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A B S T R A C T   

Study region: Mond basin, comprising 61 aquifers in southern Iran. 
Study focus: New indicators and a framework are presented for quantifying the intensity of 
groundwater stress by considering hydrogeological and anthropogenic factors, including renew-
able water availability, non-renewable water storage, withdrawal, and return flow. In contrast to 
existing methods, our proposed indicators consider accumulated historical water stress tolerated 
by an aquifer during an exploitation period and incorporate groundwater over-extraction from 
both renewable and non-renewable storages of aquifers. 
New hydrological insights: We assessed the applicability of existing and newly defined groundwater 
stress indicators on the Mond aquifers. Our results indicate that the proposed approach is able to 
inform the degree of groundwater stress and identify vulnerable aquifers with high intensity of 
groundwater stress. Statistical analysis of long-term mean annual groundwater drawdown and 
groundwater storage confirmed the results of aquifer classification in terms of intensity of 
groundwater stress. Finally, the response of aquifers in different stages of water stress was 
evaluated by scenarios of i) reduced human-induced withdrawal and irrigation return flow and ii) 
increasing recharge. These scenario analyses indicate that even up to a 50% reduction in human 
water use or a 50% increase in recharge does not recover the more severely stressed aquifers to 
sustainable hydrologic conditions.   

1. Introduction 

Water stress negatively impacts populations, agriculture, and ecosystems and is known as one of the three global risks of the most 
serious concern, according to the World Economic Forum (Mirchi et al., 2014; Wada et al., 2014). Water stress is typically measured 
using various metrics, such as indicators that estimate water availability (Wästerström, 2016). Most assessments of global water stress 
have focused on surface water by use of indicators developed based on different characteristics like water availability, withdrawal, or 
consumption (Alcamo et al., 2003; Vörösmarty et al., 2005; Hoekstra et al., 2012; Averyt et al., 2013; Brauman et al., 2016). However, 
groundwater stress on aquifers as a globally important water resource has not been sufficiently considered in previous studies. 

Groundwater is a crucial resource for current and future generations that provides drinking water to at least 50% of the global 
population (Gleeson et al., 2020; WWAP, 2015). However, groundwater resources and their flow processes are difficult to observe. 
Hence, assessing the behavior of a groundwater system and its changes are critical challenges to ensuring the sustainable use of water 
resources (Dams et al., 2008). Therefore, mapping groundwater use compared to aquifer recharge is crucial in understanding water 
resource fragility and sustainable management of aquifers. Groundwater stress occurs when the water extraction exceeds the recharge 
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to the corresponding aquifer over a given period (Mueller et al., 2015). Reduction in groundwater recharge and over-exploitation are 
typical causes of groundwater stress. Globally, groundwater extractions for irrigation are the prime reason for aquifer depletion (Burek 
et al., 2016). Despite some social and economic benefits of over-extraction, they cannot compensate for the substantial depletion of 
aquifers that are effectively non-renewable on human timescales (Gleeson et al., 2010). To measure groundwater stress exerted on an 
aquifer, few indicators have been explicitly developed, including groundwater footprint (Gleeson et al., 2012), groundwater storage 
change to recharge (Richey et al., 2015), and groundwater development stress (Alley et al., 2018). 

Gleeson and Wada (2013) have quantified the distribution and uncertainty of groundwater stress throughout whole nations using 
multiple data sources. They revealed that considering where and to what extent to focus limited research could be very critical in the 
science-based management of resources. Wada and Heinrich (2013) evaluated the water stress in 408 transboundary aquifers by taking 
into account recharge, extraction, and environmental flow impacts on groundwater. They concluded that a very small percentage of 
aquifers are under human consumption. 

Perez et al. (2015) used groundwater sustainability indicators in an area of Santa Fe Province, Argentina. Their selected indicators 
allowed synthesizing the current state of groundwater resources considering three aspects: the importance of groundwater as the main 
source of water supply in the region, the abstraction being made of this resource, and the natural quality of groundwater. Using the 
indicators of groundwater abstraction, they demonstrated that the recharge rate is not sufficient to meet the current demand in the 
area. 

Weiskel et al. (2007) presented a general framework for quantifying anthropogenic influences on groundwater budgets based on 
normalized human outflows and inflows of aquifers. Their procedure was applied by Ashraf et al. (2017) for selected aquifers in the 
USA, Germany, and Iran to characterize major causes of groundwater stress. They quantified the effect of various human withdrawal 
scenarios on the groundwater resources to assess how the rate of human water abstraction could change flow regimes from 
human-dominated to natural-dominated in the studied aquifers. 

Many aquifers suffer from groundwater depletion, particularly in semi-arid and arid regions. Therefore, it is essential to have some 
metrics and indicators for characterizing stressed aquifers and for comparing the level of stress of different aquifers in a basin. 
However, few water stress assessments have focused on groundwater as a source of water, although groundwater is of global increasing 
importance for water supply (Wada et al., 2012). Therefore, it is of utmost importance to improve our spatiotemporal knowledge of 
groundwater stress to characterize and better understand the groundwater status for developing an answer to “which aquifers are 
under threat of stress and required more preserving” which will be applicable to the basin or large scale. 

Generally, previous studies are limited in comparing groundwater withdrawal or consumption with annual recharge to the aquifer 
as an indicator of renewability. However, in the cases where extraction from an aquifer significantly exceeds renewability, extracted 
groundwater is mainly supplied from non-renewable storage of the aquifer. Previously published indicators ignore this over- 
exploitation from the non-renewable storage of aquifers. In addition, they neglect the accumulative impacts of over-extraction dur-
ing a given exploitation period, preferably estimated since predevelopment time. 

Therefore, this work aims to quantify groundwater stress in aquifers by developing new indicators and frameworks that consider 
over-exploitation from both renewable and non-renewable storage of aquifers during a period of interest. Such indicators can support 
the sustainable management of groundwater, by comparison, prioritization, and characterization of aquifers of a basin or a region in 
terms of the intensity of groundwater stress, water use regime, and water budget conditions. We assess the applicability of 

Fig. 1. Schematic representation of the water balance of an unconfined aquifer system. The dark and light blue areas indicate the volumes of 
renewable and non-renewable storage of the aquifer, respectively. Dotted and dashed lines show levels of the water table at the start and end of the 
period of interest, respectively when aquifer storage changes with ΔS. Rp, Rs, and Rgw denote recharge from precipitation, surface water, and 
adjacent aquifers, respectively; Det, Ds, Dgw, designate evapotranspiration and discharge to surface water and adjacent aquifers, respectively; Hin and 
Hout are total return flow and withdrawals. 
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conventional and newly proposed indicators for 61 aquifers of the Mond Basin, located in the semi-arid to the arid area of southern 
Iran, with a mean annual precipitation of about 300 mm. In the Mond Basin, groundwater is the major water resource. Moreover, there 
is good availability of groundwater budget data to evaluate the methodology. We believe that our approach provides a more reliable 
and accurate interpretation of the groundwater stress than has been available to date because it combines some improvements over 
previous studies: considering renewable storage along with non-renewable storage, an explicit combination of different indicators, and 
framework results with statistical methods to achieve the goal. 

2. Methodology 

2.1. Calculation of groundwater budget 

Over a period of interest, a groundwater budget is based on the principle that water inflows and outflows of an aquifer are balanced 
by a change in groundwater storage. A groundwater budget is therefore expressed as:  

Inflow (recharge) = Outflow (discharge) ± change in storage                                                                                                           (1) 

The recharge and discharge terms in Eq. (1) can be expressed in more detail as components of Eq. (2). Recharge includes such 
components as diffuse recharge from precipitation (Rp), recharge from surface water (Rs), subsurface inflow from adjacent aquifers 
(Rgw), and total return flow (Hin) from irrigation, industrial and domestic uses. The discharge components include evapotranspiration 
from groundwater (Det), discharge from the aquifer to surface water (Ds) and adjacent aquifers (Dgw), and withdrawals (Hout) for 
agricultural, industrial, and municipal uses (Fig. 1). ΔS is the change in storage of the aquifer.  

Rp +Rs + Rgw +Hin = Det+ Ds+Dgw+ Hout ± ΔS(2)                                                                                                                           

Therefore, determining the groundwater budget of an aquifer is complicated because it depends on various factors to accurately 
estimate the net surplus or deficit in water storage of the given aquifer. Weiskel et al. (2007) developed an approach to quantify direct 
human-hydrologic interactions by analyzing the water budget of aquifers, including human withdrawals (Hout) and return flows (Hin). 
By combining natural recharge components as total natural recharge (RT), and discharge components as total discharge (DT) in the 
governing water-balance Eq. (2), the equation can be written as follows:  

RT +Hin = DT + Hout ± ΔS = Fn                                                                                                                                                (3) 

Where RT is total natural recharge to the aquifer from precipitation, surface water, and adjacent aquifers, DT is total natural 
discharge from the aquifer to surface water and adjacent aquifers as well as evapotranspiration, ΔS is changing in storage, and Fn is a 
total net flux of groundwater of the aquifer. Weiskel et al. (2007) introduced normalized human inflow and outflow, respectively hin 
and hout, by dividing the human withdrawals (Hout) and return flows (Hin) by the net flux, which provides a contribution of human 
inflows and outflows to total flux:  

hin = Hin/Fn                                                                                                                                                                              (4)  

hout = Hout/Fn                                                                                                                                                                           (5) 

An approach was provided by Weiskel et al. (2007) to characterize different types of human water use regimes and how they affect 
water balances in a hydrologic unit. This indicator represents the relative magnitude of human water withdrawals and returns flow 
versus natural flows through a water system, which states what portion of extracted water from a given aquifer belongs to the direct 
impact of human activity including withdrawals and return flows. 

The water use intensity indicator (WUI) is derived from normalized human withdrawals (hout) and normalized human return (hin) as 

Table 1 
Simplified description of groundwater variables.  

Variables Description 

Renewable groundwater 
storage 

Total annual groundwater recharge 

Non-renewable groundwater 
storage 

The volume of groundwater accumulated in the aquifer over a long period (often thousands of years). For many aquifers, it 
comprises the major storage of the aquifer. 

Exploitable groundwater The amount of water that can be annually abstracted from a given aquifer under current socio-economic constraints and 
ecological conditions. 

Groundwater consumption The portion of extracted water from an aquifer that is lost to the atmosphere through evaporation/transpiration or 
incorporated into a product or plant and thus not returned to the original aquifer after being withdrawn. 

Total human withdrawals 
(Hout) 

Anthropogenic or human removals or abstractions of groundwater by springs, wells, drainage channels, and qanats. 

Total return flow (Hin) The non-consumed portion of groundwater is returned to the original water resource after being withdrawn. 
Total natural recharge (RT) Total recharge of groundwater excluding anthropogenic return flow. 
Total natural discharge (DT) Total discharge from the aquifer to surface water and adjacent aquifers, as well as evapotranspiration.  
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follows:  

WUI= (hin + h out)/2                                                                                                                                                                 (6)  

2.2. Calculation and development of groundwater stress indicators 

2.2.1. Conventional groundwater stress indicators 
The development of indicators for assessing groundwater stress has to follow a process of scientific research that considers the 

different characteristics and trends of the various users of groundwater systems in a simplified and understandable way. The indicators 
have to be based on measurable or observable data relevant to the different components of the water budgets of aquifers. They also 
have to take into account the accumulated states of selected quantitative parameters, including renewable and non-renewable 
groundwater storage, total groundwater withdrawal, total return flow, groundwater consumption, natural recharge, and exploit-
able groundwater resources (Table 1). 

In order to investigate, interpret and compare the intensity of groundwater stress in hydrological basins, three previously intro-
duced groundwater stress indicators are presented in Table 2. These conventional indicators compare either groundwater withdrawal 
(WTR, Raskin et al., 1997) or consumption (CTR, Hoekstra et al., 2012) with annual recharge to the aquifer as renewable availability. 
In contrast, the WTE indicator (Vrba et al., 2006) compares the withdrawal to exploitable groundwater (the amount of water that can 
be annually abstracted from a given aquifer under current socio-economic constraints and ecological conditions). 

2.2.2. Newly proposed groundwater stress indicators 
The published indicators are useful to indicate the general current groundwater stress of aquifers but they ignore historical water 

stress induced to the aquifers and any encroachment on non-renewable storage over their exploitation period. Therefore, to consider 
the non-renewable storage of an aquifer during the period of interest, five new indicators and a 2-D groundwater stress framework are 
developed for the first time in this work. 

2.2.3. Withdrawal to natural recharge 
Withdrawal To Natural Recharge (WTNR) is calculated similarly to WTR (Raskin et al., 1997) but WTNR compares the withdrawal 

to the natural recharge, defined as the recharge from precipitation, surface water, and adjacent aquifers (Ashraf et al., 2017) (Table 2). 
This indicator makes it possible to assess the condition of aquifers by ignoring the return flow to the aquifer as a recharge component, 
which typically leads to a deterioration of the groundwater quality compared to natural recharge. Water quality of irrigation return 
flow substantially decrease due to evaporation and also dissolving soil minerals and agricultural amendments such as fertilizers. Since 
recharging of low-quality irrigation return flow leads to deteriorating water quality of the aquifer, it has been ignored from the 
recharge rate of the aquifer. 

2.2.4. Renewable storage extraction 
The indicator for Renewable Storage Extraction (RSE) is defined as the ratio of the difference between the renewable storage and 

the withdrawal over the renewable storage of an aquifer (Table 2). This indicator can also be calculated as 1-WTR. Negative values of 
RSE indicate an extraction from non-renewable storage of the aquifer. For instance, an RSE of − 0.20 means a volume equal to 20% of 
the annual renewable storage of the aquifer is over-extraction occurring from non-renewable storage. On the other hand, positive 
values of RSE indicate no encroachment on the non-renewable storage of the aquifer. The RSE indicator can be calculated as an annual 
ratio for each year or as an average ratio over a given period of aquifer exploitation. 

Table 2 
Conventional and newly proposed indicators of groundwater stress.  

Indicator Definition Equation Reference 

WTR Withdrawal To Renewable water withdrawal
renewable storage 

(Raskin et al., 1997) 

CTR Consumption To Renewable water consumption
renewable storage 

(Hoekstra et al., 2012) 

WTE Withdrawal To Exploitable groundwater withdrawal
exploitable groundwater 

(Vrba et al., 2006) 

WTNR Withdrawal To Natural Recharge withdrawal
natural recharge 

New indicator 

RSE Renewable Storage Extraction renewable storage − withdrawal
renewable storage 

New indicator 

NSE Non-renewable Storage Extraction ∑t=n
t=0(renewable storage(t) − withdrawal(t))

non-renewable storaget=0 

New indicator 

ERSE Environmental Renewable Storage Extraction exploitable water availability − withdrawal
renewable storage 

New indicator 

ENSE Environmental Non-renewable Storage Extraction exploitable water availabilityΔt − withdrawalΔt

non-renewable storageΔt 

New indicator  
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2.2.5. Non-renewable storage extraction 
The new indicator for Non-renewable Storage Extraction (NSE) has been introduced here to measure the accumulative impact of 

(over-) extraction over a given exploitation period, preferably since predevelopment time. Any volume of groundwater over-extraction 
excess to renewable availability of an aquifer is supplied from non-renewable storage that generally was recharged over thousands of 
years. Successive over-exploitation of renewable availability of groundwater leads to cumulative depletion in the storage of non- 
renewable water which is a serious threat to long-term sustainable water management and the security of an area (Bierkens and 
Wada, 2019). The major characteristic of the NSE indicator is to show the cumulative depletion of non-renewable water over the 
exploitation period. The indicator is defined as the ratio of the accumulated difference between renewable storage and extraction 
during a period of interest (Δt) compared to the non-renewable storage of the aquifer at the beginning of the extraction period 
(Table 2). Negative values of NSE show that there is an over-extraction of groundwater, affecting the non-renewable resources and 
leading to declines in water levels. For instance, a calculated NSE of − 0.20 for a given aquifer indicates that in addition to the annual 
withdrawal of renewable storage from the aquifer, the non-renewable storage of the aquifer has decreased by 20% over the period of 
interest. 

2.2.6. Environmental renewable and non-renewable storage extraction 
Considering socio-economic and ecological constraints for extractions of aquifers, we can define environmental or more conser-

vative versions of the RSE and NSE indicators, respectively Environmental Renewable Storage Extraction (ERSE) and Environmental 
Non-renewable Storage Extraction (ENSE) (Table 2). The proposed formula for these two new indicators is similar to RSE and NSE, 
respectively, but renewable storage minus the withdrawals in the numerator are replaced by environmental extraction or exploitable 
water availability minus withdrawals. 

2.2.7. Groundwater stress framework 
Weiskel et al. (2007) proposed a two-dimensional framework to quantify direct human-hydrologic interactions and anthropogenic 

stresses on aquifers by plotting relative magnitudes of normalized human withdrawals (hout) versus return flows (hin). Based on the 
intensity of normalized human withdrawal and return flow of aquifers, their proposed framework characterizes four domains of 
possible water use regimes of a hydrologic system: return flow dominated, human-flow dominated, natural-flow-dominated and 
withdrawal dominated (Fig. 2a). 

However, Weiskels’s framework neglects the response of aquifers in terms of water balance and changes in the storage of aquifers. 
They studied the status of given aquifers just by considering the impact of anthropogenic activity regardless of cumulative depletion in 
the storage of non-renewable water which is a serious threat to long-term sustainable water management and preservation of water 
resources. 

To integrate the impact of human activity (human flow or natural flow-dominated) with the hydrological response of aquifers in the 
period of interest, indicated by changes in storage (depleting or recharging conditions), a new framework that plots the indicator of 
non-renewable storage extraction (NSE) vs. water use intensity (WUI) is proposed here. Water use intensity, calculated as the average 
of hout and hin, varies from zero (natural-dominated flow regime) to 1 (human-dominated flow regime) and indicates the relative 
magnitude of human versus natural-dominated flow regime through an aquifer system (Weiskel et al., 2007). 

NSE evaluates the condition of non-renewable storage of aquifers during the period of interest. Negative values of NSE (lower half 

Fig. 2. Two-dimensional frameworks to characterize dominated flow regimes based on a) hin versus hout (Weiskel et al., 2007), b) newly proposed 
NSE versus WUI framework to simultaneously illustrate dominating flow regime and water balance status of aquifers. 
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of the diagram) indicate aquifers with depleting flow regimes, while positive values (upper half of the diagram) display aquifers with 
recharging flow regimes (Fig. 2b). For instance, NSE values of − 0.25 and + 0.15 indicate that the cumulative net recharge (renewable 
storage minus withdrawal) compared to the non-renewable storage respectively decreased by 25% and increased by 15%. Therefore, 
the right half of the NSE-WUI framework with WUI values higher than 0.5 displays aquifers with human flow-dominated water use 
regimes in which withdrawals and return flows dominate the overall water balance. Four hydrogeological domains of flow regimes can 
be characterized in the NSE-WUI framework (Fig. 2b).  

I. Natural flow dominated-recharging regime: WUI< 0.5 and NSE> 0  
II. Natural flow dominated-depleting regime: WUI< 0.5 and NSE< 0  

III. Human flow dominated-depleting regime: WUI> 0.5 and NSE< 0  
IV. Human flow dominated-recharging regime: WUI> 0.5 and NSE> 0 

2.3. Agglomerative hierarchical clustering (AHC) 

Agglomerative hierarchical clustering (AHC) is the bottom-up type of hierarchical clustering that has been widely used for clas-
sifying objects in clusters based on their similarity (Tiouiouine et al., 2020). This technique begins by placing each data object as an 
individual cluster and then progressively merging until one large cluster containing all objects is formed (Rochman et al., 2022.). The 
progressive grouping of the data makes it possible to gain an idea of an optimal number of clusters when the number of clusters is 
unknown before analysis. 

In this study, AHC will be performed on the results of the indicators employing the Euclidean distance as similarity measurement 
and Ward’s method as the agglomeration method to prioritize and classify the aquifers of the given study area. 

2.4. Data collection and application of proposed indicators in a selected basin 

To evaluate the applicability of the conventional and newly proposed indicators of groundwater stress, the Mond Basin for which 
sufficient data is available was selected (Fig. 3). The basin, extending over 47,800 km2, is located in the south-central part of Iran and 
has an arid and semi-arid climate with an average annual precipitation of about 300 mm. The main river draining the basin is the Mond 
River, which discharges into the Persian Gulf. 

The Mond Basin includes 61 alluvial plains surrounded by high mountains of the Zagros Mountains Range. The alluvial plains 
comprise alluvial aquifers mostly bounded by impermeable or permeable geological formations of surrounding anticlines. The sub-
surface hydraulic connectivity of the alluvial aquifers with surrounding mountains has been considered in water budget calculations as 
groundwater subsurface inflow (Rgw) from or outflow (Dgw) to adjacent aquifers. The geometry of the aquifers, including their area and 
thickness, has been characterized using geophysical studies and exploratory drilling (Parab Fars Consulting Engineering Company, 
2015). The area and thickness of the aquifers vary between 3.4 and 722.7 km2 and between 25 and 300 m, respectively. The 
boundaries between neighboring pre-defined aquifers are typically mountains of impervious or karstic formations that have not been 
depicted in Fig. 3 for simplification of the map. However, hydraulic connections and rates of groundwater recharge or discharge across 
the boundaries of the aquifers have been considered in the detailed calculations of the water budget of the alluvial aquifers. 

Fig. 3. Location map of the Mond Basin, Iran. The numbers indicate the code of the aquifers of the basin. See Table A3 for the name of the aquifers.  
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Parab Fars Consulting Engineering Company carried out hydrogeological studies to characterize the 61 aquifers of the Mond Basin 
(Parab, 2015). They estimated the recharge and discharge components of these aquifers for 10 years from 2000 to 2011 using data 
provided by Fars Regional Water Authority (details are provided in the supplementary information A.1). Data used generally include 
monthly precipitation and evaporation data of 185 climatological stations, observed streamflow of 32 hydrometric stations, hydro-
geological data including groundwater levels, aquifer properties, anthropogenic groundwater exploitation volumes from more than 
800 observation wells, and 27,000 water resource points (wells, qanats, and springs). We then applied their collected and estimated 
recharge and discharge components of the water budget to compute and evaluate changes in water storage for each of the 61 aquifers 
of the Mond Basin during the study period using Eq. 2. 

3. Results and discussion 

3.1. Groundwater regimes and stress 

3.1.1. Groundwater budget of studied aquifers 
To characterize groundwater regimes of the Mond Basin aquifers, the water balance of each aquifer was evaluated based on Eq. (2) 

using recharge and discharge components of the water budget calculated by Parab (2015). The water budget components include 
recharge from precipitation (Rp), recharge from adjacent aquifers (Rgw), recharge from surface water systems (Rs), and total return 
flow to the aquifer (Hin) as the recharge components and groundwater evapotranspiration (Det), groundwater discharge to adjacent 
aquifers (Dgw), surface water systems (Ds) and aquifer withdrawal (Hout) as the discharge components. 

Descriptive statistics of the water balance components have been summarized in Table 3. The total outflow of the aquifers of the 
Mond Basin generally exceeds their total inflow i.e., aquifers with declining aquifer storage (ΔS<0) during the period of interest. 
Table 3 indicates that the major components of aquifer recharge and discharge are groundwater inflow (Rgw) and withdrawal (Hout), 
respectively. The last row in Table 3 reports the total annual value of water balance components for the entire Mond Basin. The 
contribution of each component to the total recharge and the total discharge of the aquifers of the basin is illustrated in Fig. 4 
Groundwater recharge from adjacent aquifers (58% of total recharge) and human withdrawal (93% of total discharge) are the 
dominant components of aquifers’ inflow and outflow, respectively. 

3.1.2. Groundwater stress in the study area 
Three conventional indicators of groundwater stress in addition to the five new proposed indicators including WTNR, RSE, NSE, 

ERSE and ENSE (listed in Table 2) were calculated for 61 aquifers of the Mond Basin (Figs. 5 and 6 and Fig. A.3). Table 4 provides 
descriptive statistics of the calculated indicators. The result of the prioritization concerning relative groundwater stress of the Mond 
Basin aquifers based on estimated indicators is given in Table A.3. 

It should be noted that the threshold has been defined according to the critical levels for each indicator. The threshold level of 
indicators WTR, CTR, WTE, and WTNR represents the level at which water withdrawal or consumption (the numerator) equals water 
availability (the dominator). Therefore the value greater than one represents over-exploitation and groundwater stress to the given 
aquifer. When the numerator and denominator in indicators WTR, CTR, WTE, and WTNR are around equal, the aquifer is on the verge 
of stress. In the newly defined indicators (RSE, NSE, ERSE, and ENSE) the nominator is calculated by subtracting withdrawal from 
water availability (renewable storage). Therefore the value of 0 is considered as the threshold value and indicators vary between − 1 
and + 1 in which the positive and negative values indicate stress and no stress in aquifers, respectively. 

The framework of normalized withdrawal vs. normalized return flow (Fig. 7a) indicates that most of the aquifers of the Mond Basin 
have hout values higher than 0.75. This shows that these aquifers were exploited at very high rates during the period of interest such 
that withdrawal comprises more than 75% of the total outflow of the water balance of the aquifer. For some heavily pumped aquifers of 
the Mond Basin hout is even close to 1, which shows a purely withdrawal-dominated flow regime, where essentially withdrawal 
comprises almost all outflow from the system. On the other hand, all aquifers of the Mond Basin have hin less than 0.5, which shows 
that extracted water from the system was essentially captured for human use, and natural recharge dominated the inflows of the 
aquifers. 

The framework of non-renewable storage extraction vs. water use intensity (NSE-WUI) for the 61 aquifers of the Mond Basin is 
illustrated in Fig. 7b. The results indicate that 37 aquifers plot in zone III suggests a human flow dominated-depleting regime, i.e., these 

Table 3 
Descriptive statistics of the overall water budget components of 61 aquifers of the Mond Basin. See Fig. 1, Eq. 2, and associated text for the definition 
of water balance components.  

Statistic Rp Rgw Rs Hin Det Dgw Ds Hout ΔS 

Minimum  0.05  0.46  0.02  0.05  0  0  0  0.47  -17.66 
Maximum  31.95  90.52  12.36  78.33  13.24  9.77  24.10  194.01  0.00 
Median  1.89  13.14  0.70  4.40  0.00  0.00  0.30  21.04  -2.82 
Mean  4.17  20.77  1.11  9.43  0.63  0.43  1.77  36.50  -3.85 
Standard deviation  5.98  22.73  1.75  14.71  2.11  1.71  3.65  42.89  4.05 
Total annual value of the Mond Basin 

(All 61 aquifers)  
254.5  1267.2  67.5  575.2  38.1  26.1  108.2  2226.7  -234.7 

*All volumetric units are in million cubic meters per year 
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aquifers suffer from groundwater stress, and a major portion of withdrawals are extracted from non-renewable storage of the aquifers. 
Additionally, it can be concluded that the major reason for depleting regime of these aquifers is human withdrawal, not natural reasons 
like meteorological drought during the study period. Thirteen aquifers of the Mond Basin plot in zone I in which the aquifers have a 
natural flow dominated-recharging regime. These aquifers have not been under water stress. The natural flow regime (WUI<0.5) in 
these aquifers suggests that net accretion in non-renewable storage of these aquifers is mainly due to low human-induced impacts. 
Eight aquifers of the Mond Basin plot in domain IV indicate a human flow dominated-recharging regime. Although these aquifers have 
not yet been identified as under groundwater stress and depletion of non-renewable storage, this is probably due to significant irri-
gation return flows. This may lead to water quality deterioration by recharge of low-quality return flows. A few of the Mond aquifers 
plot close to the center of the framework, which shows that these aquifers are not under severe stress and are in equilibrium in terms of 
the water balance for the period of interest. 

3.2. How to prioritize groundwater-stressed aquifers? 

Appropriate selection of indicators and consequently prioritization of aquifers in terms of groundwater stress is an important task to 
support decision-making for planning and executing any regional or local-scale sustainable water management programs. The pri-
oritization of stressed aquifers based on individual indicators might lead to different results and create confusion for decision-makers 
(Figs. 5 and 6). The different outcomes occur because the indicators consider various hydrogeological parameters, including over- 
extraction from renewable availability, non-renewable storage, share of withdrawal and return flow in water budget, water con-
sumption, and environmental aspects. Therefore, to achieve an all-including classification of the aquifers in terms of groundwater 
stress by considering all indicators together, we suggest using the statistical technique of agglomerative hierarchical clustering (AHC) 
to prioritize the aquifers. AHC is a successive (agglomerative) clustering method that uses Euclidian dissimilarities between the objects 
to group them. 

We applied the AHC method to the results of several indicators and two frameworks to evaluate the intensity of water stress in 61 
aquifers of the Mond Basin. This technique categorized the aquifers of the Mond Basin into four classes of groundwater stress intensity. 
The centroid values of each stress class are reported in Table 5. Class C1 comprises 18 low-stressed aquifers with recharging or in- 
balance water budget conditions. Classes C2 and C3 include 32 medium-stressed and eight highly stressed aquifers, respectively. 
Class C4 includes only the Dahkuieh Aquifer and has the highest level of stress indicators. The volume of withdrawal in this aquifer is 
close to three times more than its renewable availability, and therefore 30% of the non-renewable storage of the aquifer has been 
exploited during the period of interest. We refer to such disastrous groundwater stress condition that is associated with substantial 
overexploitation from non-renewable aquifer storage as a bankruptcy. The spatial distribution of each class is illustrated in Fig. 8. The 
figure illustrates a trend of increasing groundwater stress from the west to the east in the Mond Basin. The two most likely causes of this 
trend are: 

Annual rainfall depth, as an important source of renewable recharge water, significantly decreases from the west (600 mm/a) to the 
east (200 mm/a) in the basin. 

In addition to overexploitation in a given subbasin at the downstream area, the withdrawal of surface and groundwater at upstream 

Fig. 4. The contribution of water balance components in (a) total recharge and (b) total discharge of the Mond Basin aquifers. The blue, orange, 
gray, and yellow slices in (a) denote Rp (recharge by precipitation), Rgw (groundwater recharge), Rs (recharge by surface water), and Hin (return 
flow), respectively. The blue, orange, gray, and yellow slices in (b) designate Det (discharge by evapotranspiration), Dgw (subsurface discharge), Ds 
(discharge to surface water), and Hout (withdrawal), respectively. See Fig. 1 for the definition of the water balance components. 

M. Tabarmayeh et al.                                                                                                                                                                                                 



Journal of Hydrology: Regional Studies 42 (2022) 101161

9

sections of the basin also leads to successive adverse impacts on the aquifers of the eastern downstream section by removing part of 
receiving surface or/and groundwater recharge. 

To evaluate the suitability of the prioritization of the aquifers in four different classes of groundwater stress, we used the rate of 
change in mean groundwater storage and groundwater drawdown of the aquifers in the period of interest as factors for comparing the 
classes. Table 6 summarizes the descriptive statistical analysis results of groundwater drawdown and storage change for the four 
classes. The results indicate a general increasing trend in negative values of groundwater drawdown and storage change (i.e. an 
increasing trend) from the C1 (low stress) class to the C4 (aquifer bankruptcy) class (Fig. 9). Mean values of storage change are − 1.69, 
− 4.83, − 5.05, and − 5.42 million cubic meters per year (MCM/yr) in low, medium, high, and bankruptcy classes of stress, 
respectively, i.e. the intensity of groundwater stress increases as the storage change increases. The long-term average groundwater 
drawdown in aquifers of different classes was also compared. The results indicate mean drawdowns of − 0.52, − 0.91, and − 1.46 (m/ 
yr) for the classes of the low, medium, and high-stress levels, respectively. Unfortunately, sufficient water level data throughout the 
study period is not available for the Dahkuyeh aquifer to describe the Bankruptcy water stress. 

Furthermore, to confirm the classification of the aquifers in four groundwater stress intensities, an analysis of variance (one-way 
ANOVA test) was performed on the results of the prioritization (Kaufmann and Schering, 2007). The ANOVA test results indicate an 
alpha< 0.05 for both parameters of storage change and groundwater drawdown. Therefore, there are significant differences between 
the four water stress classes with a 95% confidence limit based on the long-term annual groundwater drawdown and change in aquifers 
storage (Table 7). 

3.3. How does a reduction of withdrawal and increasing recharge affect groundwater stress? 

To explore the impact of human-induced stresses (withdrawals and return flow) on the groundwater system under different stress 
conditions, hypothetical simple water management scenarios are used to analyze the sensitivity of the aquifers to changes in 

Fig. 5. The results of conventional indicators for the Mond Basin aquifers. The red dashed line represents the threshold for splitting no stress and 
stress value based on each indicator including Withdrawal To Renewable water (WTR), Consumption To Renewable water (CTR), and Withdrawal 
To Exploitable groundwater (WTE). Light gray, medium gray, and dark gray bars illustrate aquifers with low, medium, and high levels of stress, 
respectively, based on the relative classification of each indicator. 
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anthropogenic withdrawals and return flows (Ashraf et al., 2017). The scenarios consider i) reducing human withdrawals (Hout) from 
and return flow (Hin) to the aquifers, and ii) increasing recharge (i.e. by the implementation of artificial recharge projects) to the 
aquifer ranging from 10% to 50% of the initial values applied in each case to understand how a wide range of anthropogenic changes 
could affect the status of the aquifer. 

To evaluate the results of the scenarios on the stress intensity of the Mond Basin aquifers, they were applied to one representative 

Fig. 6. Results of the newly proposed indicators for the Mond Basin aquifers. The red dashed line represents the threshold for splitting no stress and 
stress value based on each indicator including Withdrawal To Natural Recharge (WTNR), Renewable Storage Extraction (RSE), Non-renewable 
Storage Extraction (NSE), Environmental Renewable Storage Extraction (ERSE), Environmental Non-renewable Storage Extraction (ENSE). Light 
gray, medium gray, and dark gray bars illustrate aquifers with low, medium, and high levels of stress, respectively, based on the relative classi-
fication of each indicator. 
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aquifer per stress class: Baghan (low stress), Dasht-e Afzar (medium stress), Khormayek (high stress), and Dahkuieh (bankruptcy). The 
positions of the class centroids have been illustrated as red triangles on the two-dimensional frameworks in Fig. 7. 

Fig. 10a indicates that reducing anthropogenic influences by decreasing withdrawals and return flows results in a shift of the 
Baghan aquifer towards the left side of hout-hin framework, but not sufficient to change the flow regime of the aquifer from a 
withdrawal-dominated to natural-dominated. For the three other aquifers of the Mond Basin, especially Dahkuieh, up to a 50% 
reduction in human withdrawal and return flow does not cause any noticeable decrease in stress levels of these aquifers. Because 
human withdrawals comprise a very large portion of the total discharge of these aquifers, hout (calculated as dividing withdrawal by 
total discharge) changes only slightly by decreasing Hout. In the case of scenario, ii increasing recharge from 10% to 50% of the initial 
values indicates that applying this scenario does not shift the status of aquifers in hout-hin framework. (Fig. 10 a). 

The scenarios of human impact reduction and increasing recharge were also applied to the newly proposed framework of NSE-WUI 
(Fig. 10b). This framework indicates the dual effect of human impact on aquifer storage availability and human water use intensity. 
The results indicate that reducing the anthropogenic impacts change the depleting regime of the Khormayek and Dasht-e-Afzar 
aquifers to recharging but still human flow dominated regime. In the case of the Dahkuieh aquifer, a reduction in withdrawal and 
return flow of up to 50% cannot even shift a depleting regime to a recharging regime (Fig. 10b). Therefore, even up to 50%, reducing 

Table 4 
Descriptive statistics of the calculated indicators for 61 aquifers of the Mond Basin.  

Statistic WTR CTR WTE WTNR RSE ERSE NSE ENSE hin hout WUI 

Minimum  0.53  0.44  1.00  0.58  -1.95  -1.95  -0.36  -0.41  0.07  0.51  0.30 
Maximum  2.95  2.63  2.95  4.33  0.47  0.00  0.44  0.00  0.44  1.00  0.70 
1st Quartile  0.94  0.71  1.05  1.15  -0.13  -0.20  -0.07  -0.16  0.13  0.87  0.50 
Median  1.03  0.79  1.12  1.32  -0.03  -0.11  -0.02  -0.07  0.18  0.95  0.56 
3rd Quartile  1.13  0.94  1.26  1.59  0.06  -0.04  0.03  -0.03  0.22  1.00  0.59 
Mean  1.06  0.84  1.19  1.38  -0.06  -0.17  -0.01  -0.10  0.19  0.90  0.54 
Variance  0.10  0.09  0.08  0.26  0.10  0.07  0.02  0.01  0.01  0.02  0.01 
Standard deviation  0.32  0.30  0.27  0.51  0.32  0.27  0.15  0.10  0.08  0.13  0.09  

Fig. 7. Two-dimensional frameworks for the Mond Basin aquifers (blue circles). a) hin vs. hout, b) WUI vs. NSE frameworks. C1 to C4 red triangles 
are the centroids of the four stress classes resulting from the agglomerative hierarchical clustering. 

Table 5 
Centroid class indicators values for the Mond Basin aquifers using agglomerative hierarchical clustering.  

Class stress intensity degree of priority Central objects WTR CTR WTE WTNR RSE ERSE NSE ENSE WUI 

C1 Low stress 4th 5-Baghan  0.81  0.65  1.14  0.97  0.19  -0.09  0.16  -0.07  0.44 
C2 Medium stress 3rd 30-Dasht-e Afzar  1.07  0.82  1.11  1.43  -0.07  -0.11  -0.05  -0.09  0.60 
C3 High stress 2nd 14-Khormayek  1.37  1.14  1.42  1.79  -0.37  -0.41  -0.18  -0.19  0.57 
C4 Aquifer bankruptcy 1st 57-Dahkuieh  2.95  2.63  2.95  4.33  -1.95  -1.95  -0.30  -0.30  0.55  
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Fig. 8. Spatial distribution of the Mond basin aquifers based on the ACH clustering method.  

Table 6 
Statistical description of mean annual groundwater drawdown (ΔH) and storage variation (ΔS) in each water stress class.  

Parameter Groundwater drawdown (ΔH) 
(ma-1) 

Change in storage (ΔS) 
(MCM a-1)* 

Class C1 C2 C3 C4 C1 C2 C3 C4 
Stress intensity low medium high bankruptcy low medium high bankruptcy 
No. of aquifers 18 32 8 1 18 32 8 1 
minimum -1.59 -1.94 -2.2 – -5.402 -17.655 -13.517 -5.426 
maximum 0.35 -0.06 -1.06 – 0 -0.004 -0.715 -5.426 
1st quartile -0.743 -1.36 -1.67 – -3.142 -7.002 -7.009 -5.426 
3rd quartile -0.145 -0.34 -1.1 – -0.154 -1.5 -2.467 -5.426 
mean -0.524 -0.91 -1.467 – -1.699 -4.838 -5.059 -5.426  

* million cubic meters per year 

Fig. 9. Mean value of ΔS and ΔH in each class of water stress.  
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human water use does not always remediate the aquifer regime condition. On the other hand, all aquifers indicate slight movement on 
the framework in response to the scenario of increasing recharge. It should be noted that more than 50% reduction in Hout and Hin is 
very challenging and almost irrealistic to achieve. However, these numbers provide a rough idea about the level of anthropogenic 

Table 7 
One-Way ANOVA for Significant Difference between ΔH, ΔS, and each class based on the intensity of water 
stress.   

Mean square F Sig. 

ΔH  1.14  3.72  0.02 
ΔS  42.80  2.79  0.04 

Note: *The mean difference is significant at the 0.05 level. 

Fig. 10. Baghan (purple square), Dahkuieh (blue rhombuses) Dasht-e-Afzar (green circle) and Khormayek (red triangular) aquifer responses to the 
scenarios of i) human water use influence considering a decrease in human withdrawals and return flow and ii) increasing in recharge on a) hin-hout 
for the Mond Basin centroid aquifers b) NSE-WUI framework for the Mond Basin centroid aquifers. Lighter tones and arrows indicate changes in the 
regime of each aquifer and its direction, respectively. Response of each aquifer to increasing recharge has been presented with the same symbol and 
yellow color on each mentioned frameworks. 
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influence and the resulting deviation from the natural system. 

3.4. Evaluation of framework and indicators 

Understanding if groundwater is sustainably managed is crucially important to avoid imposing more stress and external pressures 
on aquifers (Richey et al., 2015). The current study aimed to develop a new approach for quantifying the intensity of groundwater 
stress using a new framework and indicators. In order to provide the most appropriate and effective plan for sustainable use of 
groundwater, it is attempted to assess the water stress of aquifers by accounting for non-renewable groundwater resources, 
socio-economic and ecological constraints, and differentiation between human-driven and natural flows. 

Considering the accumulative impacts of over-extraction from non-renewable storage of aquifers during a given exploitation period 
as an irreversible process, which has not been accounted for in previous studies (Hoekstra et al., 2012; Richey et al., 2015; Perez et al., 
2015; Brauman et al., 2016), can lead to a more efficient definition of groundwater stress. 

Finally, prioritization and comparison of aquifers make it possible to define and preserve aquifers with more severe stress in a basin 
or larger scale region. The methodology proposed here leads to creating groundwater stress maps by employing statistical techniques 
and bringing different results together that help to enhance the interpretation of large-scale areas by providing a general overview of 
the groundwater resource condition. Therefore, broadly applying this approach in groundwater-stressed areas would help assess the 
level of groundwater sustainability and prevent future groundwater crises. 

However, this research had limitations, like accessing the groundwater budget data and uncertainty in estimating their components 
which, stems from complications and limitations in knowledge of groundwater systems, and the application of empirical methods in 
some cases due to lack of sufficient information. Since the uncertainty in estimating the components of the groundwater budget is 
undeniable inherit, developing indicators must be accompanied by uncertainty depending on data reliability and methods applied. 
This issue arises especially when the volumetric aspect has been considered to develop indicators like conventional and newly 
developed indicators. To reduce the uncertainty caused by estimating volumetric parameters, 

in future research, further tries will be done to examine groundwater stress in terms of the metric dimension which help to more 
accurate data and reduce this uncertainty of groundwater stress. 

4. Conclusion 

Describing the level of groundwater stress in aquifers by indicators is a valuable approach for decision-makers to understand the 
status of groundwater systems and better use and manage groundwater in the future. Therefore, five new groundwater stress indicators 
and a framework for quantifying the intensity of groundwater stress have been developed to characterize stress intensity in aquifers 
better. The results obtained from available and newly introduced stress indicators and frameworks in conjunction with the agglom-
erative hierarchical clustering, help to comprehensively classify and prioritize aquifers by considering the intensity of human impact, 
storage availability (depleting or recharging), and dominant flow regime (natural or human-flow dominated). 

The applicability of the proposed approach was evaluated on 61 aquifers of the Mond Basin. 
The mean annual groundwater level data and groundwater storage variation, along with ANOVA statistics, confirmed the suit-

ability of the newly proposed approach for the classification of aquifers in terms of groundwater stress. 
Applying different scenarios of i) reduction in human-induced components of the water budget, withdrawal, and return flow and ii) 

increasing recharge on the Mond Basin aquifers indicates that not only reduction of human water use but also increasing of recharge to 
aquifers, up to 50%, does not necessarily lead to sustainable hydrologic conditions, especially for aquifers in highly stressed or 
bankruptcy situations. This highlights the negative nonreversible impacts of groundwater over-exploitation and emphasizes the need 
for more careful water management to prevent long-term threats to water security in basins. 
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