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Abstract

:

Due to overexploitation and lower rainfall rates, it is essential to study the detailed water balance of the Keenjhar lake by considering the climate change impacts and higher water demands linked with the population growth. A hydrological model of Keenjhar Lake is developed based on a system dynamic approach using STELLA (Structural Thinking and Experiential Learning Laboratory with Animation). The model (STELLA) developed in the current research study comprises the following three sub-systems: population, water supply, and water demand. The hydrological and climate data for the period of seventeen years (2000–2016) is used in the current study. The monthly water budget of the Keenjhar Lake is determined by inflow components such as rainfall and the Kalri-Baghar Feeder (K.B.F) (upper) and outflow components such as evaporation, the K.B. Feeder (lower), and the Keenjhar-Gujju (K.G) canal from the lake. The water balance results revealed that the contribution of direct rainfall and the annual inflow components to the lake are 22.03% and 77.91%, respectively. Whereas the evaporation, outflow to K.B.F lower and water abstraction to the K.G. Canal constituted about 5.78%, 92.55%, and 1.57% of the total annual outflow from the lake, respectively. Moreover, the annual inflow components of the water budget of the lake showed a declining trend while the outflow components (water abstraction) intimated an increasing trend. The study results also acknowledged that the demand for water can increase from 3 × 1010 ft3/yr up to 1.2 × 1011 ft3/yr by the year 2050 (influence of overdrawing of water due to population growth), and water supply may decrease to 9.066 × 1010 ft3 (rainfall depletion due to climate change). A detailed water balance explains the main water loss components and will help in developing better water management practices and well-informed policy decisions.
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1. Introduction


Many countries are facing climate change-related problems as it has disordered the precipitation patterns, runoff trends, water management approaches, expenditure, and time required to adapt and implement the remedial measures [1,2,3,4]. The availability of freshwater is a national issue for many countries throughout the world [5,6]. Information regarding the water balance components of lakes and reservoirs is crucial for managing demand and supply as it can provide guidelines to stakeholders and policymakers by providing essential information to efficiently utilize the water resources [7].



Large metropolitan cities all around the globe are struggling to meet the ever-rising water demands. Karachi is the largest metropolitan city in Pakistan with a population of over 15 million. Due to the rapid growth in the population and shrinking water resources, there is a continuing and growing shortage of drinking water resources. Karachi Water and Sewerage Board (KW&SB) [8] is responsible for arranging water supply for the metropolitan area and has constructed an independent lined channel, the K.G Canal, which supplies water from Keenjhar Lake with a discharge capacity of 1382 cusecs. In addition, the lake supplies water for drinking and irrigation purposes to the Thatta District, situated on the right bank of the River Indus. To meet the requirements of the irrigation sector, K.B. Feeder lower is used. Keenjhar Lake, the second-largest freshwater lake in the country, is continuously losing its capacity due to overexploitation and decreasing precipitation rates, and it is becoming difficult to fulfill the water requirements of Karachi and Thatta cities at the desired level. Failure to meet the water supply demands would result in great disruption and chaos to the life activities in the largest metropolitan of Pakistan. Consequently, it is essential to estimate the capacity of Keenjhar Lake and to develop a water-balance model for the reservoir to ascertain the future water demands and supply [9,10,11,12].



Multiple water budget studies have been conducted across the globe to help decision-makers formulate policies for the efficient use of water resources. Kebede et al. [13] studied the water budget of Lake Tana in Ethiopia and determined the measured outflow, the estimation of the runoff, evaporation, and the rainfall that entered the lake. Through hydrological modeling, the monthly lake level variation model from 1960 to 1990 was developed. A study found that during the past 50 years, there has been a 20% variation in rainfall in the Blue Nile Basin; however, the level of the lake has remained constant. The analysis indicates that a continuous 7 to 8-year reduction in rainfall would be required to change the lake level drastically. Gibbson et al. [14] developed a water balance model for the Great Slave Lake in Canada, which predicts the frequency and amplitude of annual water level fluctuations. Annual water balance based on hydrological monitoring (1964–1998) revealed that 74% of the inflow into the Great Slave Lake originates from the Peace-Athabasca catchments that enter the lake via the Slave River. An estimated 94% of water losses occurred by outflow to the Mackenzie River, and the remaining 6% were contributed by evaporation from the lake surface. Bublaku et al. [15] studied the water balance of Badovc Lake in Kosovo during the period from 2013 to 2014. A decrease of 106 m³ of the lake’s physical volume due to the sedimentation on the lake bottom was revealed by the recent bathymetric survey. Hecky et al. [16] conducted a study on Lake Victoria in Africa to compute pollution loadings of the catchment and atmosphere. The water balance of the lake was calculated by analyzing the hydrological and meteorological data from the years 1950 to 2004. The results indicate that the annual discharge contribution to Lake Victoria is 21.4% through Tanzania, while Kenya provides about 37% and Uganda about 4.2%. Salim Khoso et al. [17] conducted a study on water scarcity, its causes, impacts, and remedial measures in Pakistan. It was suggested that the authorities need to consider balancing the competing demands between urban and rural areas by considering the economy and the environment. Popovska et al. [18] assessed the vulnerability of the Strumica River basin by analyzing the effect of climate change on water resources. The water balance model was developed by using the data of precipitation and runoff from 2000 to 2010 and projected/forecasted the conditions in 2025. Balali et al. [19] have studied a system dynamics approach for modeling groundwater depletion dynamics under different economic and climate change scenarios. The vulnerability of groundwater balance is forecasted under dry, normal, and wet climate conditions and also different scenarios of irrigation water and energy pricing policies. Results revealed that the implementation of economic policies on irrigation water and energy pricing can significantly affect groundwater exploitation and its volume balance. Waseem at el. [20] uses available low-frequency monitored flow and water quality data in combination with integrated hydrological and hydraulic modeling to represent the surface water and groundwater hydrology and NO3-N loads in the Tollense River catchment. The water balance results showed that 60–65% of total precipitation is lost via evapotranspiration. A total of 85–95% of surface water discharge in the river and its tributaries are fed by groundwater via base flow. Multiple studies have used a STELLA-based model to simultaneously predict hydrological processes, N uptake, and biomass production [21,22,23,24,25].



A water-balance model can help in understanding the problem and selecting the best practices and solutions by establishing a sustainable level of water withdrawal. Therefore, it is important to look at the historical trends and the natural water levels of Keenjhar Lake to produce a management framework. The integrated modeling method plays an important role in evaluating the water crisis [26,27,28,29,30,31,32,33]. One of the most appropriate tools for environmental modeling is the system dynamics (SD) method, which was developed in the 1950s by Jay Forrestor and his associates. In this study, the system dynamics method is used to develop a dynamic simulation model. The basic difference between system dynamics and other modeling methods is the way the flows and stocks affect each other through feedback loops are considered. The stocks and flows together display and affect system properties that cannot be accredited to any of the individual components that make up a system. There are several available software packages that use the principle of system dynamics, such as STELLA, WEAP, PowerSim, VenSim, etc. Overall, the aforementioned models are essential research tools and have improved our understanding of water balance estimation. However, they have been criticized for being too abstract and difficult to understand, use, and apply; for requiring too much input data and time entering data, and for requiring advanced training. It is noted that the STELLA software has been widely used in biological, ecological, and environmental studies [34,35,36]. The software produces finite difference equations that describe the graphical model and allows users to select a numerical analysis method to apply to the system, either the Euler method or various Runge–Kutta methods (either second- or fourth-order) [37]. System dynamics is the theory of system structures and a set of tools for representing complex systems and analyzing their dynamic behavior. The SD approach is a policy-based methodology that evaluates the effect of policy changes on a system. The most important feature of this approach is to elucidate the endogenous structure of the system under study to see how different elements of the system relate to one another and to experiment with changing relations within the considered system when different decisions are included. The SD approach is an appropriate technique for simulating complex problems in integrated water resources [38].



In the present study, STELLA 10.1 software created by iseesystems was effectively utilized to prepare the proposed model that includes water demand, supply, and storage as input parameters. STELLA allows the user to communicate how a system works—what goes into the system, how those inputs impact the system, and what the outcomes are. The research objectives of the current study include (i) developing a water balance model of Keenjhar Lake; (ii) evaluating Keenjhar Lake’s capacity to meet future water demands for the metropolitan area of Karachi. The resulted model provides improved water resource management tools enriched with a better-informed decision management system for the Keenjhar Lake to achieve economic and social objectives.




2. Materials and Methods


2.1. Study Area


Keenjhar Lake is located (24°57′ N 68°03′ E) in Thatta District of Pakistan. The lake is considered as the major source of drinking water supply for more than 15 million people in Karachi City and about 0.15 million people in Thatta [27]. The average annual rainfall in the area is 175 mm, which mostly falls during the monsoon season. The area experiences very hot summer and cold winter and the climate of the area is characterized as subtropical [11]. The area of lake is mainly covered by rocky, gravelly, and loamy soils. The lake is fed by the K.B Feeder originating from Kotri Barrage, which arrives at the northwest corner of the lake. It is also fed by many other small seasonal streams that enter the western and northern shores. K.B Feeder is 38 miles in length and its designed discharge is 9100 cusecs at the head [28]. The maximum length of the lake is 24 km while the maximum width is 6 km. The total surface area of the lake is 13,468 ha (33,280 acres) with a total water volume of 0.53 × 106 acre-ft (650 hm3). The average depth of the lake is 1 m and ranges maximum up to 7.9 m (26 ft) [30]. In 1977, due to the Sindh wildlife protection ordinance, Keenjhar Lake was declared a wildlife sanctuary. The sanctuary includes the lake and the area along the Indus Highway. Enriched with biological diversity, Keenjhar Lake is one of the popular locations for recreation and also serves as a breeding place for migratory birds [31]. The location of the study area is shown in Figure 1.




2.2. Methodological Framwork


In this study the mentioned objectives were achieved based on methodological framework explained in Figure 2. Initially a robust analysis of the available time-series data was conducted to understand the problem’s extent and to find important relationships between different parameters.




2.3. Data Collection


The time series of hydrological, meteorological, and land use parameters have been collected for the assessment of water balance of Keenjhar Lake.



2.3.1. Hydrological and Climate Data


Daily discharge data of Keenjhar Lake and lake water levels of gauging stations for the last 17 years (2000–2016) were collected from Sindh Irrigation department. On the other hand, daily and monthly meteorological data of rainfall and temperature (maximum and minimum) for last 17 years were collected from the Pakistan Meteorological Department (PMD). Additionally, daily and monthly evaporation, relative humidity, wind speed, and sunshine hours for the last 17 years were collected from the Tando Jam Meteorological Station. The average annual rainfall in the area is 175 mm, which mostly falls during the monsoon. The maximum temperature during the summer is 47 °C and the average minimum temperature between the ranges of 1 and 2 °C during January. Table 1a shows mean monthly flow and Table 1b shows the mean monthly evaporation and evapotranspiration of the Keenjhar Lake. Summary of collected data at monthly temporal resolution is shown in Figure 3.




2.3.2. Land Cover/Land Use


The catchment area of the Keenjhar Lake is mostly characterized by mountainous regions, and only limited area is covered by forest. Figure 4 shows the land cover map of the Keenjhar Lake, which was classified at a spatial resolution of 15 m by supervised land use/land cover classification. Major land-use type is barren land (65.89%), whereas vegetation, urbanization, and water are 25.5%, 4.66%, and 3.93%, respectively. The satellite data covering the study area was obtained from Global Visualization Viewer (GLOVIS).




2.3.3. Soil Data


Thatta has diversified soil types ranging from sandy, loam, clayey to the saline, flooded, and mountain soils. The area of lake is mostly covered by rocky, gravelly, and loamy soils, and small area is covered by mountains. Area-wise distribution of soil is found as rocky and gravelly: 1326 km2; loamy soil: 672 km2; rough mountain land: 26 km2 and the rest 33 km2 include marshy, saline, flooded, and clayey soil as shown in Figure 5.




2.3.4. Inhabitants Data


According to the census of 1998 the population of District Thatta was 1,113,194, which has increased at a growth rate of 2.26% per year. The population estimated for 2016 is 1,665,931, which shows an increment of about 43% in last 18 years starting from year 1998 [10]. According to the UN report, the population of Karachi is increasing with a growth rate of 5% per year but during the years 1998 to 2011 the population grew from 9.8 million to 21.2 million with an increment of 115%. The population of Karachi has been estimated for the year 2016 as 17,121,000 [29]. Information about water sources for domestic water supply and irrigation was collected from relevant district offices, water supply offices, and through the literature survey. Summary of the data used in this study is shown in Table 2.





2.4. Governing Equations


2.4.1. Water Balance


A water balance represents an inventory of water for a specific body of water during a certain time period. This states that for any arbitrary volume and during any period of time the difference between total input and output will be balanced by the change of water storage within the volume [13,40]. Equations of water balance are based on the principle that the difference between the water inflow and outflow of water at a given time during the hydrological system of lake is equal to change in water storage of that system. All the lake’s water gains and losses and measuring the corresponding change in the lake level over the same period are taken into account in order to compute the lake water budget, as it appears in the following equation:


ΔS/Δt = Inflow − Outflow



(1)




where, ΔS and Δt represent the change in storage and time duration, respectively.




2.4.2. Estimation of Evapotranspiration


The pan evaporation data 2000–2016 has been collected from the meteorological station located at TandoJam, while the modified Penman method was used to estimate evapotranspiration. The modified Penman formula can be stated as follows:


ET0 = C × (W × Rn) + (1 − W) × f(u) × (ea − ed)



(2)




where ET0 = Reference crop evapotranspiration (mm/day); W × Rn = Represents radiation term, and (1 − W) × f(u) × (ea − ed) = aerodynamic term; W = temperature and elevation related weighting factor for the effect of radiation; Rn = net radiation; Rn = (Rns − Rnl) in mm/day; Rns = the net incoming shortwave solar radiation; Rns = n/N × 0.5 + 25 × Ra × 0.75; Ra = extra-terrestrial radiation expressed in equivalent evaporation in mm/day; n = actual duration of bright sunshine (sunshine hour); N = maximum possible duration of bright sunshine; Rnl = the net long wave radiation; Rnl = f (n/N) × f(ed) × f(t)



f(t) = correction factors for temperature (It depends on different values of temperature).



f(ed) = mean actual vapor pressure; f(ed) =      e d  × 0.044 − 0.34    



ed = mean actual vapor pressure of air in millibar; ed = ea × RH (mean)/100



RH = relative humidity



ea = saturation vapor pressure in millibar at the mean air temperature in degrees centigrade



Δe = ea − ed



(1 − W) = a temperature and elevation related weighting factor and the effect of wind humidity on ET.



f(u) = a wind related function U2; f(u) = (U2/100 + 1) × 0.27



U2 = wind velocity



The adjustment weather factor ‘C’ and wind-related function f(u) are the important variations made in the modified Penman formula. This method gives very satisfactory value to crop ET. Computation technique is given in a solved problem subsequently and the constant value has been taken from [32].




2.4.3. Lake Bathymetry


Bathymetry is the science of hydrology concerned with the measurement of volume or capacity of water bodies by following the depth patterns associated with the surface of water and to the floor of the body in conjunction with its topography. Bathymetric topographic maps represent the three-dimensional shape of the floor surface and in detail integrated contour lines or isobaths lines on the map. Integration of global positioning system (GPS) and echo sounder data with geographic information system (GIS) software is a cost-effective way to determine the current storage capacity and map the bathymetry of a reservoir. This GIS technique uses various GIS tools including method incorporation of spatially distributed field data, GRID, TIN, and Arc Map as analyst tools [32,41,42]. A database model was created to process all the survey data into GIS software. Field book data was entered into computer in the format of DBF files of northing, easting, and depth for individual cross-sections. The DBF files were used to generate the point coverage. A Triangulated Irregular Network (TIN) surface was generated from the bathymetric data. The TIN surface was used to produce contour plan using a 1-ft contour interval. The contour lines were plotted over the Landsat ETM+Satellite image to assess any errors or anomalies. Bathymetric data has been collected from the National Engineering Services of Pakistan (NESPAK) as a series of cross-section lines across the lake surface area perpendicular to the longitudinal axis of the reservoir streamlines. The lines are 500 to 1000 ft apart depending upon the local morphology of the lake. This data has been collected by using fiberglass turbo engine powerboat with a handheld echo sounder, a handheld GPS MAGELLAN explores with a 3-m accuracy. Water depths have been collected at discrete points approximately at 100 ft intervals depending on water depth, both speed, and other operational parameters. The accuracy of echo sounder was found to be 0.05 to 0.1 ft. Hence error range of the bathymetric data was found to be negligible. The depths with corresponding locations were entered into field book simultaneously. Horizontal location was recorded in the form of a set of Easting and Northing coordinates on Universal Transverse Mercator projection Zone 42 using WGS 1984 Datum. At the reservoir site, point features, including impoundment structure elevation, water’s edge, and additional land features, have been collected.





2.5. Water Balance for Keenjhar Lake


Water balance was developed for Keenjhar Lake on an annual basis for a duration of 17 years (2000–2016). The water balance model equation was used to compute the area, depth, and volume of the lake. The purpose of water balance is to assess the Keenjhar Lake’s temporal changeability in water level area and calculate the volume on the monthly and annual time interval. The water balance equation can be written as follows:


ΔV = P + R − A − E



(3)




where ΔV = change in lake volume; P = precipitation on the lake; R = surface runoff from the catchment (inflow); A = abstraction from the lake (outflow); E = water evaporation from the lake.




2.6. System Dynamics Modeling Approach


Governing equations and the associated assumptions, as well as conditions, were incorporated into the STELLA model. STELLA is a computer software program used to develop models for research and education with applications in economics, sciences, and engineering. Detailed descriptions of the STELLA software can be found in Isee Systems (www.iseesystems.com accessed 10 March 2019). The STELLA model normally has the following four basic components (Figure 6), (1) stocks, the state variables used to calculate the information accumulation in the stock and the flows into and out of the stock; (2) flows, the exchange variables that control the arrival or departure of information between the state variables; (3) converters, the auxiliary variables that can be represented by constant values or by values dependent on other variables or functions of various categories; (4) connectors, which connect among modeling features, variables, and elements [21].



System dynamics Model construction was carried out by using STELLA software version (10.1). The modeling process involves creating conceptual diagrams, which include input parameters, important variables, and their calibration and equations with the available data. Model sensitivity to changing parameters was tested and then simulated to examine feasible future changes in the Keenjhar Lake level. The following stocks were constrained by the non-negativity condition in the software system, such as population, years, and lake volume. The connector in the diagram involves important mathematical relationships. The scenarios were predictable from the base year 2017 to 2050. There are five scenarios tested in the model, which are as follows: Scenerio 01: Base Line; Scenerio 02: Maximum population growth rate; Scenerio 03: Minimum population growth rate; Scenario 04: High rainfall; Scenario 05: Low rainfall. The conceptual model of the Keenjhar Lake is shown in Figure 6. Conceptual model of the Keenjhar Lake contains important mathematical relationships.




2.7. Model Calibration and Validation


The modeling process involves creating conceptual diagrams, which include input parameters, important variables, and their calibration and equations with the available data. Model sensitivity to changing parameters was tested and then simulated to examine feasible future changes in the Keenjhar Lake level. Model calibration is the process of obtaining the best fit between the observed data and predicted results by adjusting the input parameter values within a reasonable range, while model validation is the same process using the calibrated model without making any changes to the input parameter values. In this study, we used the observed inflow and outflow data for model calibration and validation. With very good R2, low p values, and reasonable NRMSE, we concluded that the STELLA model developed in this study performed well in predicting Keenjhar Lake water balance.




2.8. Lake Volume Estimation


Surface area volume and elevation curves were generated for the Keenjhar Lake. Arc Scene was deployed to generate visual model. In addition, it was used to produce the initial point data as well as the final TIN and contour data. The final TIN was converted to a grid format and combined with a Digital Elevation Model (DEM) used in Arc Scene. The bathymetry model of the lake was built along with elevation, area, and volume. The reservoir capacity of Keenjhar Lake at the proposed conservation level of 57 ft is 660,000 acre-ft. Figure 7 exhibits the area capacity curve of the lake. According to the criterion of storage capacity, the Keenjhar Lake reservoir falls into the category of major reservoirs, whereas according to height of embankment criteria, it falls into the category of minor reservoirs [43].





3. Results


All components of the water balance were estimated, and the water balance of Keenjhar Lake is shown in Table 3. The result of lake water balance reveals that the contribution of direct rainfall and K.B.F (Upper) to the annual inflow components to the lake are about 22.03% and 77.91%, respectively. Evaporation, outflow to K.B.F Lower, and water abstraction to K.G. Canal constituted about 5.78%, 92.55%, and 1.57%, respectively, of the total annual outflow from the lake. The annual water balance of Keenjhar Lake is shown in Figure 8.



3.1. Water Volume Simulations by STELLA


The simulated graph presents a comparison between the trends of the selected variables at particular scales and codes. During the model, calibration results were compared with basic calculations. In STELLA, Euler’s Integration was chosen at the interval of the years when the results of the model were compared with fundamental mathematical equations.



3.1.1. Scenario 1 (Water Volume Changes-Base Line Scenario)


According to the Pakistan statistical census [10] and the UN report [29], the population of the Karachi and Thatta were estimated to be about 14,552,850. Based on the UN report and Pakistan’s statistical census population data population was projected for 2017–2050. The results were similar to those obtained by using a net growth rate of 3.63%. Results show that the population of the study area will rise to 50 million in 2050. Simulated water volume changes regarding lake inflow and water withdrawal are in ft3/year, and the volume of the lake in ft3 is shown in Figure 9a. It also shows that lake volume decreased from 9.066 × 1017 ft3 to 9.066 × 1017 ft3. The inflow of water remained constant at 3.784 × 1010 ft3/yr and the withdrawal of water increased from 3 × 1010 ft3/yr to 1.2 × 1011 ft3/yr. Based on simulated values when the withdrawal of water and population growth were not considered in the model. It shows that all variables almost remain constant. A very small change occurs in evaporation and rainfall. Evaporation decreases from 180 ft3/yr to 179 ft3/yr, rainfall decreases from 10,992 ft3/yr to 10,991 ft3/yr, and the inflow of water remains constant at 3.784 × 1010 ft3/yr.



The function curve of Inflow Lake was added to the model of Keenjhar Lake as shown in Figure 9a. It was analyzed that the population in the study area shows a high growth rate. The result of this growth rate assumption will be water abstraction from the Keenjhar lake and will have a negative effect on the water volume of the lake. Effective and sustainable solutions must be considered for the long-term control of such growth factors.



A bathymetry survey was conducted by NESPAK in August 2006. The result of the survey shows that Keenjhar lake had a volume of 660,000 acre ft. A model was prepared based on the observed climatic conditions for the long term with the addition of population growth. A possible recovery of the lake water volume at 3 ft3 was simulated for 34 years. It was simulated that water withdrawal increased from 3 × 1010 ft3/yr to 1.2 × 1011 ft3/yr. The simulation showed a recovery to equilibrium gained by the 34th year. To test the long-term effects of outflows, a Keenjhar Lake discharge was used at 1.2 × 1011 ft3/yr and then the model was run for 34 years for results as shown in Figure 9a. The projected annual water per capita consumption was adjusted as an effect of economic growth on water consumption and can be added to the model structure. The simulation also recommends that reducing global warming and increasing the population can add a considerable amount to lake sustainability. Apart from the socio-economic damages, the reduction in the lake depth is also affecting the ecological integrity.




3.1.2. Scenario 2 (Water Volume Changes-Maximum Population Growth Rate)


In this scenario, the maximum population growth rate of 5% was taken. The result of this model is shown in Figure 9b, which entails that the population will reach 80 million by 2050. Due to the increase in population, water withdrawal from the lake increases rapidly and will change the volume of the lake. Simulated values in Figure 9b of lake trend for the years 2017–2050 show that lake water withdrawal will increase from 0 ft3/year to 2 × 1011 ft3/year with an increase of population from 10 million to 80 million.




3.1.3. Scenario 3 (Water Volume Changes-Minimum Population Growth Rate)


In this scenario, a minimum population growth rate of 3% was taken. The results of the model in Figure 9c show that the population will increase from 10 million to 40 million, and water withdrawal will increase from 3 × 1010 to 1 × 1011 ft3/year.




3.1.4. Scenario 4 (Water Volume Changes-High Rainfall)


In this scenario, a 20% increase in rainfall from the original value was considered. The results in Figure 9d present that there is no change in the lake volume and inflow values. The withdrawal of water changes from 3 × 1010 to 1 × 1011 ft3/year. The simulated values of lake trend from 2017 to 2050 with consideration of water withdrawal and population growth in the model resulted that rainfall remained almost constant at 1120 ft3/year and water withdrawal increased from 3 × 1010 to 1 × 1011 ft3/year.




3.1.5. Scenario 5 (Water Volume Changes-Low Rainfall)


In this scenario, a 20% decrease in rainfall from the original value was considered. The result present in Figure 9e shows that there is no change in inflow, rainfall, and population values. The simulated values of lake trend for 2017–2050 with water withdrawal and population show that the rainfall almost remains constant at 10,771 ft3/year and water withdrawal increased from 3 × 1010 to 1 × 1011 ft3/year.





3.2. Scenarios Comparison


	
Maximum Population vs. Minimum Population






The results obtained from all the above-mentioned scenarios revealed that in the first scenario, the net growth rate for the baseline was 3.63%, which projected the population of the area around Keenjhar Lake to rise by 50 million by the year 2050. This population growth rate of the area gives a high growth rate and a large size of the current population. This shows a significant amount of water abstraction from Keenjhar Lake, which has a considerable effect on the overall water volume of the lake. This presents that the discharge of Keenjhar Lake is not effective for sustainable water flows in the long-term. In the second scenario, a maximum population growth rate of 5% is considered. The results are shown in Figure 10a, which shows an increase of the population by 80 million people by the year 2050. This increase in population has a considerable effect on the water withdrawal from the lake due to high water demand, which results in a decrease in the water volume of Keenjhar Lake. A minimum population net growth rate of 3% is taken for the third scenario. The result is shown in Figure 10b, which shows a population decrease of 40 million people in the overall population and resulting in less withdrawal of water from the lake.



	
High Rainfall vs. Low Rainfall






In the fourth scenario, the rainfall rate is increased by 20% more than the original value. This does not show any considerable change in the lake volume since the inflow and outflow remain the same. In the final fifth scenario for low rainfall, the percentage of rainfall was decreased by 20% from the original value. It was observed that the volume of the lake does not change; hence, the inflow and outflow values remain the same as well as the population. The result is shown in Figure 10c,d, which shows the scenarios with high and low rainfall.





4. Discussion


The integrated modeling method plays an important role in evaluating the water crisis. Knowing the economic and ecological effects are essential for monitoring and managing lakes [26,44,45]. An environmental model can help in understanding the crisis and can also help in choosing the best practices and solutions by establishing a sustainable level of water withdrawal. Based on the results of the modeling, the alternatives and more sustainable economic potential of the area can be proposed. Therefore, it is important to look at the historic trends and the natural water level of Keenjhar Lake and to produce a water balance model using the STELLA software. The tool derived from STELLA is suitable to model a massive system with a reasonable degree of accuracy. The model is an integration of disparate data, science, and decision-making.



A water balance represents an inventory of water for a specific body of water during a certain time period. The study of water balance is the application of the principle of conservation of mass, often referred to as the continuity equation in hydrology. This states that for any arbitrary volume and during any period of time, the difference between total input and output will be balanced by the change of water storage within the volume. Water balance estimation is one of the main subjects in hydrology and is a means of a solution to important theoretical and practical hydrological problems. Based on the water balance approach, it is possible to make a quantitative evaluation of water resources and their change under the influence of human activities. An understanding of the water balance is also extremely important for studies of the hydrological cycle. With water balance data, it is possible to compare individual sources of water in a system over different periods of time and to establish the degree of their effect on variations in the water regime.



Further, the initial analysis used to compute individual water balance components and the coordination of these components in the balance equation makes it possible to identify deficiencies in the distribution of observational stations and to discover systematic errors in measurements.



Since the commissioning of Keenjhar Lake, it has never been filled to its maximum conservation. Mainly due to reasons that in the early period of operation, the demand for water supply to Karachi and the planned canal irrigated area was low and that did not necessitate filling of the lake to its maximum conservation level every year. There was inadequate maintenance of the lake bunds, and the Irrigation Department Sindh could not take the risk of raising the lake level beyond R.L. 50.3, which was considered to be safe in relation to the existing weak condition of the lake bunds. The necessity of redesigning the lake bunds has now been unquestionably established by historical events. The Irrigation Department intends to raise and strengthen the bund of Keenjhar Lake to the top level of RL 65.0 and strengthen it with stone pitching.



As part of the flood is to be passed through the existing outlets, it is necessary that the gates of the outlet structures, including escapes, should be kept at a high level of maintenance, particularly during the flood season. Similarly, the channels should be in a condition to take discharge as per design discharge capacity. During the passage of a major flood event, the supply to Keenjhar Lake would be stopped immediately and it is assumed that the KB Feeder Link and KB Feeder Lower would be utilized to discharge floodwater up to their design capacities. This would involve the operation of the escape structure on KB Feeder Link.



During the modeling process, some relationships and factors, including the subsystems, are not computed, which include the impact of climate change on surface runoff of the lake, water price, and relations between socioeconomics and the water environment. The constructed model is limited because some of the data are difficult to collect, especially data on the lake inflow component from the hill torrents of adjoining areas into Keenjhar Lake. The groundwater inflow and outflow from the lake were difficult to obtain from the collected data and available information and treated as the residual of the net groundwater flux. Consequently, the related simulation results are difficult to verify. In addition, for the reason, of the different numerical standards for each department, the uncertainty of the system dynamic model was intensified.



Although spatial variability in land cover or land use features within the ungauged catchment of Keenjhar Lake will exert some impacts on the catchment inflow. The landuse changes such as agriculture, forestry practices, and soil properties can affect superficiality [7]. While a simple but reliable approach was used to estimate the ungauged hydrology of the lake’s catchment, surface parameters and field measurements hydrogeological were limited. In the present study, despite these uncertainties and limitations, the present method is sufficient for the first time to develop and recognize the hydrological processes of the complex Keenjhar Lake system. Based on our results, future management approaches for the lake system that deem surface water and groundwater as a joint resource will be considered necessary to include groundwater modeling as a component of the lake hydrodynamic models. In the future study of the sustainable use of water resources, numerous mathematical models may be combined with system dynamics models in order to utilize their individual strengths. Eventually, the trend estimates of water resource consumption are required to be made further accurate and reasonable.




5. Conclusions


This research study is based on the objective of developing a water balance model for Keenjhar Lake both monthly and annually. In addition, to evaluate the capacity of the lake to meet future water demands for the Karachi region. The following conclusions are derived from this study:




	
The bathymetry model of the lake was constructed along with elevation, area, and volume. The reservoir capacity of Keenjhar Lake at the conservation level of 57 ft. is 660,000 acre-feet, while the height of its embankment above the natural surface level at the dike location is about 35 ft;



	
The model was created with the water inflows such as discharge and rainfall, and the water outflow, such as water withdrawal for Karachi, outflow for Thatta, and evaporation. Obtained values of the water balance model of the lake were used for the simulation in STELLA;



	
It is concluded that contributors to the inflow to the lake are K.B.F. Upper and rainfall. K.B.F. Upper was 77.91%; Rainfall was 22.03%;



	
Evaporation, outflow to K.B.F Lower and water abstraction to K.G. Canal constituted about 5.78%, 92.55%, and 1.57% of the outflow, respectively;



	
The annual fluctuations occurred due to the droughts and floods, but this does not demonstrate the reasons for the fluctuation. It might be due to the accumulation of sediments in the basin of the lake;



	
The model showed the combined influence of the main components of the water balance of the lake under different assumptions. The STELLA modeling moves toward the extensive simulation of changing water volume;



	
The conceptual model of the Keenjhar Lake showed overpopulation in the study area, which increases to 50 million by the year 2050. This will cause serious problems for the environment and water sustainability. The water volume of the lake is decreased further if water is overdrawn from the lake at the outlets. This would highly affect the future water demand for Karachi;



	
The solution to water management is to make policies for efficient usage of water, decentralize the system, and rainfall water harvesting. Since the Karachi region is mainly dependent on Keenjhar Lake for utilizing fresh water, the government needs to take the necessary steps and effective policies to manage the water balance of the lake in fulfilling freshwater demand.
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Figure 1. Description of study area. 
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Figure 2. Methodological framework adopted in current study. 
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Figure 3. Summary of collected hydrological and climate data in the study area. 
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Figure 4. Land cover map of Keenjhar Lake. 
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Figure 5. Soil map of the Thatta district [39]. 
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Figure 6. Conceptual model of the Keenjhar Lake by Stella software. 
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Figure 7. Area, volume, and elevation curve of Keenjhar Lake. 
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Figure 8. Annual water balance of Keenjhar Lake. 
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Figure 9. Simulated water volume changes in Keenjhar Lake with scenario (a) base line; (b) maximum population growth; (c) minimum population growth; (d) high rainfall; (e) low rainfall. 
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Figure 10. Simulated scenarios comparison (a) maximum population growth; (b) minimum population growth; (c) high rainfall; (d) low rainfall. 
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Table 1. (a) Long term mean monthly flow of Keenjhar Lake; (b) long term mean monthly evaporation and evapotranspiration of Keenjhar Lake.
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(a)




	
Scheme

	
Mean Monthly Flow (Cusecs)




	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec

	
Annual






	
K.G Canal

	
1.63

	
1.69

	
1.89

	
2.03

	
2.03

	
2.71

	
2.71

	
3.14

	
2.57

	
2.19

	
1.74

	
1.49

	
26.4




	
K.B.Feeder (lower)

	
9.65

	
10

	
9.76

	
9.85

	
9.86

	
11.14

	
11.56

	
11.1

	
11.1

	
10.85

	
10.21

	
9.46

	
125.99




	
Total

	
11.28

	
11.69

	
11.65

	
11.88

	
11.89

	
13.85

	
14.27

	
14.24

	
13.67

	
13.04

	
11.95

	
10.95

	
152.39




	
(b)




	

	
Mean Monthly Evaporation and Evapotranspiration




	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec

	
Annual




	
Evaporation

	
105.15

	
112.89

	
179.97

	
252.35

	
310.67

	
297.58

	
263.7

	
228.61

	
204.59

	
170.04

	
129.49

	
111.81

	
2366.9




	
ET

	
68.54

	
75.64

	
122.31

	
166.91

	
221.72

	
197.38

	
170.98

	
152.13

	
142.51

	
121.69

	
87.91

	
68.34

	
1596.12
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Table 2. Summary of the data used in this study and the sources from where the data is obtained.
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	Type of Data
	Sources
	Resolution/Method





	Climate data (min. and max. temperature, humidity, wind Speed, Solar radiation, Sunshine hours, precipitation, evaporation)
	Pakistan Materological Department
	Average daily



	Evapotranspiration
	-
	Penmaan Montieth Mthod



	Soil data
	Literature
	-



	Land use/land cover
	GLOVIS
	Image classification with Arc-GIS



	Lake water levels
	Sindh Irrigation department
	Average daily



	Lake inflow data
	Sindh Irrigation department
	Average daily



	Lake abstraction rates
	Sindh Irrigation department
	Average daily



	Lake outflow data
	Sindh Irrigation department
	Average daily



	Population
	Pakistan Statistical census
	-



	Domestic water supply
	Muncipality office/Literature
	-



	Hydraulic data
	Sindh Irrigation department
	-



	Bathymetric data
	NESPAK
	-



	Topography
	NESPAK
	-
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Table 3. Mean monthly water balance of Keenjhar Lake (2000–2016).
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	Month
	Lake Level (m)
	Inflow (mm/month)
	Outflow (mm/month)
	Change in Lake Volume (mm/month)





	Jan
	15.16
	9.28
	8.48
	0.8



	Feb
	15.3
	9.61
	8.57
	1.04



	Mar
	15.22
	6.44
	10.35
	−3.91



	Apr
	14.84
	5.68
	11.84
	−6.16



	May
	14.78
	5.78
	13.64
	−7.86



	Jun
	14.39
	12.43
	13.97
	−1.54



	Jul
	13.99
	55.5
	13.36
	42.14



	Aug
	14.14
	74.01
	12.44
	61.57



	Sep
	14.9
	46.68
	12.07
	34.61



	Oct
	15.21
	23.96
	11.09
	12.87



	Nov
	15.78
	7.51
	9.23
	−1.72



	Dec
	15.77
	10.14
	8.21
	1.93



	Annual
	14.95
	936.79
	892.28
	44.51
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