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Abstract

:

In this work, we developed a new method to assess the impact of climate change (CC) scenarios on land subsidence related to groundwater level depletion in detrital aquifers. The main goal of this work was to propose a parsimonious approach that could be applied for any case study. We also evaluated the methodology in a case study, the Vega de Granada aquifer (southern Spain). Historical subsidence rates were estimated using remote sensing techniques (differential interferometric synthetic aperture radar, DInSAR). Local CC scenarios were generated by applying a bias correction approach. An equifeasible ensemble of the generated projections from different climatic models was also proposed. A simple water balance approach was applied to assess CC impacts on lumped global drawdowns due to future potential rainfall recharge and pumping. CC impacts were propagated to drawdowns within piezometers by applying the global delta change observed with the lumped assessment. Regression models were employed to estimate the impacts of these drawdowns in terms of land subsidence, as well as to analyze the influence of the fine-grained material in the aquifer. The results showed that a more linear behavior was observed for the cases with lower percentage of fine-grained material. The mean increase of the maximum subsidence rates in the considered wells for the future horizon (2016–2045) and the Representative Concentration Pathway (RCP) scenario 8.5 was 54%. The main advantage of the proposed method is its applicability in cases with limited information. It is also appropriate for the study of wide areas to identify potential hot spots where more exhaustive analyses should be performed. The method will allow sustainable adaptation strategies in vulnerable areas during drought-critical periods to be assessed.
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1. Introduction


In many agricultural regions, as well as areas with a rapid urbanization and population growth, prolonged groundwater exploitation due to increasing water demand is causing land subsidence impacts [1,2,3,4,5,6,7]. In many coastal and delta cities, such as Ho Chi Minh, Bangkok, Manila, Tokyo, and Jakarta, land subsidence considerably exceeds (by up to 10 times) absolute sea level rise, which increases flood vulnerability and triggers severe, damaging impacts [8]. Sinking cities—within the framework of global change—is and will be a transnational threat.



Land subsidence is related to falling groundwater levels in (generally) unconsolidated alluvial or basin-fill aquifers with a significant proportion of compressible fine-grained materials. Increases in effective stresses—caused by headwater declines—determine the aquifer system compaction at local or regional scales [9]. This deformation is typically elastic (reversible) and results in small vertical displacements, but when the aquifer is subjected to head declines that exceed the critical levels, much of the compaction is related to an inelastic deformation and the accompanying subsidence is permanent [10].



Differential interferometric synthetic aperture radar (DInSAR) techniques are satellite-based remote-sensing tools that have been applied successfully for monitoring land subsidence thanks to their high spatial and temporal coverage, fast data acquisition, and low cost [11]. They are capable of measuring mm-scale ground displacements at a spatial resolution of 5–10 m over large regions (hundreds to thousands of square kilometers). They have been widely applied in numerous recent studies of land subsidence triggered by intense groundwater withdrawals [12,13,14,15]. A prominent case is Jakarta, the capital city of Indonesia (around 10 million people), where subsidence values of 28 cm/year have been registered in some locations. The impacts in Jakarta have been seen in several forms: not only cracking and damage in buildings and infrastructure, but subsidence also enlarges the (tidal) flooding inundation areas and makes the coast more vulnerable to sea-level-rise phenomena [1]. Indonesian authorities think the capital should be relocated.



In the present work, we applied the persistent scatterer interferometry technique (PSInSAR), an operational tool for precise ground deformation mapping, acting as a geodetic network [16]. This technique allows quantification of deformation measurements, combining them with geological and hydrogeological data in a geographical information system (GIS). The application of PSInSAR has improved rapidly in the last decade, and it is now a valuable tool for monitoring seasonal and long-term aquifer-system responses to groundwater pumping.



In the literature, we found many different approaches that have been employed to model the impact of groundwater level depletion on the subsidence. Some of them are based on physically based distributed hydro-geomechanical models [17,18], but we also found other approaches such as machine learning [19] and conceptual [20] or simple regression approaches [21], like the one that was employed in this work.



In order to assess potential future impacts of climate change (CC) in a rational way, we need to use the climatic scenarios generated by simulating with climatic models the emission scenarios identified by the Intergovernmental Panel of Climate Change (IPCC). The most recent of these are those included in the 5th assessment report [22], the RCP scenarios. These scenarios are not predictions of future climate; they are internally consistent pictures of plausible future climates that constitute a basis for other workers to evaluate the possible impacts of CC [23]. In order to make this information relevant to assessment of impacts in specific case studies, they have to be translated to regional and local scales by applying statistical correction techniques that take into account historical data [24].



Despite the spread of uncertainties involved in the assessment of future CC impacts, there is no excuse for delays or inaction in assessing/identifying adaptation strategies, taking into account that there are environments that could be very vulnerable [25]. The market for technologies for adaptation to CC is growing rapidly, given that “the cost of repairing damages is estimated to be six times greater than adaptation costs” (H2020WATER-2014/2015). In the literature, we found multiple examples of the propagation of future CC scenarios in order to assess hydrological impacts at different scales, including continental [26,27], country [28,29], river basin [30,31], and aquifer [28,32] systems. Nevertheless, the literature on the assessment of the potential future impacts of CC on land subsidence is very limited [33]. Only a few works have been developed on identification and assessment of potential adaptation strategies, like the work published by Brouns et al. [34], in which a bottom-up approach was applied to define the scenarios.



The main objective of this research was to propose a new, parsimonious approach [35,36] with which to perform a first assessment of potential CC impacts on land subsidence related to groundwater-level depletion in detrital aquifers. We also applied and validated it in the Vega de Granada aquifer (southern Spain). We have proposed a general approach applicable to any type of aquifer including in coastal areas, which are more vulnerable to subsidence [37,38]. The main innovative aspect of the proposed methodology is its applicability in cases with limited information through a combination of several parsimonious techniques: (1) a statistical approach for CC generation, (2) a simple hydrological approach to assess the impacts of CC on groundwater levels, and (3) simple linear regression models to propagate the impacts to land subsidence. The model might be also useful for a preliminary assessment of different adaptation strategies. It does not require a distributed groundwater flow model of the system [39,40]. Taking into account the uncertainties around future potential CC scenarios, the model provides a useful first approach, even in wide areas (e.g., country or continental scale), that can identify potential hot spots where more exhaustive analyses should be performed.




2. Case Study


The Vega de Granada is a flat region located in the metropolitan area of the city of Granada (southern Spain, 530,000 people) (see Figure 1). With an extension of 200 km2, the Vega de Granada is a traditional agricultural region with increasing urban growth during recent decades. Both agricultural and urban demands exert a high pressure on the aquifer. The river Genil flows (from SE to NW) through the center of the basin, being the aquifer’s main drainage axis [41].



From the geological point of view, the Vega de Granada is within the Granada Basin domain, in the central sector of the Betic cordillera. It is a tectonic depression delineated by normal faults which control the basin infill. The Vega de Granada detrital aquifer presents a multilayer and heterogeneous structure with quaternary levels of gravel, sand, silt, and clay, with a maximum thickness of 250 m in its central part [15,42,43]. Both the river sedimentation and the surroundings alluvial fans (related to the normal faults) determine the facies distribution.



The Vega de Granada aquifer is of regional importance. With renewable water resources of about 160 hm3/yr [43], groundwater exploitation has intensified considerably in recent decades because of urban sprawl, particularly during the severe droughts that periodically affect the region. The heterogeneous sedimentary structure controls the great spatial variability of the hydraulic parameters in the aquifer (permeability, transmissivity, etc.) and the distribution of the most productive wells. All these variables in the aquifer can be used to explain its spatial and temporal response to hydraulic head changes and the subsequent vertical ground movements.




3. Data and Methods


A flowchart of the proposed method has been represented in Figure 2.



3.1. Data Employed and Their Origins


The historical climate data for our case study were taken from Version 04 of the Spain02 dataset [44] (see Figure 3a,b). The Spain02 dataset includes daily temperature and precipitation estimates from observations (around 2500 quality-control stations) of the Spanish Meteorological Agency.



We also used data from individual global future climate projections (see Table 1) produced by regional climate models (RCM) nested within different global circulation models (GCM). This information was retrieved from the Coordinated Regional Downscaling Experiment (CORDEX) project [45]. The Spain02 project uses the same grids as the EURO-CORDEX project, which has a spatial resolution of approximately 12.5 km.



In addition, we also employed some hydrological information, including hydraulic head evolution in different piezometers obtained from the Spanish official network for monitoring the quantitative state of groundwater (see their location in Figure 1) and the historical recharge and pumping rates within the aquifer, which were taken from the information included in the Guadalquivir River Basin Plan (2015–2021).



For those wells, we also used information about the land subsidence rates obtained by applying PInSAR techniques. The average vertical displacement based on the time series was estimated by using buffer areas with a radius of 1000 m for each piezometer and considering all PSI (persistent scatterer interferometry) data included in the area [15]. The percentage of fine-grained material (clay and silt) for each piezometer was obtained by exploiting geological data recorded in 38 boreholes drilled in the area. They were interpreted [15] to provide isolines of fine-grained sediment percentage, taking into account the clay and silt content in the first 50 m of the borehole, as the borehole depths were quite variable (from 50 to 122 m).



The results showed higher clay content in the piezometers located in the northern and southern extremes of the aquifer, as well as in its central part (see Table 2).



The historical data and the future trends of population within the area were obtained from the Spanish Statistical Office <https://www.ine.es/>.




3.2. Assessment of Subsidence from Satellite Data


In the present study, spatial and temporal ground surface deformation assessment was conducted by exploiting 70 SAR images from three different satellites: ENVISAT (2003–2009, C band), Cosmo-SkyMed (2011–2014, X band), and Sentinel 1A (2015–2016, C band). The processing methodologies applied for each dataset were: (1) PSIG Cousins [46] for the ENVISAT and COSMO-Sky-Med datasets, and (2) direct integration approach [47] for the Sentinel 1A dataset. More detailed specifications can be found in Mateos et al. [15]. This combination allowed a thorough assessment of the ground deformation pattern in the aquifer and both the temporal and spatial dimensions of the subsidence.



PSInSAR measurements were obtained in the aquifer of the Vega de Granada (southern Spain), covering a large temporal span of 13 years (from 2003 to 2016). In this time, a severe drought affected the area during the ENVISAT period (2003–2006), and greater groundwater withdrawals took place.



PSInSAR data were correlated (temporally and spatially) with hydraulic head changes in the aquifer along the monitoring period, and with geological data (from boreholes) regarding the clay and silt content in the aquifer. Based on the borehole information, isolines of fine sediments percentage were obtained by Mateos et al. [15]. Clay and silt content is key information which can explain the spatial response of and aquifer system to hydraulic head changes and the subsequent vertical land movements.




3.3. Definition of Local CC Scenarios


A statistical method was used to define local future global change scenarios for the pilot, based on the historical information for the adopted reference period (1986–2015) and the available RCM simulations.



These scenarios were derived from RCM simulations available in the CORDEX project [45] for the most pessimistic emission scenario, RCP 8.5, and the temporal horizon 2016–2045. The future series were generated by applying the first- and second-moment correction technique under the bias-correction approach [24]. The bias-correction techniques applied a perturbation (transformation function) to the control series of the RCM simulations to obtain another series with statistics more similar to the historical series. The transformation function in the first- and second-moment correction technique is defined by focusing on the mean and standard deviation of the climate series. The same transformation function was applied to the future simulations of the RCM to obtain the climate change projections. An equifeasible ensemble of the individual climate change projections have been proposed in order to define more robust climate projections that are more representative than those based on a single model [32,48].




3.4. Hydrological Impacts of Climate Change on Groundwater Levels


A simple approach proposed by Scott [49] was applied to assess future CC impacts on global lumped drawdowns due to the future potential rainfall recharge and pumping. Following this approach, simple balance equations were applied in order to assess the global lumped change in hydraulic head    (  Δ  h t   )    from aquifer storage    (  Δ  S t   )   , which was calculated as follows.


  Δ  S t  =  R t  −  E t   



(1)




where    R t    is the aquifer rainfall recharge and    E t    is the aquifer extraction, which can be obtained from Equation (2).


   E t  = E a  g t  − E n o n a  g t   



(2)




where   E a  g t    represents the agricultural extractions and   E n o n a  g t    the non-agricultural extractions. They were calculated using Equations (3) and (4), respectively.


  E a  g t  = E a  g  t − 1    [  1 +   E  T t  − E  T  t − 1     E  T  t − 1      ]   



(3)






  E n o n a  g t  = E n o n a  g  t − 1    [  1 +   P o  p t  − P o  p  t − 1     P o  p  t − 1      ]   



(4)




where   E T   is the evapotranspiration calculated using the Blaney–Criddle method (  E T = p ( 0.46 Tmean + 8  )) on the basis of monthly temperature in °C (Tmean) and latitude-derived sunshine-hour fraction ( p ), and   P o p   is the population of the area.



Finally, the hydraulic head    (  Δ  h t   )    was calculated using Equation (5).


  Δ  h t  =   Δ  S t    A ×  S y     



(5)




where   A   is the aquifer area and    S y    the specific yield.



The initial conditions used to simulate the recharge (Rt−1) and pumping (agricultural or non-agricultural,   E a  g  t − 1     and   E n o n a  g  t − 1    ) evolutions were taken from the information included in the Guadalquivir River Basin Plan (2015–2021).



The lumped approach proposed by Scott [49] was also applied to estimate the lumped hydraulic head drawdowns in the reference historical period (1986–2015). The method allowed estimation of the delta change (percentage increase) in the lumped aquifer drawdowns, taking into account the relative difference between the maximum lumped drawdowns in the historical and the future periods (2016–2045). These results were obtained under the assumption that a business-as-usual management scenario will be maintained in the future. The future potential hydraulic head in each piezometer was obtained by applying a delta change correction, using the lumped change to modify the historical evolution (for the reference period) of this variable within the piezometer.




3.5. Propagation of Hydrological Impacts to Subsidence


Simple linear regression models have been defined in order to approximate subsidence as a function of hydraulic head drawdowns in the selected head observation wells. We tested different transformations (Tr(X)) of the explanatory and target variables (logarithm, inverse, square, and square-root mathematical transformations) in order to identify the one that provided the best approximation to the empirical data for this problem (see Table 3).



The models used assume that there is a linear relation between both variables, the dependent variable and the explanatory variable and its transformations, which is reasonable if the deformation is elastic. An analysis of the linear correlation depending on the percentage of clay and silt content in the ground was also proposed in order to identify and discuss when linear regression might represent a better approach.





4. Results and Discussion


For the case study, the future equifeasible ensemble series obtained by applying the bias correction approach showed a mean global temperature increase of 7.72% and a mean global reduction of precipitation of 6.24%. Figure 3 shows the mean historical and future yearly series of precipitation and temperature.



The hydrological approach described in Section 3.4 was employed to propagate the generated future local climatic series to assess future hydrological impacts in terms of future recharge and pumping (Figure 4).



The mean reduction of the recharge and increase of pumping expected for the potential future horizon contemplated were 1.4 Hm³ year−1 and 1 Hm³ year−¹, respectively. In the global budget, the impacts of CC on the recharge will have a higher influence on the future hydraulic head drawdowns.



Taking into account the projected changes in the future recharge and withdrawals within the aquifer, the global lumped hydraulic head drawdowns were obtained by applying the Scott [49] approach. The maximum lumped drawdown obtained in the future was 3.3% greater than the one obtained in the historical period. This relative change was employed to apply a delta change to correct the historical drawdowns in the selected head-observation wells (see Figure 1), obtaining for the future period the values presented in Figure 9.



In order to propagate the impacts of these hydraulic head drawdowns on the subsidence, different regression approaches were tested (see Figure 2). In each piezometer, the coefficient of determination of the calibrated models depended on the selected transformation (see results for the tested models in Figure 5). The two best combinations of model and transformation were S = a × P + b and S² = a × P² + b, where S represents the subsidence and P the hydraulic head (Models A and F in Figure 5). The mean R² values of these models for the five considered piezometers were 0.60 and 0.73, respectively. These models were employed to predict the impacts of the potential future CC scenario on subsidence. An example of the fit of the regression models for the target variable (subsidence) and the explanatory variable (hydraulic head) is included in Figure 6 for Piezometer 3 and the selected models.



The selected models were compared in terms of mean error and mean squared error too (see Figure 7). The two models showed a mean error of 0.0 mm; the model S = a × P + b showed a mean squared error of 20.63 mm² and the model S² = a × P² + b showed a mean squared error of 23.44 mm².



The granulometry of subsurface sediments has a significant impact on the ground subsidence. We analyzed the influence of the percentage of clay and silt (in the surrounding area of the piezometer) on the historical subsidence rate and the linear behavior of the subsidence, assessed in terms of the R² of the regression models.



Figure 8a shows the relationship between the percentage of fine-grained material and the historical subsidence rate, and Figure 8b the coefficient of determination obtained for the best approach for each piezometer vs. the percentage of clay and silt. In general, a higher percentage of fine-grained material was related to a lower subsidence rate, but the correlation of this relationship was poor (R² = 0.24). On the other hand, higher coefficients of determination were related with a more linear behavior, which was observed for the cases with lower percentage of clay and silt. Note that in general, the relationship between the percentage of fine-grained material and the coefficients of determination of the linear models had a good correlation (R² higher than 0.8). In fact, PSInSAR results showed an inelastic deformation in the aquifer where a higher clay–silt content was identified [15]. Percentage of fine-grained material, thickness, and distribution of lenses significantly affected spatiotemporal subsidence patterns, which was in agreement with the results observed by other authors [10,50].



For Piezometer 6, which was the one with highest percentage of clay (70%), we obtained very low coefficient of determination (0.33 and 0.57 for the models S = a × P + b and S² = a × P² + b, respectively) and the linear regression approach was not appropriate. For this reason, we have not included the results for the assessment of the future subsidence for this observation well.



The propagation of the impacts of the potential future CC scenario on subsidence (Figure 9) showed important increases of the maximum subsidence (55.3% and 52.7% for the models S = a × P + b and S² = a × P² + b, respectively) with respect to the historical maximum observed values. The highest increase of the maximum subsidence (68.3% and 65.7% for the models S = a × P + b and S² = a × P² + b, respectively) with respect to the historical maximum observed values occurred in Piezometer 5, which was located in the western area where the percentage of clay was 40%.



In terms of mean subsidence (see Figure 10) the mean increase of subsidence was 4.1 mm and 4.5 mm for the models S = a × P + b and S² = a × P² + b, respectively. The piezometer with the highest increase of mean subsidence was Piezometer 3, with 5.4 mm and 5.9 mm for the models S = a × P + b and S² = a × P² + b, respectively. This piezometer showed the highest variability of subsidence in the historical and future periods, and had the lowest content of clay and silt.



Hypotheses Assumed and Limitations


The assessment performed assumed some hypotheses or made simplifications as follows.



Climate change scenarios




	-

	
We generated future local climatic scenarios only for the horizon 2016–2045, assuming the most pessimistic emissions scenario (RCP 8.5) and applying a simple statistical correction (first- and second-moment correction) to correct the observed biases.




	-

	
An equifeasible ensemble of the potential future local climate scenarios was proposed to define a more representative scenarios by combining projections of different climatic models.









Propagation of climate change in terms of hydrological impacts




	-

	
A simple approach proposed by Scott [49] was applied in order to perform the assessment of future CC impacts on global lumped drawdowns. It has the advantages that it does not require the use of a previously calibrated distributed model, and can be applied in cases with limited information. A delta change approach defined from this lumped variable was employed to assess drawdowns in the piezometers by correcting the historical series. More precise results could be obtained in cases where a physically distributed model is directly used to propagate climate change impacts.




	-

	
This work focused exclusively on the impacts produced by the reduction in rainfall recharge and the increase of pumping due to potential future local climate scenarios and changes in population.




	-

	
We assumed a business-as-usual management scenario to assess the impacts of future potential local climate scenarios on subsidence. Other management scenarios could be considered in order to assess the benefit of potential adaptation strategies.









Propagation of hydrological impacts to subsidence




	-

	
We assumed a linear relationship between the hydraulic head drawdowns and the subsidence in the piezometers. This allowed us to use a simple regression model. We also assumed that the model was valid in the range in which the future assessment was performed.











5. Conclusions


A method to assess impact of potential future CC scenarios on land subsidence related to groundwater level depletion in detrital aquifers was described and applied in a case study. It does not require a previous distributed groundwater flow model of the aquifer, which is an important advantage for its applicability in cases with limited information. Taking into account the uncertainties around future potential CC scenarios, it could provide a useful first assessment of its impacts on subsidence. It allows analyses of wide areas to be performed in order to identify potential hot spots that require more exhaustive analysis. It will help to assess sustainable adaptation strategies in identified vulnerable areas, taking into account subsidence issues during drought-critical periods. The methodology was applied in the Vega de Granada aquifer (Granada, SE Spain). Good correlation between groundwater level depletion and the subsidence was obtained in the wells where the percentage of clay was below 50%. The analysis of results showed that, assuming a business-as-usual management scenario, the impacts of CC on subsidence would be very significant for the case study. The mean increase of the maximum subsidence rates in the considered wells for the future horizon (2016–2045) and the RCP scenario 8.5 was 54%. In order to avoid undesirable consequences/risks as observed in other regions worldwide (Jakarta, Ho Chi Min City, and Bangkok, among others) where land subsidence is causing severe impacts—permanent inundation of land, aggravated flooding, changes in topographic gradients, rupture of the land surface, structural damage to buildings and infrastructures, and reduced capacity of aquifers to store water—some adaptation strategies should be applied to control and minimize the land subsidence caused by groundwater withdrawals.
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Figure 1. Location of the case study. The Vega de Granada aquifer is of regional importance. It is located within the Granada Basin domain (southern Spain) and in the central sector of the Betic cordillera (Sierra Nevada). 






Figure 1. Location of the case study. The Vega de Granada aquifer is of regional importance. It is located within the Granada Basin domain (southern Spain) and in the central sector of the Betic cordillera (Sierra Nevada).



[image: Water 12 00219 g001]







[image: Water 12 00219 g002 550] 





Figure 2. Flow chart of the proposed methodology. 
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Figure 3. Yearly mean historical and generated future series of precipitation (a) and mean temperature (b) for the periods 1986–2015 and 2016–2045. The historical data were obtained from the Spain02 dataset and the future series was generated by applying the proposed methodology. 
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Figure 4. Yearly mean historical and future series of recharge (a) and withdrawals (b) for the mean year in the periods 1986–2015 and 2016–2045. The historical data were obtained using the methodology proposed by Scott [49] and historical recharge and pumping rates from the Guadalquivir River Basin Plan (2015–2021). The future series were generated by applying the proposed methodology. 
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Figure 5. Coefficient of determination (R²) of the tested models for the five considered piezometers. 
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Figure 6. Relationship between the target variable and the explanatory variable for the two best linear regression models (S = a × P + b; S² = a × P² + b) for Piezometer 3. 
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Figure 7. Mean values of the mean error and mean squared error for the five considered piezometers, obtained for the two best linear regression models (S = a × P + b; S² = a × P² + b). 
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Figure 8. Relationship between the percentage of clay and silt and the historical subsidence rate (a) and the correlation coefficients obtained for the two best linear regression models (S = a × P + b; S² = a × P² + b) (b). 






Figure 8. Relationship between the percentage of clay and silt and the historical subsidence rate (a) and the correlation coefficients obtained for the two best linear regression models (S = a × P + b; S² = a × P² + b) (b).



[image: Water 12 00219 g008]







[image: Water 12 00219 g009 550] 





Figure 9. Historical and future subsidence and hydraulic head for the two best linear regression models (S = a × P + b; S² = a × P² + b). 
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Figure 10. Historical and future subsidence for the two best linear regression models (S = a × P + b; S² = a × P² + b). 
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Table 1. Regional climate models (RCMs) and global circulation models (GCMs) considered.
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GCM

	
CNRM-CM5

	
EC-EARTH

	
MPI-ESM-LR

	
IPSL-CM5A-MR




	
RCM






	
CCLM4-8-17

	
×

	
×

	
×

	




	
RCA4

	
×

	
×

	
×

	




	
HIRHAM5

	

	
×

	

	




	
RACMO22E

	

	
×

	

	




	
WRF331F

	

	

	

	
×
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Table 2. Content of clay and silt in the considered piezometers.
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	Piezometer
	Clay and Silt Content (%)





	5
	40



	3
	5



	6
	70



	8
	20



	29
	20
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Table 3. Regression models and transformation of variables applied. The symbol * represents the tested combinations of models and transformation of variables.
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Tr(X)




	
Model

	
-

	
X²

	
sqrt(X)

	
log(X)

	
1/X






	
Y = a × X + b

	
*

	
-

	
-

	
-

	
-




	
Y = a × Tr(X) + b

	
-

	
*

	
*

	
*

	
*




	
Tr(Y) = a × Tr(X) + b

	
-

	
*

	
*

	
*

	
*
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