as through 
new field measurements. Water samples were collected for chemical analysis from selected wells and 
water level were measured to fill the data gaps in the groundwater database. These data were analyzed 
in order to determine the aquifer properties such as, transmissivity, hydraulic conductivity, 
lithological variation and well yield required as enable to input into the numerical model. Variation of 
hydro-chemistry, with respect to dissolved anions and cations were analyzed to evaluate the 
groundwater in the area in view of quality. 
During the study six major stages can be distinguished: data collection, satellite image processing, 
digitising building a data base, spatial analysis and modelling combining GIS techniques in ILWIS, 
Arc View 3.3 and PMWIN. The methodology adopted in the study is presented in Figure1.1. 
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1.6. Outline of the Thesis 

Chapter two describes the study area, in terms of climate, geology, surface structures, and 
geomorphology, land use and soil type. 
Chapter three presents the hydrogeological evaluation based on  resistivity, pumping test and water 
quality data analysis with the help of statistics and GIS techniques. 
Chapter four describes the groundwater model development, describing conceptual model and the 
selected code for numerical model development. 
Chapter five is dedicated to design the numerical groundwater model under steady state condition 
and data processing for the model application. 
Chapter six is dealing with the calibration method, obtained results as well as the sensitivity analysis 
of the model. 
Finally conclusions and recommendations of the study are  presented in Chapter seven. 
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Figure �1-1 Methodology 
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2. Characteristics of the Study Area  

This chapter discuss the study area based on its general characteristics. Selected area is in the lower 
part of the Walawa catchment adjacent to the sea at its Southern boundary. Under the chapter, features 
that are highly correlated to the groundwater were discussed in separately. Meteorological parameters 
such as rainfall, evapotranspiration are going to be described by analysing the data collected from 
Meteorological Department and Irrigation Department of Sri Lanka. Details on the physical 
hydrology, morphology, geology and structures, soil types are based on the published map and 
images. Land use of the area was classified based on the Landsat image of year 2001 and ground truth 
data which were collected during the field study were also used. 

2.1. Study Area 

Walawa Basin  lies within the 100167 -181218 m Northing and 175420-234471 m Easting in South 
East dry zone of Sri Lanka having area extent of 2492 km2 (Figure 2.1). Generally the lower part of 
the catchment belongs to the lowest peniplain while the upper part belongs to the highest peniplain. 
Due to the limited scope of the study it is not possible to investigate the whole catchment. Therefore 
the lower part of the catchment which has a high water demand due to the high population was 
selected for the detail study using GIS, RS and developing a numeric groundwater model. 

2.2. Climate 

The climate of Sri Lanka is known as a tropical monsoon climate with two monsoons as South-West 
monsoon and North-East monsoon. Eight five percent of the catchment area belongs to the dry and 
intermediate zone the rest lies on the wet zone of Sri Lanka. About twenty five  numbers of rain 
gauging stations and two agro meteorological stations are established in and around the catchment and 
details of these stations are given in annexure - A. 

2.2.1. Rainfall 

Rainfall is the main water source of the catchment. The rainfall data of the rain gauge stations have 
been collected and analysed. The mean annual precipitation has a bimodal distribution with most of 
the rainfall occur during the South West monsoon season from March to July and North East from 
October to January (Figure 2.2). Dethanagalla gauging station in the upperparts of the catchment 
reported a maximum annual rainfall depth of 2500 mm and it belongs to the wet climatic zone of Sri 
Lanka. Minimum annual rainfall depth, i.e.950 mm was reported at Ambalantota gauging station, 
located close to the sea, in the lower part of the study area and this region belongs to the dry zone of 
the country. Generally the entire catchment receives an annual average rainfall depth of 1860 mm. 
Interpolation techniques, ordinary kriging method  and the empirical relationship between the 
elevation and rainfall were applied to study the spatial distribution of the rainfall within the 
catchment. The result obtained from the interpolation method (Figure 2.3), shows the amount of 
rainfall reduces from the upper reaches to lower reaches and from West to East. Rainfall shows high 
correlation with the elevation of the catchment resulting R2=0.92(Figure 2.4). 
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Figure �2-1 Study Area 
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Figure �2-2 Annual Rainfall Distribution (1960-2001) 

 (Source: Meteorological Department Sri Lanka) 
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Figure �2-3 Spatial Distribution of Rainfall over the Walawa Basin 
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Figure �2-4 Empirical Relationship Elevations vs. Annual Rainfall of Walawa Basin 
 

2.2.2. Temperature 

The mean annual temperature of the study area is about 32 0C with a fluctuation of 4 0C. The highest 
temperature was recorded during the month of July which is 37 0C while the lowest recorded on April 
around 270C. Mean monthly temperature fluctuation at Sevenagala and Udawalawa stations were 
shown in Figure 2.5 and details are in annexure - A. 
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Figure �2-5 Temperature Variation of Udawalawa and Sevenagala (1990-2002) 
 

2.2.3. Relative Humidity 

Mean monthly relative humidity on average from 1990 to 2002 at Sevenagala and Udawalawa 
gauging stations were analysed and the summary is given in annexure A-5. Sevenagala station 
reported the highest, 89% and the lowest 60%. Monthly relative humidity at Udawalawa station is 
varying in between 99% to 66%. Both stations show their peak values during the rainy period in 
January, February following the lowest in July, August. Difference between the monthly humidity in 
day time and night time is ranging from 30% to 10% for both stations. 
 

2.2.4. Evapotranspiration 

Evapotranspiration of the area can be analysed in two ways as potential evapotranspiration and actual 
evapotranspiration. Potential evapotranspiration describes the water losses that will occur under a 
given climatic condition with no deficiency of water for vegetation. Since the actual 
evapotranspiration account the field condition, it depends on the availability of water. Pan evaporation 
data were collected from two agro-meteorological stations within the study area. These stations are 
located in the middle part of the Walawa Basin. Range of the average monthly pan evaporation of the 
catchment is changing 6.00 to 3.43 mmd-1. The highest pan evaporation is reported during the months 
of July, August and the lowest in December and January. As evaporation depends on number of 
climatic factors, errors can be incorporated with the recoded pan evaporation data. Numerous methods 
have been developed to estimate the potential evapotranspiration, from point measured data. Among 
them Penman Monteith method was used to estimate the potential evapotranspiration of the catchment 
because the method incorporates the effect of factors such as altitude, aerodynamics, geographic 
location, solar radiation for the evaluation. Estimation was carried out for 10 years period, from year 
1990 to 2000. The results were compared with the pan evaporation (Table 2.1) of the respective 
station. Although Monthly averages pan evaporation and the potential evapotranspiration estimated by 
the Penman Monteith method, shows similar variation through out the year, and pan evaporation is 
higher than the other (Figure 2.6). Especially during the inter monsoon period, since rainfall is 
comparatively less, evapotranspiration reach its peak and with increase of rainfall it decreases 
gradually (Figure 2.7). Due to the lack of meteorological stations the spatial distribution of the 
potential evapotranspiration was not studied. 
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Table �2-1 Statistics of Pan Evaporation and Potential Evapotranspiration (Penman Monteith) 
Sevenagala Udawalawa  

Pan 
Evaporation 

(mmd-1) 

Potential 
evapotranspiration 
(Penman Monteith) 

(mmd-1) 

Pan 
Evaporation 

(mmd-1) 

Potential evapotranspiration 
(Penman Monteith) 

(mmd-1) 

Maximum 6.00 5.49 5.45 6.43 

Minimum 3.36 2.92 3.45 3.52 

Average 4.73 4.55 4.55 5.07 

 

Although the Penman Monteith method used for the calculation, consider the climatic and 
physiographic factors of the catchment, it does not takes into account correction factors for the effect 
of humidity, wind speed and radiation for day and night weather conditions, results may be effected 
by over estimate or under estimate during the day and night respectively. 
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Figure �2-6 Variations of Potential and Pan Evaporation 

 
Actual and potential evapotranspiration of the lower part of Walawa Basin were calculated in dry and 
wet period of water year 2003 using remote sensing technique to assess irrigation performance and the 
summarised results are given in Table 2.2 (Bandara, 2006). 
 

Table �2-2 Statistics of Actual Evapotranspiration (Bandara 2006) 
 Actual evapotranspiration 

(mmd-1) 

Potential evapotranspiration 

(mmd-1) 

Dry Period 5.54 6.89 

Wet period 5.04 6.44 

 



 

14 

The catchment is experiencing long dry period with more sunshine over the year. Relative humidity 
temperature and wind speed also comparatively high during this period. Because of that the average 
annual evaporation of the catchment, which is estimated as 1625 mm is also relatively high.  
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Figure �2-7 Temporal Variations of Rainfall and Evaporation 

2.3. Hydrology 

2.3.1. Surface Water Bodies 

Walawa river as a major surface water body in the catchment has ample of water due to its large 
catchment area. Weli oya supply water to the main river in upper part, Rakwana oya and Mau ara 
contributes water in Western and Eastern part of the catchment respectively. 
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Figure �2-8 Rainfall Runoff Relationship of Walawa Basin over the Period 1984-2002 

 
In addition to the Udawalawa reservoir which is build across the Walawa river, Ridiyagama and 
Chandrika wewa are the other main surface water storages in the study area. Samanalawewa reservoir 
which has 216 MCM capacity is located in the upper catchment. In addition to these small, abundant 
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irrigation tanks are also available with in the study area. Rainfall runoff relationships have been 
developed by applying regression analysis at Liyangastota gauging station Figure (2.8) and the 
correlation coefficient was 0.66. Poor maintenance and the lack of the river gauging stations cause 
difficulties to quantify the surface water resources of the area. 

2.3.2. Water Balance of the Catchment 

The quantitative statement of the balance between water gains to the catchment and water losses from 
the catchment during a specified period is known as water budget. Two type of water budgets can be 
considered in a catchment; hydrologic budget which include the whole component of the catchment 
and groundwater budget which is restricted to the balance of groundwater, what ever the sources 
might be. Macro water balance was carried out over the entire catchment based on the following 
equation 2.1, assuming changing storage equal to zero under steady state condition. 
 
Precipitation = Evapotranspiration + Groundwater out flow +Surface out flow                          (2.1) 

 
Long term average precipitation of the catchment was calculated as 1860mm and the long term 
evapotranspiration was 1625 mm. Discharge to the sea including base flow and the surface runoff of 
the catchment was reported as 525MCM. The application of steady state hydrologic water balance 
provides crude approach of the gaining and losses of the catchment; and it has its own limitation 
especially in the method of estimation. As it is lumped parameter approach it does not represent either 
spatial variation or time dependent effects of precipitation, evapotranspiration, recharge and 
discharge. For the better accuracy of the water balance, it is necessary to have long term data. 

2.4. Geomorphology  

Sri Lankas morphology has been determined largely by its geologic history, rock types and structure. 
The geomorphology of the Walawa Basin is delineated in Figure2.9. Generally three major 
morphological zones can be distinguished as highland region; the elevation is more than 1000m which 
consist with hills and valley land forms as well as major escarpment. Upland region with the elevation 
in between 1000-200 m and rest of the area with elevation less than 200 m is almost flat and slopes 
gently towards the sea. This also reflects the geology of the area because, “Highland complex” rocks 
which are more resistance to weathering processes are in the mountainous area while “Vijayan 
complex” rocks occur more often within the gentle slope or flat areas. Most of the rivers originate 
from the Southern massif at elevations of more than 2000 m. 

2.5. Geology  

Geologically, nine tenths of Sri Lanka is made up of highly crystalline, non fossiliferouse rocks of 
Precambrian age belonging to one of the most ancient and stable parts of the earth crust, the Indian 
shield (Cooray, 1984).The rock types of the area were divided into three main groups, the Highland 
Series, Vijayan Complex and Quaternary deposits based on the geologic time scale of their origin. 
The Highland Series occupies a broad belt running across the centre of the island from Southwest to 
northeast. It is mainly composed of charnockitic gneisses and metasediments. In the Southern regions, 
the series is present on the Western side from Timbolketiya to Hambantota, running out to sea near 
Amblantota. The Vijayan Complex occupies the greater part of the lowest peniplain, both Northwest 
and Southeast of the Highland Series. The lithology is made up of a varied group of gneisses, granites 
and small bodies of granite and dolerite dykes have also been intruded into the crystalline rock from 
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times between the Precambrian and Tertiary eras. The Vijayan complex has the largest aerial extent in 
the study area, covering approximately 80 percent (Figure 2.10). 
 

 
Figure �2-9 Geomorphology of the Study Area  

(Source: JICA, 2003.) 

 
Figure �2-10 Geology of the Study Area 

(Source: Geological Survey and Mines Bureau, Dehiwala, 
Sri Lanka.) 

2.6. Soil Types  

The soil is mainly a product of rock weathering. Because of that soil types and thickness of the soil 
cover vary with the climatic and topographic variation as well as the parent material. Study area 
consist of three major soils types. Immature brown loam is dominated in the upper part of the 
catchment associating with charnockitic gneiss. High rainfall associated the area influence the 
formation of this soil. Reddish brown earth Solodised Solonetz is well developed in the lowest 
peniplain area with the association of Vijayan complex rocks. It occurs close to the sea and this part 
received relatively less rainfall compared to the other part of the study area and it is characterised by 
the present of salt in parent material. Alluvial soils can be distinguished along the river and surface 
water bodies, while beach sand and dune sand are limited to the coastal area. The distribution of the 
soil type within the catchment is shown in Figure2.11. 

2.7. Landuse 

Land use is also important in groundwater studies, because it is a prominent factor affecting the 
recharge. The land use map of the catchment is shown in Figure 2.12 with the summarised details in 
Table 2.3. Agriculture is the dominant land use in the area. Land use distinguished as chane 
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(Traditional shifting cultivation) representing the majority of the catchment. Paddy cultivation is 
limited to the lower part of the area, associated with river and water bodies. Areas with high elevation 
are associated with other plantations such as tea, rubber, coconut and teak. 

Table �2-3 Land use Types of the Study Area 
land use % 
Chane 21 

Forest 10 

Paddy 21 

Other Plantation 2 

Scrubs 33 

Water Bodies  
(working and abandoned Tanks) 

4 

 
 

 
Figure �2-11 Soil Types of Study Area 

Source: Survey Department of Sri lanka 

 

 
Figure �2-12 Land use of Study Area 

Source: Landsat Image (2001) 
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3. Hydrogeologic Evaluation 

This chapter focuses on the evaluation of hydrogeology of the area by analyzing the available data, as 
input of the numerical groundwater model. Initial part of the chapter reviews the surface geo-
structural features and geophysics while an evaluation of aquifer properties is made based on the 
pumping test analysis. Aquifer replenishment will be discussed in detail based on the chloride mass 
balance method. Then the groundwater yield variation with different geologic formations and 
borehole depth will be discussed. The final part of the chapter is dedicated to discus the 
hydrochemistry of the area in brief. 

3.1. Surface Geostructural features 

Lineament analysis provides insight into movement and storage of groundwater (Suba et al., 2001) 
and therefore gives important guidance for groundwater exploration. Recently many groundwater 
exploration projects made in many different countries have obtained higher success rates when site for 
drilling were guided by lineament mapping (Teeuw, 1995). In remote sensing applications Landsat 
Enhanced Thematic Mapper (ETM) data in digital format is preferred over other satellite data due to 
the availability of near to mid-infrared bands, which is extremely useful for terrain and lineaments 
analyses. Furthermore, as Landsat ETM provides eight co-registered spectral channels (one 
panchromatic with 15 m spatial resolution, six bands ranging from visible to mid-infrared with 30 m 
spatial resolution, and one thermal band with 60 m spatial resolution), permitting a large spectrum of 
band combinations, useful in visual interpretation of different features (Travaglia, et al., 2003). 
Surface structures such as lineaments, fractures and joints were prepared using the satellite image, 
(acquired March 2001) composed of bands 1,4,5 of which emphasizes the variation of rock and soil. 
Geology map published by Geological Survey and Mines Bureau, Dehiwala, Sri Lanka was used to 
extract the geological characteristics of the area. The entire Walawa catchment shows regional 
structural trends in a NNW-SSE / NW-SE direction (Figure 3.1). An axial trace of the regional fold 
system is also similarly aligned. Major shear zones that run either sub parallel or oblique to the 
regional strike, dissect the whole catchment into several blocks. Among the brittle structures, two 
prominent joint systems developed in NW-SE and E-W orientations are significant (Rakwana, 
Tangalle Map sheet number 20, 2000). Available details are not sufficient to study the groundwater 
potential with the structures of the area. 

3.2. Geophysics 

The electrical resistivity of earth material is controlled by two components: solid particle and pore 
filling. When the pores are filled with water it shows relatively low resistivity. But it affects the 
degree of cementation and shape of the grain as well. Therefore, electrical resistivity method is 
intensively used in the field of hydrogeology for evaluating groundwater aquifers and their 
hydrogeological conditions in more efficient way. Among the various methods, particularly the 
Vertical Electrical Sounding (VES) technique, called “Schlumberger” method plays a satisfactory role 
in groundwater investigations. 
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Figure �3-1 Surface Geo-Structures of the Study Area 

 
As the variation of the layers within the study area was important to obtain the conceptual model field 
data in the form of a number of “Schlumberger” VES points within the study area, have been 
interpreted in terms of layer resistivities and thicknesses. Data were analyzed using the WINResist 
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version 1.0 developed by Van der Velpen et al., (2000) and the interpretation revealed the existence of 
different geoelectric layers (Figure3.2). The majority of the VES investigations were carried out up to 
the depth of 60m and these show either two or three different layers while the results of investigations 
carried out to the depth of 100m show four different layers. The available data are not equally 
distributed over the study area. Following Table 3.1 gives number of layers found in two different 
depth ranges as percentage of the total investigations that used for the study and details are in 
annexure - B.1. 

 

 

 

 

 

 

Figure �3-2 Resistivity Data Analysis 
 

Table �3-1 Variation of Number of Layers with Different Depth Ranges 
Depth  Range Layers 

 2 3 4 
Depth 0-60 m 41% 48% - 

Depth 0-100 m - 2 % 9 % 
 

3.3. Evaluation of Aquifer Properties 

Evaluation of aquifer properties is based on the pumping test analysis, as it is useful to determine 
aquifer interaction, the hydraulic properties of the aquifer such as transmissivity, permeability and 
storativity and the performance characteristics of wells. These properties determine how easily water 
moves through the aquifer, how much water is stored, and how efficiently the well produces water. 
Pump tests can allow predicting the effect on water levels of different pumping rates, or the addition 
of one or more pumping wells. 
 
Aquifer pump test data were collected during the field work. Since the tests were used to determine 
the safe yield, majority of the tests were carried out under constant discharge rate for short time 
durations. Only a few long term test and step drawdown tests were available. The majority of the 
available data were not completed. Pumping details of wells which have depth more than 100 m 
reported that those pumping tests were conducted only for the deeper aquifer after sealing the upper 
one and the other tests do not report background details of pumping tests. Wells which have complete 
data were selected for the analysis and all the analysis are carried out using AQUITEST 3.5 (Waterloo 
2002). Generally all these analytical methods assumed the aquifer is homogeneous and isotropic, flow 
is radial towards the well, groundwater flow is horizontal and Darcys law is valid, groundwater has 
constant viscosity and density, pumping wells are fully penetrating to the aquifer, geologic formations 
are horizontal and have infinite horizontal extent. 
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3.3.1. Constant Discharge Pumping Test Analysis 

Analyses of constant discharge tests were obtained as mathematical solutions of Theis, Cooper Jacob 
straight line and recovery methods. The wells which show leakey condition were analysed based on 
the Wolten method. Step drawdown test were based on Hanthush-Bierschenk well loss and specific 
capacity techniques. Summarised results of the analysis are given in Table 3.2. Details of the analysis 
of WRBH1 are given in Figure 3.3 and the others are in annexure B.2. 
 

Table �3-2 Constant Discharge Pumping Test Analysis Results 
 

Well No Well Pumping Duration Drawdown Specific 
Depth rate Capacity Theis Jacob Recovery

(m) (m3d-1) (min) (m) (m2d-1)
WRBH1 200 26 27 23.96 1.08 0.156 0.158 0.112
WRBH2 194 598 5760 27.05 22.09 20.2 27.8 21.4
WRBH3 200 43 45 46.43 0.93 0.172 0.177 0.17
WRBH4 200 9 145 29.43 0.29 0.0561 0.0473 0.355
WRBH5 200 72 4320 69.88 1.03 1.04 0.978
WRBH6 102 622 4320 30.91 20.13 32.6 20.1 20.1
WRBM1 200 45 360 134.45 0.33 0.108 0.0686 0.0564
WRBM2 200 122 1440 27.87 4.39 0.21 0.12 0.069
WRBS1 33 17 2880 6.97 2.48 1.37 1.15 1.45
WRBS4 44 3 960 27.16 0.1 0.265
WRBS5 36 5 2880 3.4 1.48 1.01 1.42 0.657
WRBS6 38 2 2880 15.25 0.12 0.034 0.0234 0.0236
WRBS7 34 4 2880 1.47 2.94 1.91 1.66 2.6
WRBS9 25 32 600 7.29 4.44 2.37 1.96

WRBS12 25 19 110 3.86 5.04 1.83 2.01 0.947

Transmissivity (m2d-1)

 
 
Pumping test analysis results shows two types of aquifers with high variation of transmissivity within 
the range of 0.033-24.26 m2d-1. Almost all the high transmissivity values were obtained from the wells 
which have depth more than 100 m while the low values are restricted to the wells with the depth less 
than 50m. Since the aquifer depth of the wells located in the upper aquifer is not available, hydraulic 
conductivity was calculated assuming the depth of the water column is equal to the thickness of the 
aquifer. Maximum calculated hydraulic conductivity of the study area is 6.171 md-1, and the minimum 
is 0.00072 md-1. Analyzed results reviled storativity of the aquifer vary from about 0.15 to 22.09m2d-1. 
 
Drawdown takes place due to aquifer losses and well losses which are related to well inefficiency and 
turbulent flow. Further measuring drawdown convergent vertical radial flow and recovery measuring 
with recovery data is the filling of a previously created cone and no vertical convergence. This may be 
the reason for the deviation shows from the transmissivity calculated based drawdown data to the 
recovery data. Since the available pumping test details are not sufficient to get a better understanding 
on the aquifer properties of the study area relationship of the specific capacity with the transmissivity 
was studied. 
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(a) WRBH-1 Constant Discharge test 

drawdown/recovery vs time. 

 
(b) WRBH-1 Theis Type curve matching method 

(c) WRBH-1 Cooper Jacob straight line time 
drawdown method. 

 
(d) WRBH-1 Theis recovery method 

 
WRBH-2 Constant discharge drawdown vs 

time with discharge (Water level stabilising) 

 
WRBH-2 Hantush Jacob (Wolton) method 

 
Figure �3-3 Constant Discharge Pumping Test Analysis 
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3.3.2. Specific Capacity and Transmissivity 

Transmissivity of an aquifer is determined from pumping test analysis, but due to the difficulty of 
performing such tests as well as the relatively high cost of these tests, it is often estimated aquifer 
properties from specific capacity data (Freeze and Cherry, 1979). In this study an empirical relation is 
derived using the transmissivity and specific capacity values that are obtained from pumping test 
analysis results of the wells which are not belong to the deeper aquifer. Linear and Power regression 
functions have been performed and it is found that the power model predicting transmissivity from 
specific capacity data has a better correlation, R2=0.88 (Figure3.4) than linear relationship (R2=0.45) 
and the resulted relationship was, 

9578.0
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�
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�=
s
Q

T                                                              (3.1) 

Where, 
T  :  Transmissivity (L2T-1) 
Q  :  Pumping rate (L3T-1) 
s  :  Drawdown (L) 
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Figure �3-4 Empirical Relationship between Transmissivity and Specific Capacity 

 

3.3.3. Well Performance Analysis 

Step-drawdown tests, are a valuable tool for assessment of pumping well and aquifer characteristics 
because it allow to assess the efficiency of a well to be used as a production or water supply well. The 
total drawdown is broken down into two components: aquifer loss (inevitable) and well loss (to be 
prevented). The analyses of step drawdown tests were based on Hanthush-Bierschenk well loss 
techniques. The analysis results are summarised in Table 3.3 and analysis carried out on well number 
WRBH 2 is given as an example (Figure 3.5 a- b,-c). Then the well efficiency were estimated by 
applying calculated aquifer loss (BQ) and well loss (CQ2) to the equation (3.2) and the results are 
given in Table 3.4. 

100
CQBQ

BQ
efeicency Well 2 ×

+
=                                                               (3.2) 
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Table �3-3 Step Drawdown Pumping Test Analysis Results 
Aquifer 

loss
Coefficient

(m3d-1) (min) (m) (m2d-1) sm-2 s2m-5

WRBH2 1 186 120 2.99 62.2 8.15x102 2.85x 105

2 288 120 6.39 45.1
3 432 120 11.6 37.2
4 582 120 20.53 28.3
5 887 120 50.79 17.5

WRBH5 1 45 120 26.67 1.7 4.65x104 2.80x107

2 65 120 48.51 1.3
3 86 120 66.83 1.3
4 99 110 89.81 1.1

WRBH6 1 94 120 3.36 28 1.86x103 2.39x 105

2 148 120 5.72 25.9
3 288 120 14.04 20.5
4 432 120 23.5 18.4
5 625 120 33.38 18.7

WRBS1 1 5 60 0.22 22.7 3.81x103 9.87x 106

2 9 60 0.51 17.6
3 14 60 0.75 18.7
4 17 60 0.88 19.3
5 23 60 23.46 1

WRBS4 1 2 60 4.42 0.5 2.60x105 2.94x109

2 5 60 6.09 0.8
3 7 60 14.11 0.5
4 10 60 17.36 0.6

WRBS5 1 3 60 1.65 1.8 5.91x104 3.81x 108
2 5 60 2.7 1.9
3 6 60 4.1 1.5
4 9 60 6 1.5
5 12 60 13.99 0.9

WRBS6 1 2 60 2.98 0.7 5.18x104 6.87x 107

2 4 60 10.34 0.4

3 5 60 25.07 0.2
WRBS7 1 3 60 0.32 9.4 1.57x104 7.11x 107

2 4 60 0.6 6.7
3 6 60 0.64 9.4
4 9 60 1.34 6.7
5 14 60 2.62 5.3

Drawdown Specific 
Capacity

Well Loss 
Coefficient

Well No Step Pumping 
rate

Duration
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(a) Drawdown vs Time with Discharge 

 
(b) Pumping Test Analysis WRBH-2 (Hantush 

Bierschenks Method) 

 
(c) Specific Capacity 

Figure �3-5 Step Drawdown Pumping Test Analysis –WRBH 2  
 

Table �3-4 Well Performance Analysis Results 
Well Number BQ CQ2 Efficiency (%) 

WRBH2 8.31 29.65 22 
WRBH5 53.01 36.39 59 
WRBH6 13.45 12.49 52 
WRBS1 1.01 0.70 59 
WRBS4 40.92 72.84 36 
WRBS5 8.16 7.26 53 
WRBS6 2.99 0.23 93 
WRBS7 2.54 1.87 58 

 
The details of the pumping well WRBH 5 and WRBH 6 with respective observation wells are given in 
Table 3.5 depicts depth of both pumping wells are more than 100m and observation wells are less than 
40m. It indicates these pumping wells are located in deep aquifer while the observation wells are 
located in upper aquifer. But the similar drawdown trend of observation wells with respect to their 
pumping wells (Figure 3.6) evidence the interaction between the shallow and deep aquifer in this 
particular area.  
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Table �3-5 Details of Observation Wells of Pumping Wells WRBH-5 and  WRBH-6 

Well no Well 
Depth 
(m) 

Screen Depth (m) Distance to 
Observation 

well (m) 

Depth of 
Observation well 

(m) 
WRBH-5 200 163-195 180 38 
WRBH-6 102 52.5-60.5 ,72.5-84.5 77 35 

 

 
(a) WRBH 5 

 
(b) WRBH 6 

Figure �3-6 Drawdown of Pumping Wells and Respective Observation Wells 
 

3.4. Groundwater Yield with Rock Formation and Well Depth 

Available data shows the wide range of groundwater yield variation. At the mean time the depth of 
these wells are also vary from place to place. 
 

3.4.1. Groundwater Yield with Rock Formation 

Analysing the available data groundwater yield with respect to the rock types and the well depth was 
studied. All rocks types shown in the geology map (Figure 2.5) were categorised in two major series 
as Highland series rocks, Vijayan series rocks. The yields of the wells located in respective rock 
formation were analysed using GIS techniques. The results of the analysis are given in Table 3.6 
which indicates that, wells located in Vijayan series rock yield more water than the other. In addition 
to these two most lots of dug wells are located in the alluvium.  
 

Table �3-6 Variation of Groundwater Yield with Different Rock Formations 
Rock Types Yield per well (lmin-1) 

 Max Min Average 
Highland series rocks 360 5 50 
Vijayan series rocks 1000 30 65 
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3.4.2. Groundwater Yield with Well Depth 

Reported average well yield with the respective well depth were analysed to understand the aquifer 
system of the study area. Results given in Table 3.7, 68% of the wells drilled up to the depth of 40m 
and the recoded maximum yield is also belongs to the same group. 
 

Table �3-7 Variation of Yield of Wells with Well Depths 
Range of well 

depth (m) 
Number of wells Percentage 

(%) 
Maximum Yield 

(l min-1) 
Minimum Yield 

(l min-1) 
<40 200 68 1200 8 

40-60 50 17 120 3 
60-80 18 6 300 4 
>80 25 9 100 4 

3.5. Phreatic Surface 

The spatial variation of groundwater level was studied by analysing the available average hydraulic 
head data. It was found that hydraulic head ranges from couple of meters near the coast to around 
150m in the mountainous foothills. Analysis of time series data of water level revealed fluctuation in 
the phreatic surface are more noticeable where the water table is shallow and rise in water table start 
almost at the beginning of the rainy season. But the same process starts about 2-4 week later in the 
areas where the water table is below 15 m depth. Decline in water level also has same behaviour. 
Available hydraulic head data of the area were not collected during a specific time period and there 
are missing data too. 

3.6. Groundwater Recharge 

Groundwater recharge is defined as the entry into the saturated zone of water made available at the 
water table surface, together with the associated flow away from the water table within the saturated 
zone (Freeze and Cherry 1979). Quantitative assessment of groundwater recharge is an important 
issue in groundwater development. Estimation of groundwater recharge requires proper understanding 
of the recharge and discharge process and their interrelationship with geological, geomorphological, 
soil, land use and climatic factors. The aquifer is recharged naturally by rainfall and also indirect 
recharge is taking place due to the excessive irrigation. There are various methods in use for the 
quantitative evaluation of groundwater recharge. 
 
Previous studies reviled making quantitative estimate of recharge for the dry zone of Sri Lanka is 
problematic and this is because the high degree of variation in climate and physiography across the 
area (Silva, 1996). The estimated mean annual groundwater recharge of the area is 355mm (Fernnado, 
1973). Maximum annual recharge estimated for Udawalawa sub catchment was 391mm while the 
minimum was 80mm (Silva, 1996). Meteorological and hydrological analysis was carried out by using 
collected data and a macro water balance study has been done to determine the potential recharge of 
the groundwater. The total catchment area is 2472km2 and it received 4598MCM of rainfall while 
evaporating 3710 MCM annually. Reported river discharge to the sea is 525MCM (JICA, 2003). Then 
the annual groundwater recharge of the catchment has been estimated as 363 MCM and it is around 8 
% of the annual precipitation of the whole catchment. But these studies have not considered the 
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groundwater evapotranspiration that take place within the area hence recharge of the study area was 
calculated based on the Chloride Mass Balance (CMB) method as a model input. 
 

3.6.1. Chloride Mass Balance Method 

The CMB method, developed by Erikson and Kunakasen (1969) has been modified by various 
scientists (Simmers, 1988; Lerner et.a.l., 1990; Gieske, 1992) and is used to estimate the recharge 
from rainfall. Evaporation and recharge rates can be calculated by determining the ratio of average 
chloride content in precipitation to that in groundwater. Basic assumptions are that the chloride ion is 
conservative and is not taken up in significant quantities by vegetation. Moreover; one also assumes 
that chloride is not leached from the aquifer formation (Gieske, 1992). 
Chloride mass balance is based on the following equations 3.3.  

d
gw

p
cl fP

Cl

Cl
Q += *                                                                     (3.3) 

Where, 
Qcl :   Recharge 
Clgw :   Amount of Cl- in groundwater (mgl-1) 
Clp :   Cl- in precipitation (mgl-1) 
Fd :   Dry deposition 
Dry deposition of chloride deposition refers to the balance between the chloride that accumulate the 
ground surface due to aerosols and dust particles and the amount blown away by the wind. In Sri 
Lanka any record could not be found and then assuming no dry deposition of chloride available in the 
area and the equation was simplified as, 

P
Cl

Cl
Q

gw

p
cl *=                                                                                 (3.4) 

Comparison results of Chloride content in the two hundred and twenty one numbers of samples in the 
study area with the respective Electrical Conductivity (EC) values are given in Figure 3.7. It does 
indicate that high correlation of chloride with the EC. A few numbers of samples shows extremely 
high chloride concentration also having a high EC too. This is only 3% of the sample set and located 
close to the coast. Analysis results of chloride with total hardness, that reflects the calcium and 
magnesium concentration, of these respective wells is given in Figure 3.8. The high correlation 
between these two species may be due to the mixing of sea water with the groundwater in the coastal 
region of the study area. Because of that, in the calculation of recharge under this method, the wells 
with high concentration were omitted. Further, to prevent the errors due to the temporal changes of 
the chloride, 120 samples which were analysed within couple of month in year 2002 were only used 
for the recharge calculation. As there are no previous reports on this method in Sri Lanka, no any past 
records were found on the chemical composition of the rainwater in the study area. Five rain water 
samples collected from five different places during the field work were analysed. EC and chloride 
content of the samples are given in the annexure B.3 with the locations. Since this method calculates 
recharge in each well location, the annual rainfall of particular year 2002, relevant to each point was 
extracted from the rainfall distribution map and the average chloride content of rainwater were 
assigned to the points in order to calculate the recharge based on the equation 3.4. When the entire 
study area was considered, the calculated average annual recharge is about 121mm and it is about 12 
% of the average annual rainfall (1020mm) of the study area. 
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Figure �3-7 Correlation of Electrical Conductivity vs Chloride 

 

y = 0.89x + 1069.71
R2 = 0.84

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000

Chloride (mgl-1)

T
ot

al
 H

ar
dn

es
s (

m
gl-l

)

 
Figure �3-8 Correlation of Chloride vs Total Hardness 

 

3.7. Water Quality Evaluation 

Water quality in any well influenced by several factors, such as chemical composition of infiltrating 
or recharges water; texture, hydraulic properties, and inorganic compositions of the aquifer water 
quality data obtained from the WRB were analysed to study the groundwater chemistry of the area 
using Aquchem 4.0 software (Waterloo 2002). Data set consist with 292 number of sample points 
distributed over the catchment. These samples have been analysed for pH, EC, HCO3

-2 F-, SO-2
4, Cl-, 

,Ca+2,Mg+2,Na+,K+,Fe+2,Total Dissolve Solid (TDS) and Total hardness. 
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3.7.1. Reliability Check 

The reliability check was conducted to confirm the validity of the measured sample data. Aquachem 
provides number of tests which can provide insight into the reliability of analysis. This is important as 
quality assurance tool to check for sampling or analysis errors for a selected water samples. The 
analysis data were checked using the following method and the numbers of samples that pass the 
attention value in each test are given in Table 3.8. 
 

Table �3-8 Reliability Check of Water Quality Data 
Test Attention 

Value 
No of 

Samples 
Comments 

Balance  
(C-A)/(C+A)*100 

<5% 57 The solution must be electrically neutral 

or within : sum of cations = sum of 
anions. 

TDS 
Entered/Conductivity 

0.55 < x < 
0.75 

98 There is a linear relation between TDS 
and conductivity within a range of 0.55 
to 0.75. 

K+/[Na++ K+ ] meql-1 <20% 173 Na >>K 
Mg++/[Ca+2 + Mg+2] 
meq/l 

<40% 59 Ca > Mg, unless provided by the 
dissolution of dolomite. 

Ca+2/[Ca+2+SO4-2) <50% 81 Most SO4 concentration can be 
attributed to the dissolution of gypsum. 
Therefore the Ca/SO4 ratio must be 1:1 
or lower, if some Ca is also provided by 
the dissolution of carbonate. 

Na+/(Na+ +Cl-) >50% 130 Chloride is mainly provided by the 
dissolution of Halite (NaCl). Therefore 
the ratio Na/Cl is 1 or higher, if some 
Sodium is added to the solution by the 
solution of silicates or by ion exchange. 

 

3.7.2. pH 

The measure of “acidity” in groundwater is pH and its distribution reflects the mineralogy of the area. 
Technically, pH is defined as the negative logarithm of hydronium-ion activity (designated a H3O+) in 
a solution (Fetter, 2001). Statistical distribution of pH in the study area is shown in Figure 3.9. 
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Figure �3-9 Statistical Distribution of pH 

 

3.7.3. Electrical Conductivity Total Dissolved Solid and Ionic constituents 

EC is the primary parameter which is used to determine the quality of water. Although it does not give 
specific information about the chemical species present in water, it gives a measure of Total 
Dissolved Solid (TDS), which is an acceptable indicator for water quality. The physical and chemical 
properties of water highly depend on the TDS content. TDS has a fairly good correlation (R2=0.83) 
with the EC of the area (Figure 3.12-a).When the TDS content of water exceeds 1000 mgl-1, it is not 
recommended for drinking (World Heaths Organization (WHO) standard). Table 3.9 shows the TDS 
of water; degree of salinity and the percentage of samples which belongs to each group and the Figure 
3.10 illustrate the statistical distribution of TDS of the study area. 
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Figure �3-10 Statistical Distributions of TDS 

 
 

Since the EC is the primary indicator of the water quality, spatial distribution of the EC (Figure 3.11) 
was analysed using the standard EC level of WHO standards for drinking water, as tabulated in Table 
3.10. 
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Table �3-9 Salinity Groups 
TDS (mg/l) Degree of Salinity Number of samples % of samples 

<1000 Fresh water 77 62 
1000-3000 Slightly saline 25 20 

3000-10000 Moderately saline 17 14 
10000-35000 Very saline 5 4 

>35000 Brine - - 
 
 

Table �3-10 Electrical Conductivity Groups 
Electrical Conductivity (uscm-1) Group 

>3500 High 
1500-3500 Moderate 

<1500 Fair 
 
 

 
Figure �3-11 Spatial Distribution of Electrical Conductivity 

 

3.7.4. Major Cations and Anions 

Cations are the positively charged ions, while the anions are the negatively charged ions dissolved in 
groundwater. The most abundant and  commonly analysed cations  and anions are Ca+2,Mg+2,Na+,F-
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,Cl- ,HCO3
-2,SO4

-2. Statistics of major anions and cations of the analysed samples are given in Table 
3.11. In addition to these major anions and cations Fluoride concentration of the analysis samples are 
significantly high. 

 
Table �3-11 Statistics of Major Anions and Cations 

Parameter Minimum Maximum Average 
Ca+2 (mg l-1) 2.0 724.0 80.9 
Mg+2 (mg l-1) 2.0 2064.0 112.6 
Na+ (mg l-1) 5.0 24650.0 169 
Cl- (mg l-1) 0.1 135000.0 451.9 

HCO3
-2 (mg l-1) 12 1220.0 312.7 

SO4
-2 (mg l-1) 0.3 11616.0 484.6 

 
Correlations of ionic constituents such as chloride, bicarbonates and sulphate with the TDS of the area 
were analysed as shown in Figure 3.12.  
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(d) HCO3 

Figure �3-12 Scatter Plots of TDS vs EC and Major Anions 
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3.7.4.1. Fluoride  

Fluoride in groundwater highly affects the human body and especially children are more susceptible 
to the effect of fluorosis. The maximum desirable level for fluoride is 0.6 mgl-1 while the maximum 
permissible level is 1.5 mgl-1 (WHO Standard). As shown in Figure 3.13, the study area has been 
zoned based on its concentration using GIS techniques. The criteria applied here is given in Table 
3.12 
 

Table �3-12 Groups of Fluoride 
Fluoride Concentration (mgl-1) Group 

>3.0 High 
1.5-3.0 Moderate 
<1.5 Fair 

 

 

Figure �3-13 Spatial Distribution of Fluoride 
 

3.7.5. Hydrochemical Facies 

Groundwater is commonly classified into hydochemical facies in such a way that the name of the 
groups of samples indicates the most concentrated cations and anions in the analysed groundwater 
samples. Hydrochemical facies of the study area was studied using the Piper diagram and Stiff 
diagram. In Piper plots, major ions are plotted as cation (Na, Ca, and Mg) and anion (Cl. HCO3, SO4) 
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percentages of mill equivalents in two base triangles. The total cations and the total anions are set 
equal to 100%. The data points in the two triangles are then projected to the diamond grid. The 
projection reveals the relationships among total ion. Every sample was represented by three data 
points; one in each triangle and one in the diamond grid. The Piper plot gives comparisons between a 
large numbers of samples. It shows clustering of samples due to different types of water (Figure 
3.14).The Figure depicts the ionic content and associated hydro chemical processes of the area are 
complex, having different types of water and it shows that the study area is dominated by Ca Mg type 
of water. Moreover, different pattern of stiff diagrams identified and few selected diagrams are given 
in Figure 3.15. These stiff plots also show the change in water quality as the water passes through 
different geologic formations or different subsurface conditions. 

 
Figure �3-14 Piper Plot of Water Quality of the Study Area 

 

3.8. Source Rock Deduction 

The rock source deduction was completed using AQUACHEM thus gaining more insight in to the 
origin of the groundwater. Owing to the fact that there were no results available from Silica analysis 
in the area, the study was carried out by means of simple ionic comparisons. 
The analysis shows that three major mechanisms associated with the area are,  

1. Sodium sources other than halite albeit ion exchange, which has 
clNa

Na
+

  > 0.5 

2. Calcium removal ion exchange or calcite precipitation due to rock weathering, 

4SOCa
Ca
+

>0.5 and, 
Sumanion

Cl
<0.8, 

3. Mixing with sea water TDS>500 and  
Sumanion

Cl
 >0.8 and TDS>500. This mechanism was 

obtained specially for the samples from the lower part of the study area which is close to the 
coast. 
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 Sample WA-29 

 
 

Figure �3-15 Selected Stiff Diagram Patterns Observed within the Study Area 
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4. Development of Groundwater Model 

This chapter describes the concept of groundwater modelling and the development of the groundwater 
model. First the groundwater modeling will be discussed in brief. Then the development of the 
conceptual model based upon available field measurements, selecting the appropriate modeling 
software for the stated purpose is outlined. These include hydrostratigraphy, hydraulic properties and 
stress such as pumping recharge and boundaries. Modeling aspects such as designing the numerical 
model, data processing for the numerical model calibrating the model to measured data, and finally 
the presentation of the results are taken up in the next chapters.  

4.1. Groundwater Modeling 

Numeric groundwater modelling is a critical component of modern hydrogeology because it can be 
applied to test specific hypotheses, predict future behavior, or simply to organize available 
hydrogeological data in a consistent conceptual framework (Anderson and Woessner, 1992). 
Numerical models basically represent an assembly of many single cell models. Tremendous advance 
in computer technology have made the standard procedure for the solution of groundwater flow and 
mass transport problems. This research is to develop the regional groundwater model which has 
capability to reproduce the field measured data. 

4.2. Conceptual Model 

After defining the purpose of the model the most important step is formulation of a conceptual model, 
prior to the development of a numerical model. The purpose of building a conceptual model is to 
simplify the field problems and organise the associated field data, so that the system can be analysed 
more readily. Simplification is necessary, because a complete reconstruction of the field system is not 
feasible. It is critical that the conceptual model be a valid representation of the important 
hydrogeological conditions; failures of numerical models to make accurate predictions can often be 
attributed to errors in the conceptual models because closer the conceptual model approximates the 
field situation the more accurate is the numerical model framework (Anderson and Woessner, 1992). 
Because of that it is important to identify the hydrostratigraphic units as well as mechanism of 
recharge, discharge and groundwater flow through the aquifer. Moreover the conceptual model is very 
much important to establish the model framework i.e. dimension, type of model as well as selection of 
model codes. The system was conceptualised for simplicity incorporating all important features and 
processes with simplifying assumption on the topography, soil, land use, hydrology of the area. 
Further it incorporates geological data (drill logs), geophysics (resistivity survey), hydrogeochemistry 
(major ions, mixing, water types), and various hydraulic measurements such as water levels, pumping 
tests and rainfall data. 

4.2.1. Hydrostratigraphic Units 

Hydrostratigraphic units are defined as geologic units of similar hydrogeologic properties. Since the 
study focus on regional scale groundwater flow and it does not required excessive details. Further, 
practically it is very difficult to obtain site specific details of hydraulic conductivity and stratigraphy 
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even to define the hydrostratigraphy in a small scale model. However the data used to define the 
hydrostratigraphic units should contain the essential information that assist to reproduce the actual 
condition of the flow system on the study area.  

Available resistivity data, drilling records, geology, soil and the knowledge gain from the previous 
studies were integrated to demarcate the hydrostratigraphic units of the study area. As described in 
Chapter 3, section 3.2, the analysis of geophysical data distinguished different layers with in the study 
area. Number of drilling records obtained from WRB, were investigated to demarcate the lithology of 
the study area. An identified different stratigrphic units, up to the depth of 100m is illustrated in 
Figure 4.1. Moreover the drilling carried out for the “Comprehensive groundwater study in 
Hambantota and Moneragala districts” under JICA (2003), reported that three aquifer units separating 
by impermeable granitic gneiss layers as upper aquifer system, middle aquifer system and deep 
aquifer system. Analysed results of the well details revealed more than seventy percentages of the 
wells in the area drilled up to the depth of 40 m and rest, drilled up to the deep and deeper aquifer.  

Although numbers of different hydrogeologic methods are available to study the interaction between 
the hydrostratigraphic units, it was unable to find the reliable data for the specific study area. Pumping 
test analysis results described in Chapter 3 gives indication about the interaction between the aquifer 
units. But, as these three wells are located close to each other mealy this information is not enough to 
determine the connectivity of entire aquifer system. Because, the connectivity may be due to localised 
fractures which are available in the area because majority of the drilling recodes do not provided any 
information on the fractures in the granitic gneiss layer which separate the upper and lower aquifer 
units. Hence, it was assumed that the upper aquifer system which was studied by modelling lies on the 
fully impermeable granitic gneiss layer. Generalized system of the conceptual model is given in 
Figure 4.2  

4.2.2. Surface Water Bodies 

River, streams and three huge storage tanks are available in the model domain as surface water bodies 
(Figure 4.3). Small abundant tanks were excluded form the model for its simplicity. The stream 
network of the area is well connected to the aquifer which provides water to the stream as base flow 
during the dry season. The major river is flowing always even during the dry season of the normal 
years while tributaries in the upper regions get dry. The water table of this region is deeper and 
disconnects from the stream beds during dry period of the year. Furthermore, it was assumed that 
rivers and tanks are hydraulically well connected to the groundwater hence not impermeable at the 
bottom.  

4.2.3. Recharge Zones 

Four main recharge zones can be distinguished based on the results of the CMB calculation (annexure 
B-4). Zone located in the lower part contributes low recharge and it is increasing to the upper part of 
the catchment. Irrigation return flow is water that is applied as irrigation but not taken up by the crops 
and returns to the aquifer, which may occur in the irrigated areas where row watering is used. For this 
study it is assumed that return flow from irrigation system is insignificant due to the unavailability of 
reliable data. Hence irrigation return flow will not be accounted for in the model directly. However, 
the calibration process will automatically offer an indirect way to account for this recharge. But for 
this study, it is assumed that return flow from irrigation systems is insignificant. 
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Figure �4-1 Representative Drill Log of the Study Area 
 

4.2.4. Groundwater Exploitation 

Groundwater is extract from the aquifer by means of drilled boreholes and dug wells. Dug wells are 
used for domestic purposes where there are no water supply schemes .These wells are usually shallow 
and water is withdrawn by human power. Volume extracted them are relatively low compare to the 
volume extracted by deep boreholes using hand pumps and electrical pumps for small scale irrigation 
and water supply schemes. 

4.2.5. Boundaries 

Walawa catchment is adjacent to the ocean. Therefore the Southern boundary of the model can be 
taken as constant head boundary. East and lower West part of the model boundary is assigned as a no 
flow boundary assuming that surface water divide coincides with the groundwater flow divide. The 
North and upper west side of the model boundaries were demarcated as also no flow boundary 
condition assuming hills in the plains  with outcrops are impermeable to groundwater flow. Due to 
lack of data the study assumed all the streams enter through this boundary flows to the sea without 
contribute to recharge along the boundary. The entire study area is surrounded by no flow boundary 
except the Southern end which is considered as constant head boundary (Figure 4.3). 
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Figure �4-2 Conceptual Model of the Study Area 

 

10 0 10 Kilometers

River and Surface Water Bodies
Water shed divide (No flow boundary)
Impermeable no flow  groundwater boundary
Sea (Constant head boundary)

N

 
Figure �4-3 Boundaries of the Model Area with Major Internal Features 
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4.2.6. Type of the Model 

In setting up the grid in numerical model the type of the model is an important factor. Heterogeneity, 
or variability in aquifer properties, is characteristic of all geologic systems and it plays a key role in 
influencing groundwater flow. Thus, it is often preferable to apply distributed parameter model, which 
allow the representation of more realistic distributions of system properties. A fully three dimensional 
distributed model was applied during the study focusing on groundwater flow view point. For the 
simplicity of the development initially the model was established under confined conditions and after 
that it was converted to unconfined conditions. 

4.3. Code Selection 

Numerical groundwater models can be particularly useful tools for refining the conceptual model of 
the groundwater flow systems within an area. A calibrated numerical groundwater model can be 
applied to ensure that the groundwater flow systems are reasonably consistent with all 
hydrogeological data. Main task during the numerical modelling is translating the physical system into 
mathematical equations.Translation of a conceptual model to a numerical model requires knowledge 
of the numerical methods to be used and the particulars of the modeling program. Different types of 
model codes are available. Selection of an appropriate model code for a particular purpose is a critical 
step in modeling because; each of these programm has its own peculiarities that require familiarity to 
overcome in the cause of model applications. 
 
Code selection is primarily based on the aspects such as defining model objectives and the technical 
criteria of the available codes. Since the study is focused on the flow system of the area, selected 
model code should be capable of adequate representing the governing flow, hydrogeological process, 
hydrostratigraphy, flow conditions such as confined, unconfined  saturated  or unsaturated, variation 
in time and space on boundary conditions (recharge and discharge) and spatial variation of material 
properties such as hydraulic conductivity. 

4.3.1. Model Code  

The selected code for the numerical model was MODFLOW; a modular three dimensional finite 
difference groundwater flow model developed by the United State Geological Survey (USGS) 
(McDonald and Harbaugh, 1988). MODFLOW is based on the continuity of motion and mass and the 
calculation is based on the following partial differential equation 4.1 solved is for (h,y,z.t): and it is 
illustrated in Figure 4.4 
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Where: 
Kxx, Kyy, Kzz :  hydraulic conductivity along x,y,z coordinate axis, 
h   :  potentiometric head , 
W  :  volumetric flux per unit volume being pumped, 
Ss  :  specific storage of the porous material  
t  :  time. 
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Equation of motion
Darcys Law

Equation of continuity
Mass balance

Partial Deferential Equation
+

Boundary Condition
Initial Condition

System Parameters

Model Simulation Results

 
Figure �4-4 Component of Groundwater Flow Model Approach  

(Source: Rientjes,T. (2006)) 
 
In MODFLOW as finite difference model code, each computational cell must be specified as 
hydraulically confined, unconfined, or be forced to depend upon the head solution at every iteration 
solution. It would seem that the simplest option is to let the program decide whether the cell is 
confined or unconfined, but in practice choosing this option can convergence to a solution or cause 
instabilities. These numerical subtleties are important in real applications, (McDonald and Harbaugh, 
1988). Further, MODFLOW simulates aquifer systems in which only the saturated flow condition 
exists. As the model is based on Darcy’s law it is assumed that flow is laminar and the density of 
groundwater is constant and intrinsic permeability is positive only in principal direction and towards 
other directions it is zero. Moreover since it is based on finite-difference method, it is simpler 
conceptually and mathematically. Further it can simulate the effects of wells, rivers, drains, head-
dependent boundaries, recharge and evapotranspiration. 
 
Selection of the code is justifiable. Because, MODFLOW is a finite difference groundwater modelling 
code which has been extensively tested in various different environments under different conditions as 
one dimensional, two dimensional quasi- or fully three-dimensional systems. It is accepted widely for 
the groundwater modelling. Theory behind the model is well documented and relatively easy to 
understand, can be applied to realistic conditions and it can be used for future developments of the 
model. 

4.3.2. Processor 

During the study MODFLOW was used with graphical interface for MODFLOW, MODPATH, 
PMPATH, MT3D, PEST, and UCODE, known as Processing MODFLOW for WINDOWS 5.1 
(PMWIN 5.1). It is a complete simulation system with a professional graphical pre-processor and 
postprocessor which support models and other useful modelling tools. It can handle 1000 stress 
period, 80 layers with 250,000 cells in each model layer. The modelling tool includes a presentation 
tool, a result extractor field interpolator field generator, a water budget calculator, and graph viewer. 
Simulation results include hydraulic heads, drawdown, cell by cell flow terms, compaction, 
subsidence, Darcys velocity, concentration and mass terms (Wen, 1998). 
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5. Numerical Groundwater Model Design  

This chapter is the description of the construction of numerical groundwater flow model based on the 
conceptual model and the selected code outlined in Chapter 4. The conceptual model can be expressed 
quantitatively as a mathematical model that represents processes as equations, physical properties as 
constants or coefficients in the equations, and measures of state or potential in the system as variables. 
First part of the chapter is on the discretization of model domain. Then the data preparation and 
implementation to the model domain is described for each parameter and modules that are going to be 
applied in the study.  

5.1. Model Domain and Discretization 

5.1.1. Model Domain 

The area is going to be model as three dimensional system model domains should be considered with 
respect to the horizontal and vertical extent.  

5.1.1.1. Horizontal Extent 

Lower part of the Walawa Basin which has high water demand with compare to the other region was 
selected as the domain for groundwater modelling. The limit of aquifer system which was selected to 
the numerical groundwater model is shown in Figure 4.3. Figure 5.1 shows the model domain with 
horizontal discretization. Approximate aerial extent of the model domain is 1600 km2 with 62.5.km 
length and 25km width. The horizontal extent of the area is referenced with the coordinates of 
200,000,100,000 m minimum and 235000,162500 m maximum. 

5.1.1.2. Vertical Extent 

As described in the conceptual model top aquifer unit was selected to model due the availability of 
data. The vertical extend of the model unit was considered as constant, having 30m thickness based on 
the analysed resistivity and drilling records of the area. 

5.1.2. Discretization 

Discretization of the model domain plays important role in the cause of modelling. Model requires 
that the area of interest is subdivided by a grid into a number of smaller sub areas (cells or elements) 
that are associated with node points. To discretize the problem domain, it is necessary to approximate 
variation of internal properties, boundaries, and stresses of the system. The model domain was 
discretized into 140 columns and 250 rows using the 250 x250 m grid spacing, resulting in thirty five 
thousand grids cells (Figure 5.1). Not all the grid cells are active cells. Cells outside the no flow 
boundaries were defined as inactive using the IBOUND array in MODFLOW. The total number of 
active grid cells in the model is twenty five thousand six hundred. These dimensions are reasonable 
because to minimise a variety of sources of numerical errors, the model grid should be designed using 
the finest mesh spacing that is possible, given limitations on computer memory and computational 
time. Furthermore in designing the grid, the length to width ratio of cells should be kept as close to 
one as possible. Long linear cells or elements can lead to numerical instabilities or errors, and should 
be avoided, particularly if the aspect ratio is greater than about five (Anderson and Woessner, 1992). 
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Figure �5-1 Model Domain and Horizontal Discretization 

 
Moreover during constriction of model it is necessary to use an irregular mesh in which the grid is 
finest in areas of point stresses, where gradients are steepest, where data are most dense, where the 
problem is most critical, and where the greatest numerical accuracy is desired. For that it is generally 
recommended to increase the mesh spacing by a factor not greater than about two between adjacent 
cells or elements. But, since the study is interested on the regional flow pattern of the area, refinement 
did not apply to the model. In finite difference model it is also important to orient the grid so that the 
minimum number of nodes fall out side the model domain. These are inactive nodes and do not 
contribute to the solution of the flow equation, but use storage space in the arrays need by the codes 
(Anderson and Woessner, 1992). Then to overcome the unaccounted flux into or out of the grid, it is 
necessary that the grid be aligned with the flow system. Since the general groundwater flow direction 
of the catchment is in N-S direction the model grid was also oriented in the same direction. 



47 

5.2. Model Boundaries 

To obtain a unique solution of a partial differential equation 4.1 corresponding to a given physical 
process, additional information about the physical state of the process is required. This information is 
supplied by boundary and initial conditions. Boundary conditions are mathematical statements 
specifying the dependent variables (head) or the derivatives of the dependent variables (flux) at the 
boundaries of the model domain. Correct selection of boundary condition is critical step in model 
design, because in steady state modelling the boundaries largely define the flow pattern. Boundary 
conditions influence the transient simulation too, when the effect of transient simulation reached the 
model boundary. In physical terms, for groundwater model applications, the boundary conditions are 
generally three types of mathematical conditions: 
1) Specified head boundary or Dirichlet condition for which hydraulic head is defined. 

2) Specified flux or the Neuman condition in which derivatives of head (flux) are given. No flow 
condition is a special case of this type of boundary that represents the flow equal to zero. 

3) Head dependent flow boundary or Cauchy condition represent the flow across the boundary and is 
calculated given a boundary head value. 

The above three types of boundary conditions were defined based on the physical features and the 
hydraulic conditions as described under conceptual model in chapter 4. 
 

5.2.1. Lateral Model Boundaries 

The area selected for the model along with the applied boundary conditions is shown in the Figure 
5.2. No flow boundary was applied along the hill range as described in conceptual model and 
groundwater divide which surround the model domain. While implementing the internal boundary 
conditions, Walawa major river and the three surface water bodies which contain ample of water 
throughout the normal years were modelled under specified head boundary condition assuming the 
aquifer is in direct contact with these surface water bodies. Then following hypothesis were 
introduced to apply the boundary conditions on the secondary and tertiary streams which were 
delineated from the DEM optimization. 
 

1. Steady state under wet condition (MOD1) 
Here it is assumed that all the second and third order tributary river systems are flowing and 
draining groundwater from the aquifer. Then they were modelled with constant head 
conditions and it is illustrated in Figure 5.2 (a).  

2. Steady state under dry condition (MOD2) 
Here it is assumed that all third order tributaries are dry and secondary streams are flowing 
with the main river. In addition to the main river and reservoirs these secondary streams were 
also modelled with constant head conditions and the system with the boundaries are shown in 
Figure 5.2 (b).  

3. Steady state under intermediate condition (MOD3) 
This assumes that the main river is flowing with the secondary tributaries while the third 
order tributary system is only partly active. Under this hypothesis all active river cells and 
reservoirs were modelled with constant head conditions and Figure 5.2 (c) demonstrates the 
situation.  
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4. Steady state with general head boundary conditions in the tributary system (MOD4) 
Here the main river cells and reservoirs are treated as before with constant head. All the 
Second and third order tributaries were modelled under Cauchy boundary conditions and this 
situation is represented by the Figure 5.2 (d).  

 
(a) Wet condition (MOD1) 

 

 
(b) Dry condition (MOD2) 

 

 
(c) Intermediate condition (MOD3) 

 

 
(d) General head boundary conditions in 

the tributary system (MOD4) 
 

Inactive Cell No Flow Boundary Constant Head Cells Head Dependent Flow Boundary  
  

Figure �5-2 Model Boundaries 
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Specified head boundary condition was used to model the hypothesis MOD1, MOD2 and MOD3 and 
major river and reservoirs in MOD4 and this boundary condition represents an inexhaustible supply of 
water. So that the groundwater system can pull water from the boundary or may discharge water into 
the boundary without changing the head. IBOUND array was used and it consists with a code for each 
model cell. A positive value (+1) is used for active cells while zeros define the inactive cells. Value -1 
is specified for the constant head cells. Without introducing any special code MODFLOW identified 
no flow boundaries between the active and inactive cells.  
 
The third type of boundary condition was used to model the secondary and tertiary streams under 
hypothesis MOD4. Assuming these streams are not perennial it is necessary to model the exchange 
between a stream and an adjacent aquifer, in which the leakage may change over time as the head in 
the aquifer changes, even though the head in the stream might remain fixed. Cauchy boundary 
condition was applied to the model using General Head Boundary (GHB) package available in 
MODFLOW. In the cells modelled under GHB package two values are assigned to each cell, 
hydraulic conductance (Cb) [L2T-1], hydraulic head at the boundary (hb) [L]. Then the flow (Q) 
through the general head boundary is calculated by: 

Q = Cb ( hb-h)                                                                          (5.1) 
 

Here the Cb is defining in terms of hydraulic conductivity (K) and the length of the stream (L), width 
(D) of the stream and the thickness (M) of the stream bead as: 

M
KLD

Cb =                                                                            (5.2) 

Since field data are not available in this regard, the hydraulic conductivity used to define the hydraulic 
conductance between the aquifer and the tributaries was initially approximated based on the 
underlying formation. Then the hydraulic conductance (Cb) of the river bed was considered as 10m2d-1 
assuming, the stream bed thickness is one meter and the length of stream within a cell is 250m and the 
width is equal to 5 m. This value was assigned to all cells model under GHB condition. 

5.2.2. Vertical Boundaries 

Since the available data does not give enough information to determine the upper and lower boundary 
of the aquifer, they were demarcated based on the assumptions as described under the conceptual 
model development in chapter 4. Aquifer was modelled as a 30m constant thickness layer lie on an 
impermeable granitic gneiss layer. 

5.3. Data Processing 

Data and information required by hydrogeological studies is complex because, it is necessary to 
analyze and combine information concerning geology, hydrology, geomorphology, soil climate, land 
use and topography. The analysed data are important to transfer the conceptual model in to numeric 
model. Moreover assigning parameter values to the grid is difficult because the model requires values 
for each node, cell or element and field data are typically sparse.  Interpolation of measured data, were 
used to define the spatial distribution of the model parameters over the model domain. Interpolation 
technique applied during the study was kriging. Kriging is a statistical interpolation method that 
chooses the best linear unbiased estimate for the variables, assumed to be a random function whose 
spatial correlation is defined by a variogram. Kriging differ from other interpolation techniques 
because it consider the spatial structure of the variables and provide the estimates of interpolation 
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error in the form of the standard deviation of the kriged values. These error estimations are needed 
when assigning possible ranges of parameters values prior to model calibration (Anderson and 
Woessner, 1992).The GIS includes geostatistical tools to spatially distribute irregularly spaced point 
data. Additional spatial analysis tools include zoned statistics to spatially weight both continuous and 
discontinuous raster data theme values for each model grid cell, and overlay analysis to assign various 
vector theme types to the grid cells.  

5.3.1. Model Layer Elevations 

Demarcation of top and bottom of the layers were based on the available technical details of the 
boreholes. But for the simplicity initially the aquifer was treated under confined condition assigning 
top of the aquifer is equal to zero (sea level) and the bottom is equal to the -30m with reference to the 
sea level (Figure 5.3).  

 
Figure �5-3 Confined Condition 

During the second step the model was converted to unconfined condition considering the interpolated 
hydraulic head surface as the top of the aquifer. As explained in the hydrostratigraphy of the area, it 
was assumed that the thickness of the aquifer is constant and equal to 30m. Based on this assumption 
input file for the bottom of the aquifer was completed by reducing 30m from the top elevation of the 
aquifer (Figure 5.4) and the ASCII files were completed as the MODFLOW input format for the 
numerical model. 

 
Figure �5-4 Unconfined Condition 
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5.3.2. Initial Hydraulic Head 

For steady state models initial values are starting guest values for the iterative equation solver. The 
head at the fixed head cells must be the actual values others initial heads can be arbitrary values. 
Because of that it is better to have more reliable values especially for constant head features. But due 
to the lack of field measured data assigning the initial head at constant head boundaries were based on 
the average adjusted value extracted from the Shuttle Radar Topography Mission (SRTM) Digital 
Elevation Model (DEM) described as follows; 
 
DEM optimization was applied to extract the existing drainage features and to evaluate the head of 
surface water bodies from the SRTM DEM in more precisely. Further this resulted flow direction 
operations which follow the existing drainage pattern with corrected DEM in which existing drainage 
features are more pronounced. The extracted elevations are reliable since the operation offers the 
possibilities to delineate gradual drop (drainage) and gradual raise (watershed-divide) of segments in 
the output DEM, over a certain distance, additional sharp drop or raise of segments on top of the 
gradual drop or raise and simple drop or raise of polygons in the output DEM. Moreover, prior to 
apply the DEM optimization fill sinks operation was applied to remove local depressions from the 
DEM, gives the more reliable results. In addition to that known surface elevation were compared with 
the corresponding elevation obtained from the SRTM DEM and the build relationship is shown in 
Figure 5.5 and this was used to adjust the available elevation data. Because the SRTM DEM has 
90x90m resolution while the model has 250 x 250 m resolution. Then the adjusted irregularly spaced 
point data were interpolated with 250 x 250 m geo-reference in ILWIS (Annexure B.4) and converted 
it in to an ASCII file. Then it produced Z value at each row and column in the layer, thereby filling 
holes in the data set.  
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Figure �5-5 Scatter Plot of Surface Elevation vs Elevation Extracted from SRTM DEM 
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5.3.3. Hydraulic Parameters 

For the steady state model the primary parameter to be estimated and distributed across the model grid 
is either transmissivity or the hydraulic conductivity. In the model, properties are constant within a 
given grid cell. Transmissivity of the aquifer was obtained as the results of pumping test analysis, and 
the established relationship between transmissivity and specific capacity (Q/s) explained in the 
chapter 3. Pumping tests which have only discharge and drawdown records were used to estimate the 
transmissivity based on this relationship. Then fifteen number of analysed pumping test results 
together with the eighteen derived from the relationship and existing data were used to determine the 
transmissivity of the area as model input. Details of these points are given in Annexure B.4. Then, 
each estimated value with respective to the well coordinate was allocated and natural log values were 
used to study the spatial correlation by means of Gaussian variograme model. Simple kriging was 
applied to obtain the spatial distribution of transmissivity over the study area. Then following inverse 
log map; ASCII file for the transmissivity was completed and it was used to assign the values for each 
cells in the model with user specified option available in MODFLOW.  

5.3.4. Recharge 

An evaluation of groundwater largely depends upon recharge (Freeze and Cherry, 1979) it is an 
important parameter warranting careful examination and meaningful implementation. In typical model 
applications recharge can be defined as homogeneously as percentage of yearly average precipitation 
or calibration of an unknown parameter. The estimated recharge of this study based on CMB method 
was 12 % of the annual rainfall. Since the method exclude the evapotranspiration of the groundwater 
the value obtained from the method was used for the model. As these are point values variograme was 
applied to study the spatial distribution of the points and power model was the best fit model. Simple 
kriging was used, with the same geo-reference mentioned above in ILWIS (annexure B.4).  

Recharge package is used to assign the resulted spatially distributed recharge to the groundwater 
model. In MODFLOW recharge is defined by assigning recharge flux (Qr), layer indicator (Ir) and 
parameter number. MODFLOW uses Ir to calculate the recharge flow rate Qr applied to the model cell 
as: 

Qr = Ir*.DELR*.DELC                                                     (5.3) 

Where, DELR*.DELC is the map area of model cell and parameter number for inverse calibration. 
The resulted recharge distribution map was exported as ASCII file and values were allocated to the 
recharge package in MODFLOW converting the annual recharge to daily recharge.  

5.3.5. Boreholes and Observation Wells 

Well database was completed from the data obtained from WRB database and the previous study 
reports. Though a large amount of wells are available in the area, not many proper records can be 
found on wells completed by the private parties. Because of that a complete well survey of the area is 
not possible. Among the available records the complete data set which was selected for the study. 
Using the data available in the prepared well database 45 bore holes were selected as observation 
wells shown in Figure 5.6 and details are given in annexure B.5.These data were assigned to the 
model creating BOR and OBS file types as described in PMWIN 5.1 manual. 
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5.3.6. Groundwater Exploitation 

About 3.6 m3d-1 average rate of the daily extraction was reported in the area (JICA, 2003). According 
to the WRB and National Water Supply and Drainage Board (NWS&DB) database the total daily 
abstraction of the area is around 9000 m3d-1. Production wells are shown in Figure 5.6 and the details 
are given in annexure B-5. MODFLOW well package is used to define injection or pumping wells. 
Then abstraction of ground water was assigned to the model as negative recharge value with the help 
of this module. It is implicitly assumed in MODFLOW that the wells are fully penetrating the aquifer. 

5.3.7. Evapotranspiration 

Evapotranspiration also plays an important role in groundwater studies. In this study ET was already 
considered during the calculation of recharge by means of CMB method. Because of that ET was not 
considered as separate component of the model. 
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Figure �5-6 Borehole Locations of the Study Area 
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6. Calibration and Sensitivity Analysis 

Calibration, sensitivity analysis and output of the calibrated model are going to be discussed in this 
chapter. First, the calibration targets as well as the procedures which are used to calibrate the model 
will be explained, presenting the final calibration parameters. The second part describes results of the 
model. Finally model sensitivity of its parameters is going to be discussed at the end of the chapter. 

6.1. Model Calibration 

A numerical model is calibrated when it is capable of reproducing field measured heads which are the 
calibration targets of the study. Calibration is achieved by finding a set of parameters and conditions 
that reproduced field measured values (Anderson and Woessner, 1992). If the calibration is not 
acceptable, i.e. the simulated data do not match the measured data, then the numerical or even the 
conceptual model might have to be revisited. This process is repeated until the model is deemed 
satisfactory. Further it is necessary to account for unmeasured, unknown, or unrepresented conditions 
or processes and uncertainty of the measured model parameters during the calibration of the model.  
 
Since the data used for the study has to be extrapolated and is not very much suited to automatic 
calibration, as initial step the models developed under four hypothesis were calibrated based on trial 
and error method. Then as the second step it was calibrated under automated condition. Model 
calibration is judge by analysing the residual using statistical and graphical methods. 

6.1.1. Calibration Target and Uncertainty 

In order to calibrate the model, calibration target and measured should be introduced. The primary 
type of calibration target which is used in here is hydraulic head. Calibration targets are uncertain. In 
order not to over-calibrate the model, calibration criteria should be defined consistent with the 
uncertainty in calibration target. The Calibration criteria for head is RMSE less than or equal to 10% 
of head variation with in the aquifer being modelled (Tsou, 2005). The head in the aquifer within the 
study area vary from approximately 0 to 145m resulting in an acceptable RMSE of approximately 
14m or less. Only a total of 45 wells with average water levels during the period of two years (2001-
2003) from JICA study, (2003) were selected for the calibration of steady state model. Figure 5.6 
shows the location of the selected observation wells.  

6.1.2. Trial and Error Calibration 

Trial and error calibration is typically related to manually adjusting the input parameters until the 
model results correlated with the observation to a satisfactory level. The main steps of trial and error 
calibration are shown in Figure 6.1. During the calibration estimated transmissivity and recharge were 
changed manually and trial runs were repeated until convergence is reached. A number of parameter 
combinations were tried for the models developed under four scenarios and the optimised parameter 
values with respective to their errors are evaluated. 
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Figure �6-1 Steps in Trial and Error Calibration 

 

6.1.2.1. Evaluation of Trial and Error Calibration 

Paired data testing was applied to test the model calibration (i.e. comparing predicted and observed 
values for corresponding location).Traditional calibration measures (Anderson and Woessner, 1992) 
such as mean error (ME), the mean absolute error (MAE) and Root Mean Square Error (RMSE) 
quantify the average error in the calibration process. 
 
The ME is the mean of the difference between measured head (hm) simulated head (hs): 
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MAE is the mean of the absolute value of the difference between measured head (hm) and the 
simulated head (hs): 
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The RMS error is the square root of the average of the squared difference between measured head 
(hm) and the simulated head (hs): 
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Where n is the number of calibration measurements.  
 
Summarised results of manual calibration are given in Table 6.1 and the scatter plots are shown in 
Figure 6.2. Although the method is simpler in conceptually it has limitations. There is no way to 
guaranteed if the estimated parameter values satisfied the calibration criteria better than some untested 
set of parameters. 

1. It is difficult to determine the correlation of the estimated parameters.  
2. The reliability of parameter estimates and simulate results can only be assessed by the process 

of manually perturbing parameter values to perform a sensitivity analysis. 
To overcome these limitations automatic calibration was applied for the four models. 
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(a) MOD1 

 

 
(b) MOD 2 

 

 
(c) MOD 3 

 

 

 
(d) MOD 4 

 
 

Figure �6-2 Scatter Plots of Manual Calibration  
 
 

Table �6-1 Statistics of Manual Calibration 
Model Scenario Error (m) 

 ME MAE RMSE 

MOD 1 4.7 4.8 7.46 
MOD 2 -0.66 7.09 8.22 
MOD 3 5.85 5.3 8.1 

MOD 4 2.5 2.5 6.9 
 

6.1.3. Automatic Calibration 

Automatic calibration was introduced to refine the goodness of fit obtained by the manual calibration. 
The method facilitated by nonlinear least squares regression and associated statistics, known as 
Parameter Estimation Programm, PEST, which is linked to PMWIN was employed to calibrate the 
model. Code defines the optimal parameter set as that for which the sum of squared deviations between 
simulated and observed values, referred to as the objective function, is reduced to a minimum. The 
objective function can be represented mathematically as follows: 
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Where: φ is the objective function, b
→

 the vector with fitting parameters, m represents the different 

sets of observation groups, nj is the number of observations in jth observation group, Yj(ti) is the 

observation of type j at time ti , �
	

�

�
 →

bty ii ,' , is the corresponding model prediction and wij is the weight 

associated with a particular kind of measurement at a particular point and accounts for the role of data 
type and data point in the objective function. In case of one observation group the above equation 6.4 
can be simplified as in equation 6.5. 
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PEST is supplied with initial values of the parameters to be optimized and the set of observations, 
which PEST can compare with the model outputs. Initially, PEST executes MODFLOW with the 
given initial parameter values and outputs of MODFLOW are compared with the given set of 
observed data and estimate the objective function (�). Then the PEST starts minimizing the objective 
function by adjusting parameters. In case of linear models, generally optimization can be achieved in 
one step while non-linear models required iterative process to optimize its parameters. At the 
beginning of the each iteration process the relationship between model parameters and model-
generated outputs are linearised to obtain currently estimated best parameter set. Then it is solved for 
a better parameter set and this new set of these parameters are tested again by running the 
MODFLOW model. Then the code compares the objective function of the current iteration with the 
previous one and decides whether it is worth undertaking iteration (Doherty, 2004). Simplified 
procedure applied in automated calibration is shown in Figure 6.3  
 
Automatic calibration yield results, not only parameter estimates and heads simulated for the model, 
but also confidence intervals for both the estimated parameters and the heads, which are convenient 
for conveying the reliability of the results to regulators. Sensitivities, parameter standard deviations 
and correlations, and prediction standard deviations can be used to evaluate whether model parameter 
estimates and predictions are reliably calculated with the available data and what additional data 
could be most useful in improving the model. Moreover, benefits of PEST include expedited 
determination of best fit parameter values and quantification of the quality of calibration, confidence 
limits on parameter estimates and predictions. Further the inverse modelling has an ability to 
automatically calculate parameter values that produce the best fit between observed and simulated 
hydraulic heads. Knowing that the parameter values are producing the best possible fit for a given 
conceptual model is crucial to the conclusive comparison of alternative models. 
 

6.1.3.1. Evaluation of Automated Calibration 

Squared weight residual of each iteration was studied as calibration target and the obtained results are 
given in Figure 6.4. It depicts after the first iteration of automated calibration squared weighted of 
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residual decrease suddenly following the gradual change until the iteration number seven. Then it 
shows slight changes due to the convergence of the model by achieving the optimal parameter values.  
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Figure �6-3 Steps in Automated Calibration 
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Figure �6-4 Variation of Squared Weighted Residual with Simulation Steps 
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(a)MOD 1 

 

 
(b) MOD2 

 

 
(c)MOD 3 

 

 
(d) MOD 4 

Figure �6-5 Scatter Plots of Automated Calibration 
 
Simulated head distributions were compared with the head distribution obtained from the field 
measurement. RMSE calculated after the automated calibration using PEST is given in Table 6.2 and 
scatter plots which illustrate the comparison between observed and simulated heads are given in 
Figure 6.5. The scatter plot (Figure 6.5 (d)) shows a better distribution of residual around zero. Finally 
it was concluded that the model develop under hypothesis 4 (MOD4) as the best representation of the 
system and it was used for further studies. 

Table �6-2 Statistics of Automated Calibration 
Model Scenario Error( m) 

 ME MAE RMSE 

MOD 1 0.99 3.13 4.96 

MOD 2 2.35 4.7 5.42 

MOD 3 6.47 6.01 8.62 

MOD 4 0.21 4.18 4.54 
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6.1.4. Correlation of Optimised Parameters  

Table 6.3 gives the parameters optimised during the model calibration. Correlation matrix of the each 
parameters related to the respective zones are given in Table 6.4. The determinant of the matrix was 
estimated as 0.0105. This evidence the parameters are not highly dependent on each other. R1R2, 
R1T6, R2R3 and R3T6, are negatively related with correlation coefficient of -0.20,-0.17,-0.33, and -
0.28 in respectively. Hence the relationship between these parameters can be considered as genuine, 
because the probability of this correlation may close to zero. But as the relationship of parameters 
such as R2T6, R4P8, R5T8 and R5T9, are comparatively high they may depend on each other. 
Applied calibration target is depending on the ratio of the parameters. Hence to achieve better 
calibration with more independent parameters it is necessary to apply additional calibration target 
such as flux, together with the hydraulic head. Due to the scarcity of reliable flow data, this was not 
investigated during the study as calibration target.  
 

Table �6-3 Optimised Parameters 
Parameter Calibrated Value Upper Limit Lower Limit 

Recharge (mm yr-1) Zone R1 51 3650 3.65x10-7 
 Zone R2 91 3650 3.65x10-7 
 Zone R3 124 3650 3.65x10-7 
 Zone R4 155 3650 3.65x10-7 

 Zone R5 4 3650 3.65x10-7 
Transmissivity (md-1) Zone T6 11 1.00x10-3 1000 

 Zone T7 54 1.00x10-3 1000 
 Zone T8 112 1.00x10-3 1000 
 Zone T9 705 1.00x10-3 2000 

 
 

Table �6-4 Correlation Coefficient Matrix of Optimised Parameters 
 R1 R2 R3 R4 R5 T6 T7 T8 T9 

R1 1.00 -0.20 0.26 0.18 0.05 -0.17 0.51 0.14 0.01 
R2 -0.20 1.00 -0.33 0.19 0.11 0.83 0.09 0.21 0.03 
R3 0.26 -0.33 1.00 0.10 0.04 -0.28 0.42 0.09 0.01 
R4 0.18 0.19 0.10 1.00 0.25 0.36 0.43 0.67 0.07 
R5 0.05 0.11 0.04 0.25 1.00 0.13 0.15 0.63 0.59 
T6 -0.17 0.83 -0.28 0.36 0.13 1.00 0.08 0.31 0.04 
T7 0.51 0.10 0.42 0.43 0.15 0.08 1.00 0.36 0.04 
T8 0.14 0.21 0.09 0.67 0.63 0.31 0.36 1.00 0.21 
T9 0.01 0.03 0.01 0.07 0.59 0.04 0.04 0.21 1.00 

 

6.2. Calibration Results 

The steady state model was calibrated as described the above and the calibration results in terms of 
hydraulic head, recharge, transmissivity and groundwater budget describe as follows; 
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6.2.1. Hydraulic Head 

Figure 6.6 shows a map of the spatial distribution of the measured and simulated heads. Simulated 
head which is higher than the measured head indicates residual less than zero and simulated head 
which is lower than the measured head indicates residual greater than zero. Figure 6.7 which illustrate 
the correlation between simulated vs. observed hydraulic head of the calibrated steady state model. It 
depicts often the calibration model simulate the head slightly higher than the observed head this may 
be due to model boundary effect. But the R2 of simulated vs. observed hydraulic head is high (0.99). 
 

 
Figure �6-6 Equipotential Map of Simulated and Observed Hydraulic Head (MOD4) 
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Figure �6-7 Scatter Plot of the Calibration 

 

  
(a) Spatial Distribution of Recharge (b) Spatial Distribution of Transmisivity 

  
Figure �6-8 Spatial Distribution of Recharge and Transmissivity 

6.2.2. Recharge 

Inverse calculation of the model resulted to 94 mm yr-1of average recharge for the study area. Spatial 
distribution of the recharge is shown in Figure 6.8 (a) and the calibrated values are in Table 6.4. 
Recharge over the catchment shows significant variation in spatially as well as temporally.  
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6.2.3. Transmissivity 

As the most uncertainty parameter transmissivity values were adjusted during calibration while 
restricting the values within the defined range for identified zones during the manual calibration based 
on the production capacities observed in wells in the area. Calibrated transmissivity of the area is 
illustrated in Figure 6.8 (b). 

6.2.4. Groundwater Budget 

The groundwater budget component can be quantified on the basis of the calibrated model out put. 
Recharge to the aquifer system primarily occurs due to the precipitation and seepage from streams and 
reservoirs. Secondary recharge can be due to the excess irrigation water. Discharge from the system 
occurs as seepage to streams and reservoirs, as evaporation of ground water from soils and 
transpiration from plants, as ground-water outflow, and as pumping from wells. Then groundwater 
budget of the study area can be expressed in more detail by means of the following equation 6.5. 
 

GWin + Rppt + Rsw + Rsec =  Dsw + DEt+  DA + �S                                      (6.5) 
Where: 
GWin : Groundwater inflow from the outside of the study area 
Rppt : Net recharge from precipitation 
RSw : Recharge from stream and reservoirs 
Rsec  : Secondary recharge  
Dsw  : Discharge from Stream and reservoirs  
DEt  : Discharge from ET 
 DA  : Discharge from Abstraction 
�S : change in storage 
The conceptual model developed for the area assumes no groundwater inflow from out side the study 
area (GWin=0). As describe in conceptual model due to the lack of reliable data secondary recharge 
was not considered (Rsec =0) in the study. Moreover, the model does not provide evapotranspiration 
and change in groundwater storage. The study uses recharge based on the Chloride Mass Balance 
Method (CMB). Hence the evapotranspiration is accounted in the net recharge precipitation (Rppt). 
Since the area is modeled under steady state conditions the average inflow to the system assumed to 
be equal to the average out flow, resulting in zero groundwater changes (�S=0). Then, by substituting 
the calibrated model values with the above assumptions into the equation 6.5 a groundwater balance is 
found as summarized in Table 6.5 and Figure 6.9 as well. 

 
Table �6-5 Groundwater Budget of the Study Area 

Flow Term In (MCMyr-1) Out (MCMyr-1) 
Recharge 108 - 

Constant head 
Sea 

Tanks 
River 

 
- 

25 
7 

 
36 
23 
12 

Head dependent flow 3 68 
Wells (Abstraction) - 4 

Total 143 143 
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The mass balance indicates that rivers and tributaries are both loosing and gaining water from the 
aquifer. But on average, the gaining process is dominant. There is flow from the rivers into the 
aquifer, but the discharge from the aquifer to the river is much larger. The flow from the surface water 
bodies may be due to pumping wells or due to some irrigation activities employed in the area.  
 
Groundwater budget obtained from the calibrated model can also be used to reach a general 
conclusion on the flow of the catchment. Total estimated flow through the studied groundwater 
system was 139 MCM per year. Precipitation which provided the primary net recharge of the system 
was estimated as 108 MCMyr-1 through the model. This is about 7% of the annual precipitation which 
is estimated as 1620 MCM yr-1. Net stream flows (Gain –Losses) for all the cells which represent river 
streams and reservoirs were 68MCM yr-1. Observed and estimated flow of the subcatchments which 
are located outside the model domain (Figure 6.10) and the reported annual average flow to the sea at 
Ambalantota are given in Table 6.6. Flow data of Kaltota, Thimbolketiya, Panamure, and 
Ambalantota stations were obtained from the observation made by Irrigation Department while the 
other two points named as Kalkan oya and Diyawinna were derived based on aerial estimate and 
interpolation techniques. As these gauging stations are not coincide with the model boundaries all the 
estimations are approximated values, but due to the lack of  reliable data  these data were used for the 
catchment water balance estimation. Based on these observed data the annual flow contribution from 
the modeled area can be estimated as 165MCM yr-1 which is 31% of the total flow of the catchment. 
Runoff coefficient calculated based on the observed data was 10 % while it was 9 % derived from the 
groundwater flow model. 
 

Table �6-6 Average Annual Flow of the Tributaries 
Location Flow(MCMyr-1 Source 

Weli Oya (Kaltota) 138 Irrigation Department 
Kalkan oya 72 Estimated 
Diyawinna 26 Estimated 

Thimbolketiya 92 Irrigation Department 
Panamure 32 Irrigation Department 

Ambalantota 525 Irrigation Department 
 

6.3. Uncertanity of Model Calibration 

The uncertainty associated with the model may be due to the measurement error, scale error, 
calculation errors that are incorporated with the model input.  
 
Although the obtained RMSE (4.5m) is satisfied the calibration target, the residual error is not equally 
distributed over the model domain (Figure 6.6). The equipotential map constructed with field 
measurement and the model output gives fairly good visual calibration. But the model underestimated 
the hydraulic head in the areas associated with transitional slope in the Eastern part of the area (Figure 
6.6). Model over estimated the hydraulic head close to the boundaries because boundary conditions 
are also uncertain particularly when the model boundaries are not corresponding to the natural 
physical boundaries of the aquifer.  
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Figure �6-9 Contribution of the Component in Groundwater Budget 

 

 
Figure �6-10 Gauging Stations at Major Streams 

 
Hydraulic head measurement error is on the order of 0.01 of meter and at the modelling scale it is 
insignificant. Difference between the land surface elevation and the corresponding elevation obtained 
from the SRTM DEM is significant. Errors due to averaging ground surface elevations available on 
90m grid to 250m grid also appear significant and this could be worse along the higher topographic 
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slopes. The high residual existing in the Eastern part of the area may be due to this uncertainty. The 
nugget observed on kriged head map (annexure B.4) within the aquifer is 42 m affect to the simulated 
head approximately by 6m. This nugget captures both uncertainty and variability of the calculated 
head values. 
 
The regional groundwater flow model attempts to numerically represent the physical world. But 
because of the large lateral dimension of the model accurate simulation of local phenomena is not 
possible. The size of the each node is 250m by 250 m in size and, smaller features can not be 
represented exactly. Each model cell is assigned a single set of parameter values and many of the 
parameters are static during the simulation. Further the hydraulic head as the results of the model 
includes the single water level for each cell; even though it is possible that more than one well exists 
in each cell. To have better accuracy calibration values should ideally coincide with nodes of the 
model to improve accuracy, but practically this will seldom be possible. Field measured head may be 
influenced by small scale heterogeneities that are not captured in the model.  Moreover, the area is 
said to be an agricultural area, lots of irrigation activities are going over it. Small features like 
irrigation canals are also not included to the model. This also may affect to the simulation results of 
the model. 
 
Uncertainty of the model calibration may associate with the assumptions made in the event of 
conceptualising the system. Although two pumping test analysis of WRBH 5 and 6 give clue on the 
connectivity of the upper aquifer with lower one due to the insufficiency of data to prove this the area 
was conceptualised as unconfined aquifer assuming fully impermeable granitic gneiss layer at the  
bottom of the model for the simplicity. But it may be a partially impermeable layer due to the 
localised fractures. Hence uncertainty of the calibrated model may be due to the leaky condition of the 
aquifer.  
 
Error associated with the water balance is relatively high. Flow data which were used for the study is 
consist with the observation as well as the rough estimation derived from aerial estimation and 
interpolation. Then post audit of the model based on these flow data is not justifiable. 
 
Ideally heads as well as flux should be measured at large number of points uniformly distributed over 
the model domain. The model is limited and potentially skewed by the data that are available. This 
also may affect the output of the model calibration. 
 
It is better to use more than one calibration targets such as head and flux in order to increase the likely 
hood of achieving a unique calibration. Because calibration a model increasing in hydraulic 
conductivity/transmissivity creates the same effects on heads as a decrease in recharge matching it 
possible to calibrate the model to heads by adjusting either hydraulic conductivity or recharge.  
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6.4. Sensitivity Analysis 

The sensitivity analysis quantifies the uncertainty in the calibrated model caused by the estimate of 
the aquifer parameters, stress and boundary conditions. During this analysis the calibrated value for 
the aquifer parameters and the boundary conditions are systematically changed with plausible range 
(Anderson and Woessner, 1992). The purpose of sensitivity analysis is to observe the model response 
to variation in uncertain parameters. The results can be used to identify sensitive input parameters for 
the purpose of guiding for the calibration.  
 
Sensitivity analysis was carried out with respect to the MOD 4 which is the most appropriate model 
for the study area. Transmissivity and recharge was selected as the most uncertain parameters. 
Sensitivity of the model was evaluated by RMSE after multiplying each parameter a time by a factor 
0.8 to 1.2 of the initial value and running the model. Then the RMSE related to each run were 
plotted against the multiplying factor. The model is more sensitive to recharge than transmissivity 
(Figure 6.11). Because it is the primary input source and the model is steady-state where inflow 
balances out flow with no change in storage. 
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Figure �6-11 Sensitivity Analysis 

 

6.5. Model Validation 

Prior to finalise a model it is necessary to validate the model. Model validation should be carried out 
using another data set which was not used for the model calibration. Due to the lack of data within the 
same duration, model validation was not completed. 
 
 

Recharge 

Transmissivity 
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7. Conclusions and Recommendations. 

Conclusions and recommendations are based on the research questions which were formulated in 
order to achieve the primary and secondary objectives of the study. 
 
The analysis field data together with the modelling results convince that the upper aquifer system of 
the lower part of the Walawa Basin may not be a fully unconfined system. There may be connectivity 
between the upper and lower aquifer through the granitic gneiss layer which separate these two 
systems. Most probably this connectivity may be related to the fracture system of the area. Details of 
the surface structures are not sufficient to study the connectivity but the pumping test analysis gives 
evidence that lends support to this concept. Geophysical tests can be employed to determine the 
surface geo-structures of the study area together with aerial photo interpretation and RS data. Detailed 
reliable drilling records and pumping tests also can be used to enhance the knowledge of the aquifer 
system connectivity and its behaviour.  
 
The transmissivity of the area varies within a broad range due to the aquifer heterogeneity. 
Transmissivity obtained from the inverse modelling depicts the increase of transmissivity from the 
upper to the lower part of the study area. Geologically the upper part is associated with Highland 
complex with less fracture while in the lower part the Vijayan complex rocks are more susceptible to 
weathering. Because of that more unconsolidated martial can be expected from the lower part and due 
to that transmissivity also can be increased within this area. Although the aquifer was conceptualized 
as a system with constant thickness, there may be spatial variation on it. Since the aquifer 
transmissivity depends on the layer thickness it is better to carry out detailed investigations to 
determine the spatial variability of the aquifer thickness. The pumping test results are not 
representative enough to determine the entire spatial distribution of aquifer properties because the 
data are skewed to the Eastern part of the study area. Due to the heterogeneity of the system this may 
affect the model and it is therefore necessary to carry out pumping tests in the upper part of the system 
as well.  
 
Chloride data can be used to calculate the recharge of the area. The annual average groundwater 
recharge calculated by CMB method was about 121 mm (12 % of annual rainfall) and the model 
calculation was about 94 mm (7 % of annual rainfall). Recharge of the area also shows high spatial 
variation. High recharge zones can be identified in the middle part of the study area. The high 
recharge may be influenced by to the high rainfall and morphology associated with area. In addition to 
that the areas with irrigated agriculture may indicate areas with higher level of recharge due to return 
flow from excess irrigation. Moreover, as shown in the land use map (Figure 2.12) paddy and chane 
cultivations dominates the high recharge area and this convince most probably the return flow of 
excess irrigation may be the main factor that affect the spatial distribution of recharge of the study 
area. Recharge, as the most sensitive parameter of the model, should be determined in more precise 
way. Chloride monitoring in rainfall should be carried out to enhance further recharge estimate using 
CMB method. Chloride should be analysed using a more accurate method. It is necessary to install 
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water level monitoring wells within the catchment to calculate recharge using other methods to obtain 
more reliable estimates. Future work should focus on data collection on periodic river discharged 
measurement. At least it is necessary to take continuous measurements for a period of one or more 
hydrological years. Collection of these data will help determine recharge values for model input 
which will lead to more accurate output. To improve recharge measurements it is also necessary to 
monitor rainfall without any gaps because when converting to transient conditions it is necessary to 
have knowledge on spatial and temporal distribution of recharge. Moreover as recharge is highly 
depending on precipitation rate, soil type, water level, soil moisture, topography and ET it is better to 
apply a tool like SWAT which has the capability to evaluate the aerial and temporal distribution of 
these parameters. 
 
Spatial distribution of the EC and Fluoride can only be used as general tool to evaluate the 
groundwater quality of the area because the chemical composition of groundwater has temporal 
variation too. Then prior to evaluate the groundwater quality of the area it is necessary to study the 
temporal variation of major chemical species with in the study area. 
 
Network of observation wells should be equally distributed over the model domain. Further the 
technical details of the well constructions such as screen depth and casing depth, fracture density, 
detailed lithologs, and bore hole logging data would be more efficient to improve the conceptual 
model as well as numerical model. This regional model can be used as adequate tool for the 
implementation of groundwater development in the area through down scaling to sub regional or local 
groundwater models.  
 
The model can be further developed by applying river and reservoir or lake packages to simulate 
rivers and reservoirs because simulation of the river in the regional flow mode using specified head 
may cause some errors in the calculated head, consequently flow rates along the river change between 
the aquifer and streams. Moreover, it is better to consider the model results available in the areas 
which do not have adequate calibration data as a general indicator which represents the potential 
impact of the area. The model should be refined and updated as new data become available. Finally 
the study concluded that spatial and statistical techniques available in GIS are important to gain 
general understanding of the aquifer system together with numeric modelling even with a minimum 
available amount of field data. 
 
  
Finally it can be concluded that, the analysis of available data are useful to investigate vertical 
distribution of aquifer and its parameters as well as the major processes such as recharge. This 
knowledge lays better foundation for the reasonable conceptual model which can be transferred to the 
numeric model that has capability to reproduce the field data with comparatively good accuracy. The 
field data together with the model out put can be used to understand the aquifer behaviour under 
steady state condition. But the model should be refined with more detail for the better accuracy and it 
is necessary to simulate the transient condition and validation prior to use the predictions. 
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Annexures 

A - Meteorological Data 

A - 1 Rain Gauging Stations Walawa Basin 

Station Name X_ Metric Y_ Metric Max Rainfall 
(mm) 

Min Rainfall 
(mm 

Average 
Rainfall (mm) 

Hambegamuwa 219718 147977 1858.8 535.2 1134.6 
Hambantota 239656 102694 1825.0 590.0 1026.4 

Thanamalwila 241843 139143 1392.4 995.6 1309.6 
Wellawaya 236292 170102 2596.0 961.9 1786.5 

Batata 216413 100427 1354.5 498.4 1078.4 
Kirama 188745 113695 2590.0 897.0 1943.1 

Liyangastota 217516 114802 1439.3 951.2 1178.1 
Mahagalwewa 228574 131394 1361.9 729.0 993.8 
Mahalewaya 239655 103755 1214.3 591.4 908.6 
Mamadola 223052 105958 1398.4 528.6 984.6 

Suriyawewa 225258 124757 1561.1 758.5 1087.0 
Uswewa 216409 114802 1380 558.2 1001.8 

Godakewela 186539 144658 2483.0 1204.2 1797.2 
Nagarak Estate 200916 174513 3199.3 1301.8 2151.2 

Embilipitiya 208662 125858 1558.1 917.8 1307.6 
Lauder Dale group 183218 135812 3638.1 2183.1 3367.7 
Panilkande Estate 184322 128071 3914.9 2942.9 3532.5 

 

A - 2 Meteorological Stations at Walawa Basin 

Station Name 
 

X_ Metric Y_ Metric 

Sevenagala 
 

223994 132344 

Udawalawa 
 

203747 142943 
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A - 3 Monthly Pan Evaporation (mm) Udawalawa Station 

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

1981 194 190 232 193 143 171 219 214 170 202 120 127 2174 

1982 224 240 216 177 145 172 212 238 247 158 131 138 2299 

1983 196 205 219 212 145 170 185 193 150 162 109 118 2063 

1984 111 89 139 126 149 155 176 254 188 157 125 122 1792 

1985 154 127 159 168 154 119 191 203 194 125 122 123 1838 

1990 124 165 149 149 154 167 194 239 231 176 112 106 1965 

1991 116 137 176 190 167 148 221 208 220 144 118 109 1954 

1992 132 155 221 191 146 189 187 214 183 167 111 119 2014 

1993 140 160 189 178 128 157 178 225 179 133 117 93 1877 

1994 118 101 156 129 127 136 196 166 158 148 90 137 1660 

1995 118 109 156 133 127 136 196 166 158 148 90 137 1672 

1996 109 122 162 149 182 152 180 213 144 160 142 124 1839 

1997 173 150 161 164 145 154 191 228 160 144 64 102 1835 

1998 107 125 152 192 165 194 168 136 133 124 189 214 1898 

1999 109 115 153 142 143 159 220 178 340 125 123 115 1921 

A - 4 Monthly Pan Evaporation (mm) Sevenagala Station 

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

1990 137 171 156 135 143 148 172 196 203 157 105 94 1818 

1991 111 135 161 135 135 146 197 194 212 123 110 114 1772 

1992 139 154 193 175 135 193 176 206 152 158 96 103 1879 

1993 120 136 157 134 106 137 173 205 177 115 79 84 1623 

1994 109 94 124 115 138 174 170 157 122 89 92 121 1503 

1995 106 109 153 126 120 109 204 170 174 129 97 123 1621 

1997 145 142 170 131 0 0 0 200 150 110 92 106 1245 

1998 122 150 177 187 140 140 174 136 170 151 0 0 1547 

1999 95 120 133 125 129 152 200 165 158 121 151 109 1656 

2000 115 112 124 138 162 140 200 141 142 138 0 0 1413 

2001 101 150 166 128 165 179 190 188 177 158 110 106 1818 

2002 126 153 169 124 146 172 196 166 185 128 87 85 1735 

A - 5 Meteorological Data at Sevenagala (1990-2002) 

 
Temperature (oC) 

 
Relative Humidity (%) 

 
Pan Evaporation (mm) 

 
Rainfall (mm) 

 

Max Min Mean Max Min Ave Max Min Ave Max Min Ave 
Jan 33.7 26.8 31.8 89 81 89 145.12 94.64 118.81 442 11.7 123.97 

Feb 34.7 30.3 33.3 88 80 88 171.22 94.02 135.49 457 11.6 112.90 

Mar 36.9 31.6 34.8 85 75 85 192.95 123.06 156.87 477 0 137.68 

Apr 35 27.5 33.3 80 67 80 186.63 114.56 137.69 262.8 28.2 155.64 

May 36.4 29.2 33.8 77 64 77 164.65 105.76 126.65 220.6 19.6 111.96 

Jun 37.4 30.5 34.4 75 58 75 192.51 109.20 140.86 87.2 10 34.71 

July 37.4 31.9 34.6 67 61 67 203.07 169.88 170.88 107 5.1 30.02 

Aug 37 31.9 34.6 71 63 71 205.74 136.06 176.88 131.3 0 31.75 

Sep 36.5 32.3 34.8 70 60 70 211.61 122.40 168.39 262.5 10.07 81.47 

Oct 35.2 29.8 32.7 76 66 76 157.67 88.50 131.32 412.3 42.6 221.19 

Nov 34.7 28.5 32.2 84 67 84 150.66 78.77 84.79 487 24.9 231.61 

Dec 32.7 28.3 31.3 85 70 85 123 84.48 87.17 229.8 47.1 141.73 
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A - 6 Meteorological Data at Udawalawa (1990-2002) 

 
Temperature (oC) 

 
Relative Humidity (%) 

 
Pan Evaporation (mm) 

 
Rainfall (mm) 

 

Max Min Mean Max Min Ave Max Min Ave Max Min Ave 
Jan 33.5 26.4 31.2 96 80 91 223.83 109.40 141.51 188 8.3 97.61 
Feb 34.5 28.5 32.5 99 84 91 240.09 114.60 145.89 476.2 15.7 116.80 
Mar 37 32 34.7 97 81 90 231.51 152.87 175.94 271.6 18.5 76.05 
Apr 35.5 25.8 32.9 96 75 87 182.40 141.60 166.24 259.9 42.2 130.48 
May 36.5 27.8 33.1 96 69 81 193.50 143.00 147.95 193 10.3 91.91 
Jun 36.5 28.5 33.3 96 71 81 220.70 158.90 158.58 91.5 1.6 35.67 
July 35.5 30.4 33.3 82 71 76 254.53 220.40 194.26 60.5 5.0 23.95 
Aug 36 29.8 33.6 92 66 78 339.50 178.10 205.05 134.6 16.7 31.73 
Sep 36.2 32.2 33.9 89 69 78 202.10 339.50 190.19 249.9 2.8 81.73 
Oct 33.8 28.8 31.5 93 75 85 189.19 124.60 151.58 362.7 24.5 153.94 
Nov 34 23.5 31.7 95 66 82 123.10 117.51 117.51 528.4 78.7 242.34 
Dec 33.5 22.5 31.5 98 83 91 114.90 125.44 124.44 263.9 19 117.65 

 

A- 7  Rainfall Interpolation Gaussian Variograme Model 

 
Nugget-35000 ,Sill-2557000 ,   Range-75000 

B - Hydrogeologicall Data 

B - 1 Resistivity Data Analysis 

Locations of Vertical Electrical Sounding Points 
VES 
Number 

X_Coordinate Y_Coordinate  VES 
Number 

X_Coordinate Y_Coordinate 

VES-01 223030 123021  VES-12 198663 132303 
VES-02 203941 121900  VES-13 227329 126476 
VES-03 223705 136249  VES-14 222795 135518 
VES-04 187433 132608  VES-15 225998 129061 
VES-05 124436 123542  VES-16 218212 111902 
VES-06 199728 123667  VES-17 223966 123909 
VES-07 202310 124664  VES-18 225998 123803 
VES-08 200137 119422  VES-19 202995 134631 
VES-09 190468 133062  VES-20 236633 115342 
VES-10 216470 135153  VES-21 224952 133845 
VES-11 199773 121538  VES-22 227820 125729 
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VES-01 

 

 
VES-02 

 

 
VES-03 

 
 
VES-04 

 

 
VES05 

 

 
VES-06 

 
 
VES-07 

 

 
VES-08 

 

 
VES-09 

 
 
VES-10 

 

 
VES-11 

 

 
VES-12 

 
 
VES13 

 

 
VES-14 

 

 
VES-15 
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VES-16 

 

 
VES-17 

 

 
VES-18 

 
 
VES-19 

 

 
VES-20 

 

 
VES-21 

 
 
VES-22 
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 B - 2 Pumping Test Data Analysis 

B - 2.1 Constant Discharge 

Well No: WRBH 1  
Drawdown vs time 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 

 

 
Well No: WRBH 3  
Drawdown vs time with Discharge 

 

Theis Analysis 

 

Cooper Jacob Time –Drawdown 

 
 

Theis Recovery Test 
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Well No: WRBH 4  
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 

 
 
 
Well No: WRBH5 
Theis Analysis 

 

Cooper Jacob Time –Drawdown 
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Well No: WRBH 6 
Theis Analysis 

 

Cooper Jacob Time –Drawdown 

 
Theis Recovery Test 

 
 

 

 
Well No: WRBM 1 
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time –Drawdown 

 

 

Theis Recovery Test 
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Well No: WRBM 2 
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 

 

 
Well No: WRBS 1 
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 
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Well No: WRBS 4 
Drawdown vs time with Discharge 

 

Cooper Jacob Time -Drawdown 

 

 
Well No: WRBS 5 
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 
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Well No: WRBS 6 
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 

 
 
Well No: WRBS 7 
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 
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Well No: WRBS 9 
Drawdown vs time with Discharge 

 

Theis Analysis 

 

Cooper Jacob Time -Drawdown 

 

 

 
Well No: WRBS 12 
Drawdown vs time with Discharge 

 

Theis Analysis 

 
Cooper Jacob Time -Drawdown 

 

Theis Recovery Test 
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B - 2.2 Step Drawdown Test  

Well No: WRBH 5 
Drawdown vs Time with Discharge 

 
 

Theis Step Test 

 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 

 
Well No: WRBH 6  
 
Drawdown vs Time with Discharge 

 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 

 
 
Well No: WRBM2  
 
Drawdown vs Time with Discharge 

 

 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 
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Well No: WRBS1 
 
Drawdown vs Time with Discharge 

 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 

 
 
Well No: WRBS 4 
 
Drawdown vs Time with Discharge 

 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 

 
 
Well No: WRBS 5  
Drawdown vs Time with Discharge 

 
 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 

 
 
Well No: WRBS 6 
Drawdown vs Time with Discharge 

 
 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 

 
 
 
 
 



 

88 

Well No: WRBS 7 
Drawdown vs Time with Discharge 

 

Specific Capacity 

 

Hantush-Bierschenk Well Loss 

 

 

B - 2.3 Transmissivity Data 
Well No X_Metric Y_Metric Avarage Remarks

Transmissivity (m2d-1)
WRBH1 227410 108581 0.14 Analysed  based on 
WRBH2 206732 102656 23.13  Theis, 
WRBH3 229976 114620 0.17 Cooper Jacob straight line ,
WRBH4 239526 111864 0.15 Walton method
WRBH5 237311 123782 1.01
WRBH6 242154 120090 24.27
WRBM1 217358 129843 0.08
WRBM2 237070 136976 0.13
WRBS1 239557 113093 1.32
WRBS4 229810 117971 0.27
WRBS5 241980 119976 1.03
WRBS6 236814 123504 0.03
WRBS7 229353 108848 2.06
WRBS9 237420 137235 2.17
WRBS12 237277 167246 1.60
WRBS14 216651 129300 1.55 JICA 2003 report
WRBH5-2 237283 123817 9.45
WRBM1-2 217368 129853 1.1
WRBM2-2 237080 136986 9.12
WA295 217368 129853 2.33 WRB IRDP report
WA-46 217170 133453 0.86
WA-157 225130 122832 0.64
WA-92 226115 124641 0.49
WA296 203068 132493 1.34
WA-155 222538 110124 0.62
WA-54 255881 126695 184.03
UW33 203666 137876 4.40 Based on empherical 
UW-35 205060 131164 141.70 relationship
S5 225429 126516 0.61
S7 225841 123927 8.64
S31 222015 122637 0.98
S32 223691 124246 0.58
S33 223691 124246 0.87  
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B - 3 Recharge Estimation 

B - 3-1 Chloride Content Of Rainwater Samples 

 
Sample No 

 

 
X_Metric 

 
Y_Metric 

 
Ec (uscm-1) 

 
Cl- (mgl-1) 

RF_1 219735 116781 650 5 
RF_2 220680 110040 810 10.5 
RF_3 220640 132130 720 8.4 
RF_4 204597 132032 716 6.4 
RF_5 218322 121992 700 6.1 

 

B - 3.2 Estimation Of Recharge -Chloride Mass Balance Method 

Cl- Cl- Average Recharge 

Ground water Rain water Rainfall mmyr-1 

BH_ID X_METRIC Y_METRIC   (mmyr-1)   
R1 230086 112572 261.0 10.9 940.60 39.28 
R4 229382 108058 233.0 10.9 977.51 45.73 
R9 224165 105783 199.0 10.9 967.74 53.01 
R10 228407 103408 472.0 10.9 987.85 22.81 
R13 230859 102716 120.0 10.9 970.13 88.12 
R15 228381 111370 581.0 10.9 1008.40 18.92 
WA-2 226031 106888 110.0 5.0 976.80 44.40 
WA-3 225247 140673 43.0 5.0 1041.30 121.08 
WA-4 226013 144820 35.0 5.0 1087.90 155.41 
WA-5 224630 147891 51.0 6.1 1084.05 129.66 
WA-6 222479 148720 124.0 8.4 1090.22 73.85 
WA-7 220329 147736 26.0 10.9 1090.49 457.17 
WA-8 219408 147121 31.2 5.0 1107.99 177.56 

WA-9 219716 146138 23.0 8.4 1116.26 407.68 
WA-10 218946 150131 51.0 8.4 1345.80 221.66 
WA-11 216026 157563 67.0 8.4 1165.04 146.06 
WA-12 218393 150653 78.0 5.0 1108.21 71.04 
WA-14 220888 132379 64.0 5.0 1295.06 101.18 
WA-16 220274 132071 100.0 5.0 1312.83 65.64 
WA-17 218341 123624 80.0 8.4 1196.21 125.60 
WA-20 215575 124699 108.0 8.4 1250.65 97.27 
WA-21 216558 125313 120.0 5.0 1268.07 52.84 
WA-23 221411 130229 40.0 5.0 1275.89 159.49 
WA-24 223808 129001 28.0 5.0 1202.30 214.70 
WA-25 218801 125406 48.0 5.0 1244.68 129.65 
WA-26 221565 128386 91.0 6.1 1250.26 83.81 
WA-27 221963 133669 44.0 5.0 1259.96 143.18 
WA-28 215112 130227 41.0 8.4 1394.48 285.70 
WA-29 216188 128538 76.0 5.0 1392.58 91.62 
WA-34 225707 142056 18.0 5.0 1271.32 353.14 
WA-35 221564 133454 63.0 10.9 1113.20 192.60 
WA-38 225402 138984 72.0 10.9 1109.98 168.04 
WA-40 219561 148811 32.0 8.4 1114.31 292.51 
WA-41 225346 125163 24.0 6.1 1118.55 284.30 
WA-42 219407 149118 66.0 6.1 1109.01 102.50 
All the estimated values are not given 
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B - 4 Spatial Distribution of Model Parameters 

 
Initial Hydraulic Head 
Model-Gaussian 
Nugget- 75  
Sill - 8650 
Range- 47750 m 

Recharge 
Model -Power Model 
Nugget - 6500 
slope – 1.5 
Power – 0.86 

Transmissivity 
Model- Gaussian 
Nugget- 2.45 
Sill - 3.5 
Range- 4500m 
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B - 5 Details of Production Wells 

 

BH_ID X_Metric Y_Metric  Elevation (m) amsl SWL (m) amsl Depth (m) Yield (lmin-1)
WA-2 226031 106888 12 9.00 36.00 113.60
WA-8 219408 147121 109 105.50 48.00 120.00

WA-64 218651 115393 29 8.00 36.00 100.00
WA-100 224685 138629 97 86.45 36.60 90.00
WA-110 224672 108167 18 14.03 21.41 270.00
WA-192 215693 156220 144 141.40 30.20 100.00
WA-195 216715 154248 141 136.62 31.76 100.00
WA-199 225766 146029 146 141.85 29.81 50.00
WA-205 216232 148854 130 125.64 31.90 67.50
WA-268 222182 105757 17 13.08 16.10 300.00
WA-270 219874 107865 35 28.35 21.10 60.00
WA-295 217368 129853 71 68.97 40.80 85.00  

 
 
 
 

B - 6 Details of Observation Wells 

 

BH_ID X_Metric Y_Metric 
SWL (m) 

a.m.s.l  BH_ID X_Metric Y_Metric 
SWL (m) 

a.m.s.l 
WA-2 226031 106888 9.00  WA-199 225766 146029 141.85 
WA-23 221411 130229 59.60  WA-205 216232 148854 125.64 
WA-25 218801 125406 45.00  WA-207 220350 148388 120.82 
WA-29 216188 128538 59.00  WA-208 220043 145713 108.97 
WA-45 217569 133146 67.00  WA-212 214605 157491 119.85 
WA-62 216590 120645 29.00  WA-217 225190 146937 124.00 
WA-69 227565 111127 9.00  WA-221 229376 105606 9.25 
WA-100 224685 138629 86.45  WA-224 229412 105649 8.90 
WA-105 227213 118668 46.63  WA-236 217795 110465 31.25 
WA-109 226833 108189 7.98  WA-242 218829 112759 25.60 
WA-110 224672 108167 14.03  WA-246 221365 110021 19.80 
WA-137 223401 118660 37.28  WA-253 219583 110094 18.50 
WA-138 220379 119612 33.50  WA-254 222157 104291 19.50 
WA-139 219735 116781 20.30  WA-268 222182 105757 13.08 
WA-140 220364 118057 25.00  WA-270 219874 107865 28.35 
WA-153 225564 123174 67.30  WA-271 217929 112307 25.82 
WA-167 229052 122595 70.50  WA-281 207130 132093 64.90 
WA-176 212789 154372 117.80  WA-282 203844 132703 76.00 
WA-186 214272 159610 123.75  WA-284 214631 119269 50.00 
WA-192 215693 156220 141.40  WA-285 207624 128350 76.75 
WA-194 217622 155520 148.47  WA-286 211490 127550 50.50 
WA-195 216715 154248 136.62  WA-287 216626 117077 38.00 
WA-197 219011 149755 130.60      

 
 
 
 


