

  water-11-01963




water-11-01963







Water 2019, 11(10), 1963; doi:10.3390/w11101963




Article



A Modeling Approach for Assessing Groundwater Resources of a Large Coral Island under Future Climate and Population Conditions: Gan Island, Maldives



Chenda Deng * and Ryan Bailey





Department of Civil and Environmental Engineering, Colorado State University, 1372 Campus Delivery, Fort Collins, CO 80523-1372, USA









*



Correspondence: cddpeter@rams.colostate.edu; Tel.: +1-970-491-5045







Received: 31 July 2019 / Accepted: 11 September 2019 / Published: 20 September 2019



Abstract

:

This study assesses the future groundwater supply of a large coral island, Gan Island, Republic of Maldives, under influences of rainfall patterns, sea level rise, and population growth. The method described in this paper can be used to estimate the future groundwater supply of other coral islands. Gan is the largest inhabited island (598 ha) of the Republic of Maldives with a population of approximately 4500. An accurate estimate of groundwater supply in the coming decades is important for island water security measures. To quantify future groundwater volumes in Gan, a three-dimensional, density-dependent groundwater and solute transport model was created using the SUTRA (Saturated Unsaturated Transport) modeling code. The Gan model was tested against observed groundwater salinity concentrations and then run for the 2012–2050 period to compare scenarios of future rainfall (from General Circulation Models), varying rates of population growth (i.e., groundwater pumping), and sea level rise. Results indicate that the total fresh groundwater volume increases approximately 20% if only future rainfall patterns are considered. If moderate pumping is included (2% annual population growth rate), the volume increases only by 13%; with aggressive pumping (9% annual population growth rate), the volume decreases by 24%. Sea level rise and associated shoreline recession leads to an additional 15–20% decrease in lens thickness and lens volume. Results can be used to make decisions about water resource management on Gan and other large coral islands in the Indian and Pacific Oceans. Methods used herein can be applied to any coral island to explore future groundwater security.
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1. Introduction


Groundwater in oceanic coral islands often is a principal water source for residents, used for sanitary cleansing, toilet flushing, bathing, and clothes washing. Total water usages for coral island communities range from 50 to 175 L/person/day [1,2], of which only 5–10 L is from rain catchment systems [3]. During times of drought, groundwater often is the only source of drinking water [4]. In general, communities on oceanic coral islands are some of the most vulnerable worldwide in terms of freshwater scarcity and the depletion of water resources due to small island surface areas, low elevations, geographic remoteness, and expected changes in climate, population, and land use [5,6,7,8]. Although less vulnerable to drought than rainwater catchment systems, which can become depleted in a matter of weeks during extreme drought, groundwater is still under continual threat from natural and anthropogenic stresses.



Groundwater on coral islands resides in the shallow subsurface, floating in the saturated aquifer sediments above the denser seawater. Mixing between freshwater and seawater occurs along the interface, creating a transition zone between freshwater and highly saline water. The freshwater body typically has a maximum thickness under the center of the island, and then thins towards toward the island perimeter, thereby forming a lens shape. Due to groundwater hydraulic gradients from the island center to the island perimeter, groundwater is continually flowing towards the coast and discharging to the ocean. Island communities often extract groundwater from the freshwater lens, either through hand-dug wells, horizontal galleries, or groundwater pumping wells. Freshwater lens thickness for coral islands can range from a few meters to 25 m, dependent on the rainfall (recharge) rate, the island width, and the hydraulic conductivity of the aquifer sediments [9]. For islands with widths >700 m, lens thickness typically is 15–20 m. For many atoll islands, the aquifer cross section is divided into a sandy upper aquifer and a limestone lower aquifer [10], with the unconformity between the two aquifer units approximately 15–25 m below sea level. Due to the high conductivity of the limestone aquifer, which results in rapid mixing of freshwater and seawater, the freshwater lens is restricted to the sandy upper aquifer.



The main threats to coral island groundwater supply are as follows: (1) overwash events from storm surges [11,12,13], which can salinize fresh groundwater due to infiltrating seawater; (2) extended droughts [4,6,14,15], during which groundwater flow and discharge to the ocean is much greater than recharge to the water table, thereby decreasing storage of fresh groundwater through time and thinning the lens; (3) over-pumping, which thins the lens and can cause seawater upconing, particularly during times of drought [6,16]; (4) changes in long-term rainfall patterns; and (5) sea level rise, which causes a decrease in island surface area due to shoreline recession and a resulting thinning of the lens [17,18,19,20]. According to a recent study [21], the majority of atoll islands will be uninhabitable by the mid-21st century due to overwash flooding that is becoming more severe due to sea level rise. Extreme rainfall events, winds, and long-term droughts may also become more frequent in the coming decades [22,23,24].



In general, there is a need to quantify future groundwater supply for coral islands under these threats. Many modeling studies have been conducted in recent years to assess current and future groundwater volume of freshwater lenses on coral islands. Several studies [15,20,25] have used an empirically based algebraic model that relates freshwater lens thickness to the key factors governing lens thickness (island width, recharge rate, upper aquifer hydraulic conductivity). The model assumes a sharp interface between freshwater and seawater along the boundary of the freshwater lens [9]. Bailey et al. [20] applied the model to the 52 most populous islands of the Republic of Maldives, estimating an average decrease of 10% in lens thickness by the year 2030 due to sea level rise. Bailey et al. [25] applied the model to 68 atoll islands in the Federated States of Micronesia, estimating lens thickness in the year 2050 subject to sea level rise (3.1–6.1 mm/year) and projected rainfall rates provided by general circulation models (GCMs). Results indicate that under average SLR and rainfall conditions, half of the island will experience a 20% decrease in lens thickness by 2050.



Other modeling studies have employed a numerical modeling approach, using either the SUTRA (Saturated Unsaturated Transport) [26] or SEAWAT [27] modeling codes, which simulate density-dependent groundwater flow and salt transport, thereby allowing for the simulation of freshwater-seawater interactions. Comte et al. [28] applied SEAWAT to Grande Glorieuse Island (5 km2 surface area) in the Indian Ocean to determine the effects of SLR and GCM-estimated rainfall rates on future groundwater salinity. Deng and Bailey [29] applied SUTRA to 2D vertical cross sections of varying island widths to represent generic islands in the Republic of Maldives, assessing the change in lens thickness by the year 2050 due to SLR and GCM-estimated rainfall rates. They concluded that small islands (<200 m in width) could experience a 60–100% decrease in lens thickness, whereas large islands (>1000 m in width) would experience a decrease of only 1–2%. However, lens volume was not estimated and the impacts of groundwater pumping on the lens were not included in the model simulations. Alsumaiei and Bailey [30] expanded the work of Deng and Bailey [29] to a 3D analysis using SEAWAT for four specific islands in the Republic of Maldives, but again did not include the effects of future groundwater pumping. Post et al. [31] applied groundwater pumping to Bonriki Island (Kiribati) to evaluate management scenarios using SEAWAT but did not assess future impacts. To our knowledge, no previous studies have super-imposed the effect of population growth and associated groundwater pumping on the influence of rainfall patterns and SLR for coral islands.



The objective of this study is to present a modeling method for estimating the future groundwater supply of coral islands under the effect of climate change (sea level rise; changing rainfall) and population growth (increased pumping). The method is applied to Gan Island, Republic of Maldives, due to detailed data regarding freshwater lens delineation and population growth. In addition, the Republic of Maldives is one of the five countries comprised entirely of low-lying atolls and is recognized as a “least developed country” in the United Nations system [32], and over-extraction of groundwater has severely affected islands in the Maldives [33]. The method uses a 3D SUTRA model to estimate freshwater–seawater interactions and the delineation of the freshwater lens from 2012 to 2050. Future rainfall rates are derived from GCMs; sea-level rise is represented by shoreline recession; and population growth and associated increases in groundwater pumping are predicted based on historical records and applied to the three main villages on the island. Methods outlined in this paper can be used for other oceanic islands, and results can be valuable to the government of Gan Island specifically and to the government of the Maldives generally for better water resources management.




2. Methods


2.1. Study Area: Gan Island, Republic of Maldives


Gan Island is located in the eastern side of the Laamu atoll with latitude 1°55′ and longitude 73°32″30′ (Figure 1). As the biggest island in the Maldives in terms of land surface area, Gan Island has a land area of 598 ha with a length of 7.8 km and a width of 3.4 km, including three principal villages: Thundi, Mathimaradhoo, and Mukurimagu (Figure 1). Gan’s population has grown rapidly from 2537 persons [34] in 2005 to 4208 persons in 2009. As there are no in-situ observed daily rainfall data available, daily rainfall data from 1998 to 2011 (Figure 2A) are provided by the Tropical Rainfall Measuring Mission (TRMM). The average annual rainfall is 1930 mm/year with a pronounced wet season (October–December) and dry season (January–March). The minimum and average monthly rainfall depths are shown in Figure 2B. Typically, February and March constitute a very dry period, but also has the largest variation and CV value.



In December of 2009, the Government of Maldives conducted a groundwater investigation survey on Gan Island as part of the Maldives Tsunami Infrastructure Project. They used the electromagnetic induction (EM) method at 25 locations (green dots in Figure 1D) to provide contours of freshwater lens thickness and an estimate of total fresh groundwater volume. The total volume of fresh groundwater at the time of the study was estimated to be 14.2 million m3 (assuming a porosity of 0.3) with an average freshwater lens thickness of 8.4 m at the 25 measurement locations [35].




2.2. Model Development


2.2.1. SUTRA Modeling Code


The SUTRA (Saturated-Unsaturated Transport) modeling code [26] is used in this study to simulate groundwater flow and salt transport in the aquifer of Gan Island. SUTRA simulates groundwater flow dependent on both groundwater head gradients and fluid density differences, thus allowing the simulation of freshwater/seawater interaction and resulting in the development of a freshwater lens floating atop seawater within the aquifer sediments. SUTRA uses the finite element method to solve the coupled density-dependent groundwater flow and solute transport governing equations. Therefore, the model domain is discretized into elements and nodes. Model inputs include aquifer properties (permeability, specific yield, and specific storage), boundary conditions (e.g., specified fluid pressure and accompanying solute concentration), and forcing terms (e.g., recharge and accompanying solute concentration) applied to mesh nodes. Model outputs include fluid pressure and solute concentration at each mesh node.




2.2.2. Construction of the Gan Island SUTRA Model


In this study, a 3D SUTRA model is created to represent the aquifer of Gan Island. Compared to a 2D vertical cross-section model, which has often been used to simulate freshwater lens dynamics of atoll islands, a 3D model has the advantage of being able to specify natural boundary conditions, represent the actual shape of the coast or island surface area, simulate the effect of groundwater pumping in all aquifer dimensions, and provide an estimate of lens volumes. For the Gan Island model, salt (total dissolved solids) is designated as the solute, with 0.00089 kgsalt/kgwater (equivalent to a chloride concentration 550 mg/L) designated as the upper limit of potable water. The chloride concentration is slightly lower than the World Health Organization [36] recommended benchmark concentration of 600 mg/L, to provide conservative results. This value is therefore used to determine the spatial extent of the freshwater lens and its boundaries with the transition zone.



Due to the large domain of the island and the large number of required mesh elements and nodes, the SUTRA code was recompiled into a 64-bit executable to extend the capacity of memory allocation. In addition, subroutines within the code were implemented to allow for time-dependent fluid source/sinks terms (i.e., recharge and pumping).



ModelMuse [37]—a graphical user interface for constructing numerical models for USGS-based codes such as MODFLOW and SUTRA was used to construct the 3D finite element mesh and to generate the necessary input files containing node-by-node aquifer properties, boundary conditions, initial conditions, and fluid source/sink terms such as recharge and pumping (i.e., extraction). The procedure of constructing the model is summarized in the following steps:



Draw the domain of the island: This is accomplished by importing the island GIS shape file, generated within ArcMap, and then drawing the outline of the island. The effect of the ocean is simulated in the model, with the model domain extending out to the ocean on all sides of the island by 800 m. The ocean domain within the model was chosen to minimize the influence of the boundary conditions of fluid pressure and salt concentration on groundwater flow and salt transport within the island aquifer. The size of the ocean domain was set to double the size of the island, with the shape similar to the island.



Generate the finite element mesh: SUTRA uses irregular quadrilateral elements, which are refined locally along the top of the model and along the coastal boundary where large changes in groundwater hydraulic head and salt concentration are expected during the model simulations. The elevation of island surface in the model is set to 0 m.a.s.l., since only the saturated zone of the aquifer is included in the model. However, water table storage is accounted for by assigning the top nodes a specific storage value that is equal to the aquifer specific yield, divided by half of the thickness of the finite element containing the node. The slope on the coast is set to 1%, a common beach slope for the Maldives. The surface mesh and vertical discretization of the mesh are shown in Figure 3. The layer thickness (i.e., vertical distance between nodes) near the surface is <1 m, while layers toward the bottom of the mesh have a thickness between 20 and 30 m.



Aquifer properties: The layers of the mesh are assigned to either the sandy Holocene aquifer (0–20 m below sea level) or the limestone Pleistocene aquifer (20–200 m below sea level). The Holocene aquifer was assigned a horizontal hydraulic conductivity (HK) of 15 m/day and a porosity of 0.2, whereas the Pleistocene aquifer was assigned an HK of 5000 m/day, a VK of 1000 m/day, and a porosity of 0.3, similar to other atoll island modeling studies [38].



Boundary conditions and initial conditions: The mesh nodes within the ocean domain were assigned a specified pressure that represents the pressure from overlying seawater. The nodes along the top layer of the mesh are served as locations of rainfall-derived recharge to the freshwater lens and are assigned as sources of fluid flux. The input flux to each node is calculated as the product of the recharge rate (Length/Time) and the spatial area (L2) assigned to each node. Nodes within the aquifer can also represent pumping wells, assigned as extraction points of groundwater.



The final mesh contains 30 layers for the upper (Holocene) aquifer and 8 layers for the lower (Pleistocene) aquifer, with a total of 480,000 nodes. Daily time steps are used for all simulations presented in this section.




2.2.3. Simulating Groundwater Pumping


Groundwater pumping on Gan Island occurs in the three villages. One village is in the northwest of the island, one is in the mid-east, and the other is located in the south, as shown in Figure 1D. The estimate of total number of occupied houses as of October 2009 is 691, and each house has 1–2 small pumping wells or hand-dug wells [35], resulting in 700–1300 wells. Without knowing the exact location of pumps, this study defines pumping areas for the three villages, shown in the green shaded parts of the model mesh in Figure 4A. The nodes in these shaded areas are all considered as pumping nodes, with uniform pumping rates. Based on the report of Bangladesh, estimated groundwater usage is 120 L/day/person. The total water pumped from the aquifer for each of the three villages is approximated as the product of the pumping rate and the population. The pumping rate assigned to each mesh node in the village is the total water usage for the village divided by the number of nodes in the pumping area.




2.2.4. Baseline Model


The model was run historically for the 1998–2012 time period, using daily rainfall rates and estimated pumping for the three villages that increase with population growth. The potential ET was calculated using the Penman method. Daily recharge was estimated using the soil water balance model of [39], used for coral islands in the Indian Ocean. The model uses daily rainfall depths, canopy interception storage, thickness of the soil moisture zone, and the field capacity and wilting point of the soil to estimate daily soil water storage and daily percolation from the base of the soil profile (i.e., recharge to the water table). Initial conditions (fluid pressure and groundwater salt concentration) were obtained by running a long-term model simulation with constant recharge until a stable freshwater lens was obtained, i.e., groundwater salt concentration for all nodes no longer changed in time.





2.3. Model Calibration


Data available for model testing include freshwater lens thickness at the 25 EM measurement sites, and the total estimated volume of fresh groundwater. As high uncertainty is associated with the capacity of EM methods to provide a lens thickness value, more confidence is given to the estimated groundwater volume. Several model parameters can be modified to provide a best match between observed and simulated spatially varying lens thickness and total groundwater volume. These include aquifer permeability and specific yield for both the upper and lower aquifer units. After many simulations to assess the sensitivity of model result trials and errors, vertical permeability of the Holocene aquifer was found to be the key factor in governing freshwater lens thickness. This parameter was therefore varied between 1 and 10 m/day to achieve the best fit between the observed and simulated freshwater lens thickness at the 25 EM measurement locations. The average lens thickness of different vertical hydraulic conductivity is plotted in Figure A1. Results are shown in Figure 5. In general, the model does not match well the point estimates of freshwater lens thickness. This is due to several island cross sections that have unexpected patterns of lens thickness, i.e., patterns that do not adhere to the theoretical freshwater lens delineation (lens-shape of the lens). The study of Bailey et al. [20] also yielded a poor match for Gan Island. More importantly, the simulated volume of the freshwater lens of 14.3 million m3 is very close to the field-measured estimate [35] of 14.2 million m3. Regardless, the value of 3 m/day shows the best match (R2 = 0.395), with an average simulated lens thickness of 9.1 m. This value was therefore chosen for all simulations in this study.




2.4. Estimating Future Groundwater Supply


Simulation results at the end of the 1998–2011 baseline model are used as initial conditions for a suite of simulations covering the 2012–2050 time period. These simulations provide an estimate of freshwater lens thickness and volume under the effects of future rainfall patterns, groundwater pumping, and sea level rise.



2.4.1. Simulating the Effect of Future Rainfall Patterns


General circulation models (GCMs) from the Coupled Model Intercomparison Project 5 (CMIP5) are used to estimate rainfall and associated recharge rates for the 2012–2050 time period, using a two-step process. In the first step, GCM output is compared to historical data of the Maldives region to select a sub-set of available GCMs that are accurate for this region. In the second step, GCM rainfall depths are downscaled to daily values.



In this first step, only a subset of the available CMIP5 GCMs are used, based on the requirement that they meet a statistical standard when compared to historical rainfall data and statistical patterns, using the process described in Fu et al. [40]. The overall performance of GCMs is evaluated using the following 7 statistical measures: mean relative error (MRE), standard deviation relative error (SDR), normalized root mean square error (NRMSE), correlation coefficient (Corr), Brier score (BS), skill score (S score), and Kendall slope (Kendall Slope). The formulas for these measures are shown in Table A1 in the Appendix A. These criteria are selected to assess accuracy in both magnitude and variance of monthly rainfall depths. For each criterion, each GCM is ranked according to its resulting value. The overall rank of each GCM is then computed using a weighted value of the individual criteria rankings, with a low value indicating a high ranking [40]:


  R  C  t o t a l   = R  C  M R E   + R  C  S D R   + R  C  N R M S E   + R  C  C o r r   +  (  0.5 × R  C  B S    )  +  (  0.5 × R  C  S   s c o r e    )  + R  C  K e n d a l   S l o p e    



(1)







The BS and S Score values are given weights of 0.5 since they are complementary (i.e., they are both used to evaluate the probability density function of monthly rainfall depths). Results and overall ranking for each considered GCM are shown in Table A2 in the Appendix A. As with [29], the top five GCMs are selected for Gan Island for the lowest emission scenario (Representation Concentration Pathway (RCP) 2.6, corresponding to a limited radiative forcing of 2.6 W/m2 by the year 2100), and the top 7 GCMs are selected for scenario RCP8.5 (Table A2). These 7 models are CESM1-CAM5, MIROC5, IPSL-CM5A-LR, CCSM4, GFDL-ESM2G, GISS-E2-R p1, and NorESM1-ME.



In the second step, the monthly rainfall depths from the selected GCMs are downscaled to daily rainfall data depths (mm) based on patterns in the historical daily rainfall data (1998–2011). Daily wet/dry sequences were generated using a Markov chain for historical data and fit into Gamma distribution for classification (wet/dry) and estimate daily rainfall for future wet days from GCMs [29]. Daily recharge depths (mm) are calculated from the downscaled data using the soil water balance model of [39]. The soil water balance model also includes the effect of GCM-estimated temperature on ET rates. The average daily rainfall depth during the simulation period is 5.58 mm/day, and the calculated recharge is 2.84 mm/day. More details regarding the downscaling methodology are provided in [29]. Time series of predicted rainfall data for 2012–2050 and their recharge rates are plotted in Figure 6. Error bars are included to indicate the spread of values from the GCMs.




2.4.2. Simulating the Effect of Future Groundwater Pumping


The population of Maldives has tripled in the last 35 years with an average annual growth rate of 1.76% (World average: 1.17%) [41]. With such a high growth rate, groundwater pumping can have a strong influence on groundwater resources in the Maldives, potentially leading to thinning of the freshwater lens [41,42]. Therefore, an assessment of future groundwater supply for the inhabited islands in the Republic of Maldives should include this groundwater stress. Groundwater pumping can have an especially strong effect on the freshwater lens of Gan Island, which had an annual growth rate of 13.5% between 2005 and 2010. In this study, two scenarios of pumping are included in the future scenario simulations. The “conservative” scenario assumes an annual population growth rate of 1.76%, and the “aggressive” scenario uses a rate of 9%, resulting in 2050 populations of 8456 and 132,171, respectively. For each village area (see Figure 4A), the pumping (i.e., extraction) rate for each node is estimated by multiplying the estimated annual population by the per capita water demand, and then dividing that number by the number of nodes in the village area.




2.4.3. Simulating the Effect of Future Sea Level Rise


This study estimates the relative impact of sea level rise on the thickness and volume of the Gan Island freshwater lens. The model simulates the impact of sea level rise by constructing a new model with a smaller island surface area to represent the shoreline recession that occurs due to the rise in sea level by the year 2050. The smaller model area is shown in Figure 4B. The extent of shoreline recession depends on the vertical rise of sea level and the slope of the beach. This study uses the sea level rise rate proposed by a study by Woodworth [43], which predicted a 0.5 m rise for the Maldives by the end of the 21st century and a beach slope of 1%. As a result, approximately 50 m of coastline is predicted to be lost due to sea level rise by the year 2050 (see Figure 4B). Overall, the land area of Gan decreases from 6.57 to 5.75 km2 by the year 2050.



Simulating the transient effect of sea level rise on the freshwater lens requires a continual updating of the specific pressure boundary conditions on the ocean-domain nodes. This is an extremely challenging prospect with the current SUTRA code, so the simulations assessing sea level rise impact set the boundary conditions to the 2050 conditions and then run for the 2012–2050 period. Therefore, results from these simulations are valid only for the year 2050. In addition, the use of the 2050 conditions precludes the inclusion of pumping in the sea level rise simulations, as pumping can affect the transient behavior of the lens during the 2012–2050 period, so 2050 results could not be compared between scenarios. Therefore, only a relative comparison is made between SLR and non-SLR scenarios at the year 2050, using steady recharge rates from selected GCMs.




2.4.4. Summary of Future Scenario Simulations


Six scenarios are used to assess future groundwater supply for Gan Island. Scenarios 1, 2, and 3 include rainfall from the set of GCMs (S1), conservative pumping (S2), and aggressive pumping (S3) to quantify the effect of each of these stresses individually. S4 combines GCM rainfall with conservative pumping, and S5 combines GCM rainfall with aggressive pumping. S6 includes the effect of SLR by 2050 using a steady recharge rate, which will be compared to a simulation using the same steady recharge rate and the non-SLR model mesh.






3. Results and Discussion


3.1. General Model Results


The basic simulated delineation of the freshwater lens is shown in Figure 7. Figure 7A shows the complete 3D mesh of Gan Island, with red indicating nodes with a salt concentration equal to seawater, blue indicating nodes with a salt concentration less than the potable limit, and other colors showing nodes in the transition zone between seawater and freshwater. Figure 7B,C are vertical cross sections of the island, showing the thickness and delineation of the freshwater lens. The volume of fresh groundwater is calculated by summing the lens thickness for each column of nodes, multiplying that by the area assigned to each node, and then multiplying that number by the specific yield of the aquifer.




3.2. Impact of Future Scenarios on Groundwater Supply


3.2.1. Impact of Rainfall and Population Growth


The plots shown in Figure 8 and Figure 9 summarize the results of Scenarios 1–5. Figure 8 shows the time series plot of freshwater volume (Figure 8A) and freshwater lens thickness (Figure 8B) through 2050 for Scenarios 1, 4, and 5, and Figure 9 shows the percentage decrease in freshwater volume (Figure 9A) and lens thickness (Figure 9B) for Scenarios 2 and 3 (pumping only).



For Figure 8, results are shown for the set of simulations that use GCM weather data, and the average for each scenario is shown with a bolded line. For S5 (combined rainfall and aggressive pumping), results are shown for both the RCP2.6 and RCP8.5 climate scenarios. For S1 (rainfall only; black line), the volume of fresh groundwater increased by 20% (1.4 M to 1.67 M liters) by 2050, and the lens thickness increased by around 20% (6 to 7.25 m). These results are also summarized in Table 1. Fluctuation of volume and lens thickness is due to annual wet and dry seasons. For S2 (conservative pumping only; Figure 9A), the volume and lens thickness decreased by 8 and 7%, respectively, whereas S3 (aggressive pumping only; Figure 9B) results in a decrease in volume and lens thickness by 44 and 27%, respectively. However, if rainfall changes are combined with conservative pumping (S4) (Figure 8A), then there is an increase in volume and lens thickness through 2050 by 12 and 13%, respectively. If aggressive pumping is assumed (S5), then there is a decline in groundwater supply, with volume and average lens thickness decreasing by 24 and 7%. The decrease in lens thickness is smaller than that of the volume because the lens is averaged over the freshwater area after the shrink. As expected, lens volume for Gan Island in the coming decades is predicted to be less than that reported by a recent modeling study [30], due to the inclusion of population growth and the associated increased groundwater pumping.



Therefore, a mild rate of population growth, accompanied with a comparable increase in groundwater pumping, can still result in an increase in future groundwater supply due to the increase in predicted rainfall rates from the accepted GCMS used in this study. In other words, the increase in rainfall provides a stronger effect on the freshwater lens than the increase in groundwater pumping, leading to an overall increase in the storage of fresh groundwater in the aquifer. In contrast, if population growth occurs at the same rate as 2005–2010 (>10%), then the effect of groundwater pumping will be stronger than the effect of rainfall, and there will be an overall decrease in groundwater storage through 2050.




3.2.2. Impact of Sea Level Rise


These results, of course, do not account for the effects of sea level rise. Results from S6 indicate that, in the year 2050, the lens volume and the lens thickness will be decreased by 18 and 6%, respectively, if the SLR rate used in this study occurs until 2050. Although the SLR condition at 2050 cannot be compared directly with results from Scenarios S1–S5, the simulation results indicate that SLR will result in a significant decrease in groundwater supply, likely up to 15%. Therefore, when comparing the SLR simulation with Scenario S4, in which combined future rainfall patterns and conservative pumping lead to a 12% increase in groundwater supply from 2012, the rise in sea level may offset these gains, resulting in about a 6% decrease in groundwater supply in 2050. If population growth rate is high, however, and Scenario S5 with aggressive pumping applies to Gan, the decrease in groundwater supply may be 35–40% with sea level rise rather than 24% if only rainfall and pumping are applied (see Table 1, S5 results).



These results point to the need for managing groundwater pumping on Gan Island. If moderate population growth occurs over the next several decades, and groundwater pumping rates correspond proportionally to the number of inhabitants in each village, then the groundwater supply will likely remain constant until 2050 due to the expected increase in regional rainfall rates, even if sea level rise occurs at a maximum rate. These results assume, however, that future rainfall rates coincide with output from GCMs. There are variations in GCM results, even for the best-performing GCMs in the Maldives region in relation to historical rainfall patterns, so there is inherent uncertainty in these results. However, if pumping accompanies a high population growth rate (>5%), then there will likely be a decrease in freshwater lens volume no matter the rate of sea level rise. If sea level rise occurs at maximum rates, then groundwater supply can decrease by up to approximately 40%, which could result in a strong stress on the water resources supply of Gan Island, particularly during drought periods when island residents rely solely on groundwater.






4. Summary and Conclusions


This study accessed the impacts of future climate change and population increases on the groundwater resources of Gan Island, Republic of Maldives, up to the year 2050. A 3D SUTRA groundwater flow and salt transport model was used to simulate the development and response of the island’s freshwater lens to future rainfall patterns, future groundwater pumping rates corresponding to population growth, and sea level rise, which results in shoreline recession and therefore a smaller island surface area. Modeling results yield the following conclusions for groundwater supply in the year 2050:




	
If only future rainfall is accounted for, then groundwater supply on Gan Island will increase by about 20%.



	
If future rainfall patterns are similar to historical patterns, then population growth rates of 2 and 9% will result in a groundwater supply decrease of 8 and 44%, respectively.



	
If future rainfall patterns coincide with those predicted by global climate models, then a population growth rate of 2% will result in an increase in groundwater supply of approximately 12%, whereas a growth rate of 9% will result in a decrease in groundwater supply of approximately 24%.



	
If sea level rise occurs at estimated rates of 20 cm from 2012 to 2050, then a population growth rate of 2% likely will result in a 6% loss in groundwater supply, whereas a population growth rate of 9% may result in a supply decreased by up to 42%.








Immediate results from this modeling study point to the need to manage groundwater pumping, even if rainfall rates continue to increase as indicated from global climate models. Results of course have inherent uncertainty due to the estimated rainfall rates, pumping rates, and sea level rise rate.



These results are directly applicable to other atoll islands with a similar size and population as Gan Island. Overall, the methods applied in this paper can be used to assess the future groundwater supply of any oceanic coral island.
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Table A1. Statistical criteria for evaluating GCMs. The weighting factor assigned to each criterion also is shown.






Table A1. Statistical criteria for evaluating GCMs. The weighting factor assigned to each criterion also is shown.





	Statistic Criterions
	Formula
	Weighting Factor





	Mean Relative Error (MRE)
	      u  mod e l   −  u  o b .      u  o b .       
	1.0



	Standard Deviation Relative Error (SDR)
	      |  S t  d  mod e l   − S t  d  o b .    |    S t  d  o b .       
	1.0



	Normalized Root Mean Square Error (NRMSE)
	        1 n      ∑  i = 1  n    (   X  m i   −  X  o i    )     2         1 n      ∑  i = 1  n    (   X  o i   −    X ¯   o   )     2        
	1.0



	Correlation Coefficient (Corr)
	Calculation in Matlab
	1.0



	Brier Score (BS)
	    1 n      ∑  i = 1  n    (   P  m i   −  P  o i    )     2    
	0.5



	Skill Score (S score)
	     ∑  i = 1  n   M i n i m u m  (   P  m i   ,  P  o i    )      
	0.5



	Kendall Slope (Kendall Slope)
	Calculated in Pro-UCL
	1.0
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Table A2. GCM performance results for monthly rainfall rates in Gan for RCP Scenario 2.6, ranking best to worst according to the total score.
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	GCM
	Mean RE (mm)
	Std RE
	NRMSE
	Corr
	BS
	S Score
	Kendal Slope (mm/year)
	Total Score





	CESM1-CAM5
	0.09
	0.26
	1.33
	0.33
	3.69
	111
	−0.002
	34.5



	MIROC5
	−0.12
	−0.22
	0.97
	0.47
	4.33
	104
	0.0023
	39



	IPSL-CM5A-LR
	0.19
	−0.21
	1.04
	0.43
	3.93
	102
	0.0007
	42.5



	CCSM4
	−0.14
	0.02
	1.08
	0.46
	3.95
	104
	0.0046
	43



	GFDL-ESM2G
	0.01
	0.17
	1.34
	0.24
	4.07
	109
	0.0022
	43.5



	GISS-E2-R p1
	0.07
	0.42
	1.46
	0.31
	3.97
	105
	−0.0033
	53



	NorESM1-ME
	−0.12
	0.25
	1.41
	0.24
	3.63
	108
	0.0034
	57.5



	IPSL-CM5A-MR
	0.25
	0.16
	1.37
	0.29
	4.35
	110
	0.0054
	64



	GISS-E2-R p2
	0.08
	0.41
	1.44
	0.33
	4.49
	96
	0.004
	64.5



	HadGEM2-ES
	0.25
	0.52
	1.39
	0.53
	6.03
	88
	−0.0002
	67.5



	NorESM1-M
	−0.06
	0.45
	1.57
	0.22
	4.75
	99
	0.0028
	74



	GFDL-CM3
	0.14
	0.57
	1.45
	0.45
	4.93
	95
	0.0029
	75



	GISS-E2-R p3
	0.12
	0.54
	1.61
	0.27
	4.93
	95
	−0.0011
	75



	FIO-ESM
	0.03
	0.30
	1.49
	0.19
	3.83
	101
	0.0062
	75.5



	GISS-E2-H p1
	0.16
	0.55
	1.68
	0.22
	3.35
	108
	0.0018
	79



	MIROC-ESM
	0.43
	−0.04
	1.49
	0.20
	4.63
	93
	−0.0025
	79.5



	MIROC-ESM-CHEM
	0.43
	−0.14
	1.46
	0.17
	4.79
	85
	−0.001
	81.5



	MRI-CGCM3
	0.23
	0.90
	1.71
	0.49
	4.99
	90
	0.0031
	93.5



	GISS-E2-H p2
	0.27
	0.49
	1.65
	0.25
	4.57
	96
	0.0056
	98



	GFDL-ESM2M
	0.26
	0.86
	1.78
	0.42
	4.93
	113
	0.0105
	102



	CSIRO-Mk3-6-0
	0.59
	0.49
	1.77
	0.46
	5.81
	75
	0.0051
	103



	bcc-csm1-1
	−0.11
	0.69
	1.83
	0.15
	11.15
	100
	−0.0083
	113



	GISS-E2-H p3
	0.31
	0.68
	1.86
	0.21
	4.01
	99
	0.0121
	118.5



	HadGEM2-AO
	0.85
	0.85
	1.79
	0.42
	4.99
	91
	0.0109
	119
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Figure A1. Sensitivity plot of vertical hydraulic conductivity (HK). 
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Figure 1. Map of the Republic of Maldives (A), located in Indian Ocean (B), with the Laamu atoll (C) and Gan Island (D) shown on the inset figures. Gan Island has a surface area of about 598 ha and a population of 4280 located within three main villages: Thundi, Mathimardhoo, and Mukurimagu. The green dots in the Gan Island inset figure show the location of the monitoring wells used to measure groundwater level and groundwater salinity concentration. 
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Figure 2. Historical monthly rainfall during 1998–2011 (A) and the average and minimum precipitation of each month during 1998–2011 (B). 
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Figure 3. (A) Top view of the finite element mesh used for the SUTRA model of Gan Island, with colors indicating elevation (m) above sea level. The red elements indicate the surface area of the island, with the remaining elements depicting the shallow coastal areas of the island. (B) Cross section view of the mesh for the black line transect shown in Figure 3A, showing the vertical discretization of the elements to represent the aquifer. 
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Figure 4. Finite element mesh used for the SUTRA model of Gan Island, showing (A) the collection of finite element nodes within each island village, and (B) the comparison of the island surface before (2012: green line) and after (2050: red line) sea level rise. The difference between the green and red lines indicates the island surface area that will be inundated by 2050. 
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Figure 5. Observed vs. simulated lens thickness at the monitoring well locations shown in Figure 1, for four values of vertical hydraulic conductivity (Kv), with the red 1:1 line indicating a perfect match. Note that a small change in Kv results in significant changes in lens thickness. 
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Figure 6. Bar plot showing annual historical precipitation, future estimated precipitation from general circulation models (GCMs), and estimated historical and future annual recharge. The blue bars represent annual rainfall depths (mm/year), and the red bars represent annual recharge depths (mm/year). The future rainfall values are the average of the selected GCMs, with error bars to quantify the spread of the GCMs. 
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Figure 7. Three-dimensional view of the SUTRA finite element mesh for Gan Island for year 2050, showing the spatial distribution of salt concentration in the aquifer. Red represents the salinity concentration of seawater, and blue represents freshwater (i.e., salinity concentration = 0), with other colors representing the transition zone. (A) shows the horizontal extent of the freshwater lens on the island, and (B,C) show cross sections of the freshwater lens through the longitudinal and transverse lines of the island. 
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Figure 8. Time series charts showing the results of the modeling scenarios summarized as (A) freshwater lens volume and (B) freshwater lens thickness. Bold lines indicate averages from the set of GCM rainfall rates applied to each scenario, and the light lines show the results from the set of GCM rainfall rates applied to each scenario. The black line shows the impact of Scenario 1 (only future rainfall patterns); the blue line shows the impact of Scenario 4 (future rainfall + conservative pumping); the red and gold lines show the impact of Scenario 5 (future rainfall + aggressive pumping) for both the RCP2.6 and RCP8.5 climate scenarios. 
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Figure 9. Percentage decrease in (A) freshwater lens volume and (B) freshwater lens thickness for each decade of simulation, as compared to the 2012 values for Scenarios 2 and 3 (conservative and aggressive pumping, respectively). These scenarios do not include the influence of future rainfall patterns. Scenario 3 includes both the RCP2.6 and RCP8.5 climate scenarios. 
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Table 1. Summary of the six model scenarios and statistics of the resulting simulated lens thickness (m) and lens volume (106 m3) in the year 2050. The grey cells with “x” are the scenarios that include the stresses. The rose and green shades indicate scenarios that result in an increase and decrease in groundwater supply, respectively.
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Scenarios

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6






	
Stresses

	
Rainfall Change

	
x

	

	

	
x

	
x

	




	
Conservative Pumping

	

	
x

	

	
x

	

	




	
Aggressive Pumping

	

	

	
x

	

	
x

	




	
Sea Level Rise

	

	

	

	

	

	
x




	
Results

	
Lens Volume (106 m3)

	
16.7

	
13

	
7.8

	
15.6

	
10.6

	
11.4




	
Standard Dev.

	
0.73

	

	

	
0.79

	
0.53

	
0.8




	
% Increase from 2012

	
20%

	
−8%

	
−44%

	
12%

	
−24%

	
−18%




	
Lens Thickness (m)

	
7.2

	
5.6

	
4.4

	
6.8

	
5.6

	
5.7




	
Standard Dev.

	
0.22

	

	

	
0.27

	
0.26

	
0.34




	
% Increase from 2012

	
20%

	
−7%

	
−27%

	
13%

	
−7%

	
−6%
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B, Frosh Water Lens Thickness under Difforant Scenarios.
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