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Abstract

:

The sustainability of rural areas depends on the availability of water resources. The Mangyeong River Basin (MRB) in Korea faces a water supply shortage for agriculture and industry. Based on 11-year (2005–2015) precipitation and groundwater monitoring data, groundwater sustainability was evaluated in terms of natural and man-made factors and their spatio-temporal variations. A precipitation time-series revealed a declining trend, but there were different seasonal trends between wet and dry periods, with declining and rising trends, respectively. Groundwater hydrographs from five national groundwater monitoring wells showed temporal variations. Groundwater wells located in downstream areas showed both recharge from upgradient areas and local man-made impacts (e.g. from pumping), resulting in an ambiguous relationship between precipitation and water levels. However, other monitoring wells in the upstream areas displayed water level responses to precipitation events, with a declining trend. Using the standardized precipitation index at a time scale of 12 months (SPI-12) and the standardized groundwater level anomaly, meteorological and groundwater drought conditions were compared to infer the relationship between precipitation deficit and groundwater shortage in the aquifer. The SPI results indicated severely dry to extremely dry conditions during 2008–2009 and 2015. However, the standardized groundwater level anomaly showed various drought conditions for groundwater, which were dependent on the site-specific hydrogeological characteristics. Finally, groundwater sustainability was assessed using water budget modelling and water quality data. Presently, if groundwater is used above 39.2% of the recharge value in the MRB, groundwater drought conditions occur throughout the basin. Considering water quality issues, with nitrate being elevated above the natural background, this critical abstraction value becomes 28.4%. Consequently, in the MRB, sustainable groundwater management should embrace both natural and human-induced factors to regulate over-exploitation and prevent contamination.
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1. Introduction


Global climate change is an ongoing phenomenon that affects atmospheric processes and the water cycle, including air temperature, evapotranspiration, and precipitation characteristics (e.g., amount, type, frequency, and intensity). Consequently, there may be changes in hydrologic conditions, including sea levels, water levels, rainfall patterns, and drought occurrences [1,2,3,4,5]. Changes in the water cycle ultimately affect ecosystems, including human societies (e.g., due to irrigation, groundwater pumping, and dam or bank construction), by altering the potential availability of water resources [6,7,8,9,10]. In addition, human-induced climate change can also impact on changes in the hydrology [11,12].



The deficiency of precipitation leads to a reduction in available water resources, and its impact is propagated through the hydrologic system at different time scales [13,14]. Meteorological drought due to low precipitation can cause insufficiency in soil moisture and available water for plant growth and farming activity (i.e., agricultural drought), and the reduced recharge may cause a water level decline in the aquifer, resulting in groundwater storage deficiency (i.e., groundwater drought). A decline in the groundwater level subsequently causes a reduction of baseflow discharge to surface waters, resulting in stream depletion, land subsidence, seawater intrusion in coastal areas, and water quality degradation [15]. Thus, the effects of climate change on water resources, complicated by human induced factors, vary constantly in time and in space throughout the water cycle.



Groundwater, as part of the hydrological cycle, is an essential source of water for human use, such as in agricultural, industrial, and domestic activities. It generally flows through the porous medium at a very slow and steady rate. These semi-linear characteristics make it possible to predict changes in groundwater storage and, eventually, the related water resources, including surface water and groundwater-fed reservoirs. Thus, the groundwater level can be used as an indicator of the available water resources in an unconfined aquifer in the watershed. Subsequently, temporal and spatial trends in precipitation and water level changes can provide important information about groundwater in aquifers, which can in turn facilitate the development of an effective management plan [16,17,18].



A water level decline due to a decrease in groundwater recharge can originate from reduced precipitation, natural discharge as baseflow, and/or the pumping of groundwater through overexploitation and unplanned development. When groundwater is depleted in an aquifer, recovery can take a long time because of the typically slow process of natural recharge. Therefore, to secure sustainable water resources, the trends and current status of both precipitation and recharge must be understood by evaluating long-term monitoring data.



In addition to the volume of water resources, water quality is another key factor for the sustainability of resources. Pollutants on the land surface of industrial and agricultural areas can be introduced into the groundwater through the recharge process and can eventually lead to groundwater contamination. Consequently, water of sufficient quality must be available as a resource for specific applications; thus, water quality monitoring is necessary for effective assessment of water resource sustainability. In terms of exposure to surface pollutants, the presence of confining layers could play an important role in determining the vulnerability of deep groundwater aquifers.



In Korea, more than 60% of annual precipitation occurs during the wet season (June to September), and the amount and pattern of precipitation has large spatio-temporal variability [19]. This variation, as well as abnormal climate conditions [20,21], creates problems for natural ecosystems and water resource management [22,23]. The Intergovernmental Panel on Climate Change (IPCC) has reported that global climate change could lead to increased flooding and drought, even in Korea [7], and these phenomena have in fact occurred in the last decade [24,25]. The duration and frequency of precipitation has decreased, while the intensity of heavy rainfall events has increased [23], resulting in negative effects on groundwater recharge. Rainfall exceeding the infiltration capacity of the soil results in much of the precipitation being flushed away as surface runoff rather than being available for groundwater recharge [26]. Consequently, groundwater storage becomes deficient and more pumping wells are subsequently established, resulting in a vicious cycle of water resource depletion. In agricultural and rural areas, where the piped water supply is relatively poor [27], the effects of climate change have the potential to cause natural disasters affecting residents [28]. In addition, the use of agricultural chemicals (e.g. pesticide and fertilizer) degrades groundwater quality [29,30].



The present study area, the Mangyeong River Basin (MRB), is located in Jeollabuk-do, in the southwestern part of Korea (Figure 1). The river basin is characterized by a variety of land-uses and includes urban areas, industrial complexes, forests, and agricultural areas that are largely located on the Honam Plain, one of the largest plains in Korea. Since 2000, meteorological and agricultural drought events have occurred frequently in the basin, threatening the sustainable development of communities in the area in terms of water resources, especially given that groundwater is the main water supply for industry and agriculture. Thus, the aim of this study was to identify whether such droughts, as a measure of water resource sustainability in the MRB, could be attributed to natural (e.g., climate change) and/or human-induced drivers (e.g., groundwater exploitation and contamination), and to assess spatial variation in groundwater sustainability with long-term changes in these drivers.




2. Materials and Methods


2.1. Study Area


The MRB is located in the southwestern part of the Korean Peninsula (between 35° 37’ to 36° 6’N and 126° 48’ to 127° 21’E; Figure 1a). The river basin covers an area of about 1,600 km2, with surface elevations ranging from 0 to 1,112 m (average: 124 m) and an average slope of 25%. The river basin is characterized by a variety of land-uses and includes urban areas, industrial complexes, forests, and agricultural areas. Mountain areas are distributed in the eastern part of the catchment, with plains (the great Honam Plain, which is one of the largest plains in Korea) in the west (Figure 2a). The river basin has a population of approximately 1 million. The end of the western part of the basin is adjacent to the coast and contains areas of reclaimed land. An estuary barrage was constructed in the downstream area to prevent flooding with seawater. The land use is approximately 42% farmland, 41% forest and 9% urban area, 5% water body, and others 3%, with a mean annual precipitation for 2005–2015 of about 1267 mm [32].



The study area is at the southwest end of the Okcheon Supergroup, which developed in the SW–NE direction across the Korean Peninsula and consists of metamorphosed sedimentary rocks of Precambrian to unknown age. There have been local intrusions and eruptions of Cretaceous acidic granitoids and Bulguksa granite. The alluvial layer of the late Quaternary is covered with an unconformity (MLTM [32] adapted from KIGAM, www.kigam.re.kr). The downstream part of the river bed is mainly composed of silt and clay, and the upstream part is composed of sand and gravel.




2.2. Data Acquisition


Both groundwater and rainfall monitoring data from the period 2005–2015 were analyzed to evaluate trends in rainfall and water level fluctuations. Groundwater monitoring data from five observation wells (G-1–G-5; Figure 1a) and climate data including precipitation, air temperature (minimum, maximum, and daily average), and evaporation in the MRB were obtained from the National Groundwater Monitoring Network (NGMN) of the Korea Water Resources Corporation (K-Water) and the Jeonju weather station operated by the Korea Meteorological Administration (KMA, http://data.kma.go.kr), respectively. The K-Water publishes an annual report of monitoring data, field surveys, and simple statistical analyses, providing general information about the area, and on the watershed, monitoring wells, and groundwater usage through the National Groundwater Information Center (GIMS). In this study, basic information about the catchment, and geological logs of the monitoring wells (Figure 1b), hydrogeological properties, water level data (Table 1), field survey and test results (permeability, specific yield and aquifer media), water quality characteristics, and groundwater use were obtained from GIMS (www.gims.go.kr) and the Ministry of Environment (ME, www.me.go.kr). Statistical analyses, such as trend and correlation analyses, were conducted using data provided by the Water Resources Management Information System (WAMIS, www.wamis.go.kr), including the total amount of annual groundwater abstraction and details of the public water supply system. Geographic information system (GIS) data on geological properties (catchment boundary, slope, elevation, stream line, soil group, and land use) were collected from WAMIS and the National Geographic Information Institute (NGII, www.ngii.go.kr) (Figure 2). However, while we aimed to use a complete dataset for 2005–2015, water quality data were available since 2008 and there were some missing values in the reports, causing some uncertainties and limitations in our interpretation.




2.3. Methods


2.3.1. Trend and Correlation Analyses


Linear regression (in this study, simple linear regression), a parametric method, is used to estimate the relationship between two variables and trends using the calculated slope of an equation [34]. The simple linear regression is written as the following Equation (1):


y=β0+β1x+ε



(1)




where, y is the dependent variable, β0 is y intercept, β1 is the gradient or the slope of the regression line, x is the independent variable, and ε is the random error.



However, the parametric method is affected by missing values or outliers of the raw data. In this study, to evaluate temporal trends in precipitation and groundwater levels, non-parametric statistics (Mann–Kendall test and Sen’s test) were used because, apart from not requiring normal distribution and homoscedasticity of the data, they offer the advantage of accommodating data gaps (missing measurements) and outliers in a time-series [35]. The Mann–Kendall (M–K) test, developed by Mann [36] and Kendall [37], computes the S statistic (S) as the time series of n data x (xi and xj; i > j), in the following equations:


S=∑j=1n−1∑i=j+1nsign(xi−xj)



(2)






sign(xi−xj)={+1     if xi−xj>0   0    if xi−xj=0−1    if xi−xj<0



(3)




where xi and xj are the data values at times i and j [38]. In addition, the standard normal variance (Z) can be obtained by assuming that the S statistic is normally distributed in cases where n > 10 [39]. Based on the significance level α, statistically significant positive (increasing trend; Z > 0) or negative (decreasing trend; Z < 0) changes were identified, and the data are considered to have no trend if Z is not bigger than the value corresponding to the 1–α/2 quantile value of the standard normal distribution.



Sen’s test is another non-parametric method to identify any trend of time series [40]. This test calculates a slope that determines Sen’s trend estimator. The median is obtained by listing the derived slope estimates in order of size, and the variance estimate for testing the hypothesis is obtained following the method of Kendall [37].



The water level change in the MRB was analyzed according to precipitation patterns based on monthly mean values during the 11 years from 2005 to 2015, and correlation coefficients were identified using the Spearman method. The Spearman’s test is a non-parametric rank-order test, and the correlation between precipitation and hydrological time-series using this method was reported by Kahya and Karayci [41]. The correlation coefficient (r), which expresses the degree of correlation between variables, has a value between –1 and +1. The closer the value is to –1 or +1, the stronger the negative or positive correlation, respectively. If there is no correlation between two variables (i.e., no trend), the correlation coefficient is 0 [37].




2.3.2. Spatial Variation of Groundwater


The spatial variation of groundwater in the study area was assessed in terms of both quantity and quality according to changes in groundwater recharge, and the amount of abstraction and distribution of nitrate in groundwater, respectively. Groundwater recharge can be evaluated by using water budget with seepage meters [42,43], tracers [44,45], modelling [46,47], and groundwater level change [48]. To analyze the water budget and estimate the groundwater recharge in the MRB area, we used the soil–water balance (SWB) model, which has been applied in various studies to understand the impact of future climate change and anthropogenic effects on groundwater resources [49,50,51]. The SWB model integrates GIS-gridded datasets (land-use classification, soil properties, flow direction, and available soil–water capacity) with observed climate data (precipitation, air temperature, and evaporation). Based on a modified Thornthwaite–Mather SWB approach [52], it estimates groundwater recharge at daily time steps for each grid cell using the following Equation (4):


Recharge = (Precipitation + Snowmelt + Inflow) – (Interception + Snowfall + Outflow + Evapotranspiration) − △Soil Moisture



(4)







Using Equation (4), groundwater recharge was calculated as the difference between the inflow from sources and the outflow to sinks of water and soil moisture. In this study, the model was simulated based on daily climate datasets (mean temperature, precipitation, relative humidity, maximum temperature, minimum temperature, wind speed, minimum relative humidity, and % sunshine) for the 11 years from January 2005 to December 2015, and on gridded data (ASCII file) that was reprocessed using ArcMap (ESRI, version 10.1; Figure 2). In terms of the relationship between supply and demand (i.e., the inflow to and discharge from the aquifer, respectively), groundwater recharge can be defined as the addition or entry into the saturated zone of water made available at the water–table surface [53]. Precipitation is the main source of groundwater recharge, and numerous methods have been developed to quantitatively evaluate groundwater recharge for determination of the sustainable yield. Changes in groundwater storage for the basin were attributed to input (recharge, subsurface flow in) minus output (baseflow, evapotranspiration, groundwater flow out) using the following equation (5) of Healy and Cook [48] (modified from Schicht and Walton [43]):


ΔSgw=R+Qongw−Qbf−ETgw−Qoffgw



(5)




where R is recharge, ΔSgw is change in subsurface storage, Qongw−Qoffgw is net subsurface flow (includes groundwater pumping), Qbf is baseflow, and ETgw is evapotranspiration.




2.3.3. Drought Index


Precipitation deficiency has been studied using indices of meteorological drought, such as the standardized precipitation index (SPI [54]), and the Palmer drought severity index (PDSI [55]). The SPI is the most commonly used index because of its simplicity, where it includes only long-term precipitation records (at least 30 years) gathered from monitoring stations as input data. The long-term record is fitted to a probability distribution and then transformed into a normal distribution [56]. Because of the variability in precipitation, the SPI was estimated for periods of 3, 6, 9, 12, and 24 months. Precipitation for 12 consecutive months was analysed to reflect long-term precipitation patterns. Because 12-month SPI data are usually compared with streamflow and groundwater levels [56], we also analysed drought severity over a 12-month period. Meteorological drought conditions, classified by McKee et al. [54] based on the SPI value, were categorised as near-normal (from −0.99 to 0.99), severely dry (from −1.50 to −1.99) or extremely dry (−2 and less).



Meteorological drought due to precipitation deficit could lead to a lack of groundwater recharge, causing a decline in the groundwater level and groundwater storage in the aquifer, and thus eventually to a groundwater drought. Thus, groundwater drought can be extrapolated from a time series of water level changes. In this study, groundwater drought events were identified from the standardized anomaly of groundwater levels, which was calculated by: (1) normalizing the hydrological variables, (2) standardizing the normalized distribution by removing the means of the transformed variable (i.e., long-term monthly means), and (3) dividing them by the transformed standard deviation (σ) [57]. When the standardized anomaly drops below –1, it indicates drought conditions.






3. Results and Discussion


3.1. Temporal Changes in Precipitation


Because precipitation phenomena are subject to a large degree of temporal and spatial variation, it is difficult to identify fixed cycles or trends based on daily and monthly mean precipitation [58]. From 2005 to 2015, the total amount of annual precipitation displayed a declining trend of –2.04 cm yr−1, with significant yearly variations, and an annual mean (standard deviation) of 1,267 (± 300) mm (Figure 3, Table A1). Because Korea is under the influence of a monsoon climate, precipitation events can be distinguished in accordance with wet (June to September) and dry (October to May) seasons. In this study, the precipitation during the dry periods displayed an increasing trend, at a rate of +1.73 cm yr−1, while in wet periods there was a declining trend of –3.77 cm yr−1. Consequently, the trend in annual precipitation changes in the MRB area was influenced mostly by precipitation during the wet season. Because the amount of precipitation during the wet season accounted for the majority of the annual precipitation, a deficit of precipitation during this period could cause significant problems in the utilization of water resources. The difference in the amount of precipitation between the wet and dry seasons was smaller in years with drought events (366 mm in 2008 and 149 mm in 2015). In 2015, the amount of precipitation during the dry season was even larger than that during the wet season (Figure 3, Table A1). This significant change in the pattern of annual precipitation resulted in a “no trend” result in the non-parametric statistical analyses of the trend (Table 2).




3.2. Spatio-Temporal Changes in Groundwater Levels


Groundwater hydrographs for the five monitoring wells in the MRB showed downward slopes at three stations (G-1, G-4, and G-5) and upward slopes at the other two stations (G-2 and G-3; Figure 4, Table 2). In the analysis of mean daily and monthly water levels, the M–K test results indicated an increasing (positive) trend at G-2 and G-3, and a decreasing (negative) trend at G-4 and G-5; at the remaining station (G-1), there was no trend at the 95% confidence level. According to Hirsch et al. [59], ‘no trend’ indicates that measurements over time are independent and identically distributed (i.e., not serially correlated). The results of the Sen’s tests were similar to those of the M–K tests, except for the monthly data at G-1.



The declining trend of both parametric and non-parametric methods for groundwater levels in wells G-4 and G-5 implied that they were relatively more influenced by precipitation during wet periods. In contrast, the groundwater levels in G-2 and G-3 displayed rising trends that reflected the influence of precipitation during the dry periods (Figure 3). Consequently, from the changes of water levels, wells G-4 and G-5 appeared to be in groundwater recharge areas, while G-2 and G-3 were in discharge areas where continuous groundwater inflows occurred. However, G1, located in a discharge area, showed no significant trends in non-parametric methods. Considering the depth of the well G-1, it could be attributed to the mixed signals of precipitation, pumping effects and lateral groundwater inflow from the upgradient recharge areas.



The water levels in two wells (G-1 and G-2) declined more sharply from May to June than during the post-monsoon period (September to May), while the water levels in the G-4 and G-5 wells exhibited steady declining trends. This pattern of water level decline in G-1 and G-2 indicated an additional driver of the water level decline, such as pumping for irrigation. Furthermore, even in the wet period, industrial activities placed a demand on groundwater resources (Figure 4).



The G-4 and G-5 wells were located in mountainous regions upstream of the basin. The rates of water level decline in the two wells were −1.83 and −2.56 cm yr−1, respectively. In 2005, 2007, and 2011, the total precipitation in the MRB during the wet season (1,130, 1,106, and 1,168 mm) was much higher than the average value for the other 10 years (846 mm, Table A1). However, the groundwater levels did not significantly rise in the periods (2005, 2007, and 2011), implying that rainfall with a high intensity could increase surface runoff, causing less groundwater recharge [51,60].




3.3. Spatial Variation of Water Level Changes


Spearman correlation analysis incorporating a lag-time, calculated according to the correlation between daily precipitation and water level data, revealed that the water levels of G-3, G-4 and G-5 were strongly correlated with precipitation, implying rapid rainfall recharge. However, G-3 had a trend towards a rising water level, which contrasted with the declining trend in G-4 and G-5. This difference was attributed to the locations of wells, with G-4 and G-5 being located in upstream recharge areas and G-3 being located in the downstream discharge area of the groundwater flow system (Table 1). In contrast, no significant correlation was found between the water level in G-1 and G-2, which were located in downstream lowland areas, and paddy field cover, where soil addition and irrigation pumping could complicate the water level responses to precipitation (Figure 1 and Figure 2).



The correlation between rainfall and groundwater water levels was also separately analyzed for the wet and dry seasons. The correlation coefficient for the relationship at G-1 was 0.366 for the rainy season and –0.162 for the dry season. Because the correlation differed seasonally, the increase in water level could be explained by groundwater recharge through precipitation percolation during the wet season. In the dry season, vertical recharge could be obstructed in the unsaturated layer, and human activities could influence the water level responses to rainfall events.



The correlation coefficient for the relationship at G-2 was –0.199 in the wet season and –0.233 in the dry season. Because the monitoring well taps into the alluvial unconfined aquifer, with a depth of 12 m (Table 2) in the rice paddy area, the weak correlation can be interpreted in terms of a greater effect of anthropogenic factors (e.g., pumping and irrigation), relative to natural factors, including rainfall and seasonal effects. Many mechanisms could lead to fluctuations in groundwater levels [53]. Especially in agricultural areas during the irrigation season, water level patterns show the mixing of precipitation recharge, pumping drawdown, and recovery after pumping. In the study area, Ha et al. [61] also reported the possibility of a weak correlation between precipitation and groundwater levels due to water abstraction or tidal effects related to the river stage.



The annual variation in precipitation and groundwater level could be deduced for each monitoring well (Figure 5). A typical monsoon effect of the concentrated precipitation from June to September was denoted by the dramatic increase in cumulative precipitation and the corresponding rise in the water level. However, during the dry period, the water level fluctuation depended on the hydrologic conditions of each well. The water level in both G-1 and G-2 declined significantly from March to May, probably due to groundwater pumping for irrigation activities.



The water levels in G-3 showed a pattern corresponding to the cumulative precipitation pattern from February to September. When precipitation lessened during the winter, groundwater levels declined due to natural discharge.



In G-4, the water levels were typical of a semi-confined system (Table 1), showing a relatively consistent level with increases during the wet season. The water levels in G-5 varied significantly, and there was no significant rise, even during the wet season. This variation could be attributed to two factors: (1) the fast recharge-and-discharge processes at the well location in the unconfined system, and (2) loss of precipitation through surface runoff, resulting in less recharge. The second process is common in upstream areas with a relatively high slope, and the general decline in water levels during the dry period indicated that this could be the main process occurring in G-5.




3.4. Groundwater Drought


In this study, drought caused by a lack of precipitation was estimated using the SPI at a time scale of 12 months (SPI-12) for the period 2005–2015 (Figure 6). The periods of 2008–2009 and 2008–2015 experienced severely dry (SPI −1.99 ~ −1.50) to extremely dry (SPI < −2.0) conditions [54]. However, the standardized groundwater level anomaly [57,62,63], as indicated by [(observation–average)/standard deviation], varied among the monitoring wells, probably due to their location in terms of the groundwater flow system, the characteristics of aquifer materials, and the man-made impact of groundwater pumping. If the standardized anomaly dropped below –1, the index indicated groundwater drought conditions. When the water level dropped lower than –2, it was considered to represent extreme groundwater drought.



At G-1, a groundwater drought occurred in 2005–2006 and 2008–2015, (i.e., in 10 of the 11 years, Figure 6), with extreme droughts seen in 2009, 2012–2013, and 2015. At G-2, groundwater drought occurred in 2005–2011, (i.e., 7 of the 11 years), with extreme cases seen in 2005, 2007, and 2009. At G-3, there were drought conditions in 2005–2012, (i.e., 8 of the 11 years), with the worst case occurring in 2009. In G-4, groundwater levels declined below the standard deviation from the mean level in 2005, 2009, and 2014–2015, with the lowest level occurring in 2014. At G-5, there were groundwater drought conditions in 2005–2006, 2008–2011, 2013, and 2015. The lowest water levels in wells occurred in spring, except for G-5, where the late autumn had the lowest water level.



The meteorological droughts due to precipitation deficiency in 2008–2009 and 2015 were not directly reflected by groundwater droughts in the monitoring wells. All five wells only had low water levels under drought conditions at the same time in 2005 and in 2009. The frequency of low water level periods in groundwater was also greater than the frequency of low precipitation periods. In addition, the worst droughts due to precipitation deficiency occurred at different times to the worst groundwater droughts. Thus, water level changes indicated that groundwater droughts occurred due to the complicated impact of both precipitation deficiency and man-made factors, such as groundwater pumping. Therefore, in areas where groundwater is a major source of water supply, groundwater drought estimation using water level changes would be an effective measure to assess drought conditions and their effects on water resources.




3.5. Sustainability Assessment of Groundwater Resources


3.5.1. Groundwater Budget of the MRB


The sustainability of groundwater resources was estimated based on the water budget of the MRB area. We estimated recharge using the SWB method (Figure 7), and the amount of annual recharge in each area was also compared with the amount of groundwater abstraction (Table 3). The SWB modelling results revealed spatial variation in groundwater recharge between the upstream and downstream areas. Generally, upstream areas had a higher recharge than downstream areas, and minimal recharge occurred along the floodplain areas, implying that they were groundwater discharge areas. The results confirmed the groundwater responses to precipitation events at each monitoring well. At G-4 and G-5 in the upstream areas, there were significant relationships between precipitation and the water level response, implying that these wells were located in recharge areas (Table 2, Figure 7). In contrast, the downstream agricultural and urbanized areas (i.e., the locations of G-1 and G-2), have experienced anthropogenic disturbances, such as soil addition and road pavements, resulting in limited recharge from precipitation.



There was almost no change over time in the amount of groundwater abstraction in the MRB, with a mean of about 99 mil m3 yr−1 and a standard deviation of 4.5% of the mean value (www.gims.go.kr; Table 3). Because the proportion of the public water supply in the area increased from 89.3% in 2005 to 97.0% in 2014 (www.wamis.go.kr), this abstraction figure indicates the amount of groundwater utilization that is constantly required in the MRB for agriculture and industry. During 2005–2015, the amount of groundwater abstraction in the MRB varied from 27.4% to 49.7% of the groundwater recharge.



Although the amount of groundwater abstraction remained consistent over the period studied, the reduced recharge due to lack of precipitation could generate significant water level declines in the aquifer [64], causing groundwater drought due to storage deficiency. The impact of groundwater abstraction in wells G-1 to G-3 was analyzed. They were found to have low water levels, with drought conditions occurring in 2005–2006 and 2008–2011. During these years, the mean abstraction to recharge ratio was 39.2%. Thus, based on the temporal water level changes, a groundwater abstraction of 39.2% of the total recharge could be used as a significant drought index for the MRB in terms of groundwater utilization and sustainable management.



Less groundwater recharge could induce a water level decline and a decrease in baseflow discharge to streams and surface waters [64]. In most agricultural fields, farmers are dependent upon either groundwater or the water supply from reservoirs and/or streams. The reduced baseflow discharge will decrease the surface water supply, and subsequently lead to agricultural drought due to a shortage of surface water supply rather than a lack of precipitation. This is an indirect process, with time lags based on the hydrogeologic characteristics of the aquifer.




3.5.2. Groundwater Quality


Groundwater quality is another factor influencing the sustainability of groundwater resources. Unless an adequate water quality is maintained, the water cannot be used as a resource. In this study, we obtained groundwater quality data from the annual reports of K-water and the Ministry of Environment (ME). For each station in the NGMN, water quality was measured by these organizations in the first and second half of the year to determine the ionic composition. We compared the major anions and cations (Table A2, Figure 8) with drinking water standards and found that nitrate nitrogen (NO3-N) was the only variable (major ion) exceeding the relevant water quality standard [65] of 10 mg L−1 in samples from 2009 to 2015. Both shallow alluvial and deep bedrock wells at G-2 had high NO3-N concentrations that exceeded the drinking water standard (> 10 mg L−1) almost every year (Figure 8, Table A2). In addition, through the Groundwater Quality Measurement Network [66], established by the ME, groundwater has been monitored in terms of the vulnerability to contamination based on about 20 parameters (including pH, EC, bacteria, nitrate, chloride, cadmium, arsenic, trichloroethylene (TCE), and tetrachloroethylene (PCE)) two or four times every year. The MRB has a mixture of land uses, including industrial areas, and nitrate, TCE, and PCE pollution was detected in some groundwater samples from the industrial area (Table A3).



The natural background level of NO3-N is less than 3 mg L−1 [67], but 27 of 40 measurements (about 67.5%) had higher levels, indicating nitrate pollution. Three measurements exceeded the drinking water standard of 10 mg L−1 (Figure 8). Comparing the locations of the sites with nitrate levels exceeding thresholds in Figure 8 with the distribution of land use appeared in Figure 2a, the source of nitrate was attributed to agricultural activities from the surrounding farmlands.



Land used for agriculture accounted for 42.0% of the total area 32]. Thus, assuming that nitrate contamination was present in 67.5% of the agricultural area, groundwater recharged from 28.4% of the total area is potentially contaminated by nitrate. Subsequently, the amount of groundwater with an adequate water quality that is available for utilization will be decreased by that proportion. Therefore, the ratio of sustainable groundwater abstraction to recharge could be reduced from 39.2% to 28.1%. This fraction of 11.1% of the groundwater resource could be continuously usable depending on the management and protection measures that are implemented; otherwise, the loss of this groundwater resource is inevitable under present agricultural practices.






4. Implications


In this study, we investigated the natural and man-made drivers of groundwater sustainability, such as climate and groundwater abstraction water quality, respectively, based on time-series monitoring of precipitation and groundwater, and water-quality monitoring data from the wells. The MRB shows a typical landscape of river basin from high mountain areas to lower floodplains, which has groundwater recharged in the upstream discharges in the downstream areas.



Groundwater storage of the top aquifer, where most irrigation wells are tapped into, changes in response to the amount of precipitation. In general, the Monsoon effect had been clear, with large amounts of precipitation in the summer’s wet season and relatively less in the dry season. However, the data from the study area during the last decade showed a precipitation trend of decreasing in the summer and increasing in the dry season. Thus, water resource management techniques should be implemented to adapt to these seasonal and temporal changes.



Groundwater hydrographs from five monitoring wells showed spatial variations in temporal changes. In the wells located within the downstream area, water levels are responsive to cumulative rainfall and groundwater recharge occurring horizontally from upgradient areas. However, wells in the upstream areas are more prone to respond to each individual event, with a fast recharge-and-discharge process. One well in the downstream area exhibits water-level fluctuations due to mixed signals of precipitation and pumping effects, resulting in no trend and a complicated relationship with the recharge–discharge characteristics. Therefore, groundwater resource management should consider not only water levels of the aquifer as a proxy of aquifer storage, but also location of the wells along the groundwater flow system and nearby pumping activities.



In addition, the sustainability of groundwater resources should cover the quantity and the quality together. Wells in the agricultural areas in the MRB show significantly high levels of nitrate, implying the input of surface contaminant through the rainfall infiltration. Consequently, groundwater in this area is exposed to the risk of water quality degradation to contamination. Thus, when the groundwater sustainability is estimated, these negative impacts of water quality should be counted in the groundwater recharge process, resulting in a reduction of the readily-available water resources.
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Table A1. Summary of the precipitation characteristics recorded at Jeonju station over 11 years.






Table A1. Summary of the precipitation characteristics recorded at Jeonju station over 11 years.





	
Year

	
Amount of Rainfall (mm)

	
Rainy Day

	
Rainfall Intensity (Wet Season, mm/d)

	
Net P. *




	
Annual

	
Wet Season

	
Dry Season

	
Ratio (Wet/Annual)

	
Annual

	
Wet Season

	
>50 (mm/d)

	
>100 (mm/d)






	
2005

	
1390

	
1130

	
260

	
81.3

	
128

	
55

	
6

	
2

	
20.5

	
401




	
2006

	
1188

	
815

	
373

	
68.6

	
118

	
52

	
2

	
1

	
15.7

	
169




	
2007

	
1472

	
1106

	
366

	
75.2

	
127

	
62

	
5

	
1

	
17.8

	
533




	
2008

	
1000

	
683

	
317

	
68.3

	
113

	
57

	
3

	
0

	
12.0

	
-47




	
2009

	
1164

	
842

	
322

	
72.3

	
115

	
46

	
5

	
0

	
18.3

	
73




	
2010

	
1463

	
984

	
479

	
67.3

	
136

	
61

	
8

	
1

	
16.1

	
451




	
2011

	
1622

	
1168

	
454

	
72.0

	
123

	
58

	
4

	
2

	
20.1

	
582




	
2012

	
1360

	
992

	
368

	
73.0

	
123

	
49

	
6

	
0

	
20.2

	
257




	
2013

	
1265

	
818

	
447

	
64.7

	
119

	
49

	
5

	
0

	
16.7

	
199




	
2014

	
1207

	
756

	
451

	
62.6

	
124

	
57

	
4

	
0

	
13.3

	
19




	
2015

	
814

	
332

	
481

	
40.8

	
119

	
38

	
0

	
0

	
8.7

	
-376








Notes: * Net precipitation: precipitation (mm) – evaporation (mm).
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