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ABSTRACT OF THE DISSERTATION 

 
Stress and Resilience in the World’s Largest Aquifer Systems: 

A GRACE-based Methodology 

 

By 

Alexandra Sloane Richey 

Doctor of Philosophy in Civil Engineering 

University of California, Irvine, 2014 

Professor James Famiglietti, Chair 

 Groundwater is a crucial natural resource that supports large portions of the world’s 

population and ecosystems. Traditional methods to assess the state of large groundwater systems 

are difficult to implement over large scales. I present a methodology to increase the state of 

knowledge for both groundwater use and availability in the world’s largest aquifer systems. First, 

a Renewable Groundwater Stress (RGS) ratio is defined to quantify the extent to which water use 

exceeds renewable water availability in the study aquifers. Groundwater use is estimated with 

observations from the Gravity Recovery and Climate Experiment (GRACE) satellite mission. 

Aquifer systems that have diverse anthropogenic biome types, especially systems that are 

dominated by irrigated agriculture, were found to have the highest levels of renewable 

groundwater stress. Second, a Total Groundwater Stress (TGS) ratio is defined to quantify the 

impact of GRACE-based groundwater depletion estimates on the resilience and lifespan of the 

study aquifers as a function of total aquifer storage. The results highlight a significant lack of 

knowledge on the total volume of groundwater in storage globally. The uncertainty in storage 

estimates limits the quantification of TGS in the study aquifers. Therefore, a methodology to 

reduce uncertainty in total storage estimates with GRACE is presented. Ultimately, scientific 

findings on the state of groundwater should be used to support science-based decision making. 
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The Scientist-Stakeholder Iterative (S
2
I) Method is presented as a framework for using research 

to implement sustainable policies to govern natural resources.  
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INTRODUCTION 

 
 Groundwater is the largest stock of accessible freshwater on Earth, but it is a finite 

resource. Over 2 billion people rely on groundwater as their dominant water supply source 

[Alley, 2006; Kundzewicz & Döll, 2009]. This number will continue to increase as global water 

demand grows and climate change limits the accessibility and usability of surface supplies [Döll, 

2009; Kundzewicz & Döll, 2009]. Unfortunately, many challenges exist in the characterization 

global groundwater. 

 The majority of the world’s groundwater supply is stored in 37 large aquifer systems 

[WHYMAP & Margat, 2008; Marget & van der Gun, 2013]. These systems are distributed 

across all of the continents, except Antarctica, and cover a wide range of climate zones. In some 

regions, they provide the only large stock of freshwater, while in others they supplement 

available surface supplies [Richey & Famiglietti, 2012]. The Californian Central Valley Aquifer 

System is the smallest by area at nearly 80,000 square kilometers (km2) and the Russian Platform 

Basins are the largest at about 2,750,000 km2. Margat & van der Gun [2013] summarize the 

general geologic and hydrologic characteristics of these systems; however, much of the available 

data, for example of use rates, is based on decades old studies [Shiklomanov & Penkova, 2003].  

 In order to manage a natural resource system, specifically a common pool resource like 

groundwater, basic information about the system’s properties must be defined [Schlager et al., 

1994]. This information can include estimates of natural fluxes in and out, total stocks, and 

dominant demands on the system. Methods to measure these factors for groundwater can be time 

intensive, costly, and challenging [McGuire et al, 2003; Konikow & Kendy, 2005; Shiklomanov, 

2003], especially across the scale of a whole aquifer. Groundwater is an unmanaged resource in 

much of the world, which can lead to a tragedy of the commons outcome [Dietz et al., 2003]. For 
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example, California does not regulate groundwater use with the exception of locally managed 

basins [CA-SWRCB, 2014]. Partially as a result of the lack of management, unsustainable 

depletion of groundwater resources is common in many regions globally [Rodell et al., 2009; 

Wada et al., 2010; Famiglietti et al., 2011; Voss et al., 2013; Castle et al., 2014; Döll et al., 

2014].  

 Sustainable management of groundwater is complex, even in regions with a plethora of 

data. The concept of “safe yield”, or the volume of water that can be sustainably withdrawn, is 

controversial. The amount of groundwater that can be sustainably extracted is often considered to 

be equivalent to the volume of recharge entering the system [Voss et al., 2009; Döll, 2009; Wada 

et al., 2010]. Others have argued that the sustainable extraction rate is less than recharge and 

more closely related to the rate of capture [Bredehoeft et al., 1982; Sophocelous, 1997; 

Bredehoeft, 2002; Alley, 2007; Zhou, 2009], since even small perturbations to the system can 

lead to non-equilibrium conditions that can impact the local environment [Theis, 1940]. 

 Equilibrium conditions exist when the water table level remains essentially constant, 

within the range of natural fluctuations. In a natural system, equilibrium is maintained when the 

rate of natural recharge is equivalent to the rate of natural discharge [Bredehoeft et al., 1982]. 

This is important to maintaining the volume of water in storage. The volume of water in storage 

provides a factor of resilience in a groundwater system by buffering against short term decreases 

in available surface or renewable groundwater supplies. The idea of groundwater as resilience is 

explored in Chapter 2.  

 In Chapters 1 and 2 I quantify the balance between groundwater use and groundwater 

availability, termed “stress.” In doing so, previous methods to estimate groundwater use and 

availability are revisited and ultimately, redefined. Groundwater use has previously been defined 
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as groundwater withdrawals and estimated by groundwater withdrawal statistics. I argue that 

estimating withdrawals alone cannot account for the impact that use has on an aquifer system, 

including inducing recharge, decreasing baseflow and/or depleting water in storage [Theis, 

1940]. Instead, I define use as groundwater depletion to encompass both the rate of use and the 

response of the aquifer. Depletion is estimated with remote sensing observations from the 

Gravity Recovery and Climate Experiment (GRACE) satellite mission [Tapley et al., 2004]. 

 Water availability, both for surface water and groundwater, has traditionally been defined 

based on their fluxes and not their stocks [Lvovich, 1979; Falkenmark et al., 1989; Postel et al. 

1996; Shiklomanov, 2000; Zekster & Everett, 2004]. Ideally, the amount of water used would be 

limited to a volume less than the fluxes such that the amount used could be replenished through 

the dynamic water cycle. In reality, water is used in excess of natural fluxes. I begin by defining 

groundwater availability based on the renewable flux of recharge to develop a baseline 

understanding of regions that are using more than or close to this amount. I then redefine 

groundwater availability to total storage to understand the impact of depletion on total available 

supplies. The ratio of depletion to total storage is termed the Total Groundwater Stress (TGS) 

ratio. The TGS ratio determines the lifespan of the aquifer if current rates of depletion continue.  

 Similarly, the ratio of use, either from statistics or depletion, to recharge is termed the 

Renewable Groundwater Stress (RGS) ratio. Chapter 1 estimates the RGS ratio in the study 

aquifers. The RGS is a dimensionless ratio. Characteristic stress regimes are created to group 

aquifers based on the sign of use (depleting or gaining) and the sign of availability (recharging or 

losing). Anthropogenic biomes [Ellis & Ramankutty, 2008] are used to better understand the 

driving factors behind different levels of stress in the aquifers.  



4 

 

 Chapter 2 highlights the large range of uncertainty that exists in estimates of total storage 

in the study aquifers and globally. In most of the world, groundwater is used without any 

knowledge of how much exists in storage. Chapter 3 presents a preliminary approach to address 

this uncertainty. The governing equations for groundwater flow and storage are combined with 

GRACE-based estimates of groundwater storage change. The equations are used to solve for 

saturated thickness, which can then be used to solve for total storage. A case study in the Guarani 

Aquifer System of South America is presented.  

 The overall goal of this work is to improve the state of groundwater science such that 

results can be used to support science-based decision-making. However, few examples exist as to 

how academic research findings can truly be utilized to inform policy. In Chapter 4, I discuss my 

experiences in connecting research findings from within my research group to end-users 

including farmers, decision-makers, and the general public. A pseudo-knowledge network was 

created to communicate and translate our group’s research findings to a broad audience. Case 

studies are discussed based on my involvement with a stakeholder event in Fresno, California, 

repeated visits to Washington D.C., and a water diplomacy trip to the Middle East.  

 My outreach experiences informed the Scientist-Stakeholder Iterative (S2I) Method, 

presented in Chapter 4. The S2I Method is a modification to the traditional scientific method. The 

difference lies in the development of an iterative process that communicates research results to 

stakeholders, with the ultimate goal of implementing science-based policy. The process not only 

includes producing original science, but understanding how the scientific findings can be used to 

address a societal question.  

 This dissertation increases the amount of knowledge available on the world’s large 

aquifer systems, but huge unknowns still exist. It will require effort on behalf of the hydrologic 
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community to understand the state of the world’s aquifer systems and to ensure sustainable use 

such that resilience of the aquifers can be maintained. Such a goal requires not just scientific 

advancements, but the input of decision-makers and water users to create feasible management 

plans for our common pool resource.  
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CHAPTER 1: Quantifying Renewable Groundwater Stress with GRACE 

 
ABSTRACT 

 Groundwater is an increasingly important water supply source globally. Understanding 

the amount of groundwater we use to today versus the volume available is crucial in order to 

ensure future water availability. I present a groundwater stress assessment to quantify the 

relationship between groundwater use and availability in the world’s 37 largest aquifer systems. I 

quantify stress according to a ratio of groundwater use to availability, which is called the 

Renewable Groundwater Stress ratio. The impact of quantifying groundwater use based on 

nationally reported groundwater withdrawal statistics is compared to a novel approach to 

quantify use based on remote sensing observations from the Gravity Recovery and Climate 

Experiment (GRACE) satellite mission. Four characteristic stress regimes are defined: 

Overstressed, Variable Stress, Human-dominated Stress, and Unstressed. The regimes are a 

function of the sign of use (positive or negative) and the sign of groundwater availability, defined 

as mean annual recharge. The ability to mitigate and adapt to stressed conditions, where water 

use exceeds sustainable water availability, is a function of economic capacity and land use 

patterns. Therefore, I qualitatively explore the relationship between stress and anthropogenic 

biomes. I find that estimates of groundwater stress based on withdrawal statistics are unable to 

capture the range of characteristic stress regimes, especially in regions dominated by sparsely 

populated biome types with limited cropland. GRACE-based estimates of use and stress can 

holistically quantify the impact of groundwater use on stress, resulting in both greater 

magnitudes of stress and more variability of stress between regions.  
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1. INTRODUCTION 

 Freshwater is a fundamental resource for natural ecosystems and human livelihoods, and 

access to it is considered a universal human right [United Nations Committee on Economic, 

Social and Cultural Rights, 2003]. Water resources are under pressure to meet future demands 

due to population growth and climate change, both of which may alter the spatial and temporal 

distribution of freshwater availability globally [Döll, 2009; Kundzewicz et al., 2008; 

Kundzewicz & Döll, 2009]. As the distribution of freshwater changes, the global population 

without access to potable water will likely increase [Alcamo et al., 2007; Kundzewicz et al., 

2008].  It is critical to understand how human and natural dynamics are impacting available 

water resources to determine levels of sustainable use and to ensure adequate access to 

freshwater.  

 Surface water is the dominant freshwater supply appropriated to meet human water 

demand, but the importance of groundwater is increasing as surface supplies become less reliable 

and predictable [Kundzewicz & Döll, 2009]. Groundwater is currently the source of freshwater 

for approximately two billion people [Alley, 2006; Kundzewicz & Döll, 2009]. Despite its 

importance, knowledge on the state of large groundwater systems is limited as compared to 

surface water [Foster & Chilton, 2003], largely because the cost and complexity of monitoring 

large aquifer systems is often prohibitive.  

 The United States government has identified water stress as a potential driver of regional 

insecurity that can contribute to regional unrest [ICA, 2012]. Water stress analyses provide a 

framework to understand the dynamics between human and natural systems by directly 

comparing water availability to human water use. There are three main approaches to quantify 

physical water stress [Rijsberman, 2006]. They include (1) a per-capita water availability ratio 
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[Falkenmark, 1989], (2) a comparison between use and availability either as the difference 

between the two [Wada et al., 2010; Wada et al., 2011; van Beek et al., 2011] or as the ratio 

[Alcamö et al., 1997; Vörösmarty et al., 2000; Oki & Kanae, 2006; Voss et al., 2009; Döll, 

2009], and (3) the evaluation of the socio-economic and physical factors that impact stress 

[Sullivan et al., 2003].  This study defines renewable groundwater stress following the second 

approach as the ratio of groundwater use to groundwater availability in equation (1) [Alcamö et 

al., 1997]. 

 renewable groundwater stress  =   
use

availability
  (1) 

 The simplicity of (1) provides a proverbial “two edge sword.” On one hand, renewable 

groundwater stress can be calculated with estimates of two variables.  On the other, inconsistent 

assumptions and differing estimates of use and availability result in variable calculations of 

renewable stress.  Previous studies quantified water use with national water withdrawal statistics 

in which a single value represents per-capita water use for an entire country [Vörösmarty et al., 

2000], thus assuming water is used homogenously within a country. The statistics represent 

groundwater withdrawals but do not account for the impact of withdrawals on the state of the 

system. Additionally, the definition of availability has focused on the renewable fluxes of the 

dynamic water cycle [WWAP, 2003], including river runoff and groundwater recharge [Lvovich, 

1979; Falkenmark et al., 1989; Postel et al., 1996; Shiklomanov, 2000; WWAP, 2003; Zekster & 

Everett, 2004]. Only recently have stress studies evolved from implicitly including groundwater 

as baseflow in modeled runoff [Alcamö et al., 1997; Vörösmarty et al., 2000; Oki & Kanae, 

2006], to explicitly quantifying stress with groundwater withdrawal statistics, modeled recharge 

[Voss, 2009; Döll, 2009; Wada et al., 2010], and non-renewable groundwater use from compiled 

abstraction statistics [Wada et al., 2011; van Beek et al. 2011]. 
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These recent advances in groundwater stress analysis have improved our global 

understanding of groundwater availability to meet current water demands. However, 

groundwater use statistics are often outdated and measured by inconsistent methods between 

geopolitical boundaries [Shiklomanov & Penkova, 2003; Alley, 2006]. Thus, the acquisition of 

accurate water use data represents a major challenge [Shiklomanov, 2003] and an impediment to 

accurate estimates of water stress and associated security threats. Remote sensing has been 

shown to greatly improve estimates of groundwater depletion [Colesanti et al., 2003; Schmidt & 

Bürgmann, 2003; Lanari et al., 2004; Rodell et al., 2009; Famiglietti et al., 2011; Voss et al., 

2013], specifically, with the Gravity Recovery and Climate Experiment (GRACE) satellite 

mission from the National Aeronautics Space Administration (NASA) [Tapley et al., 2004]. 

 This study assesses variability in the estimation of groundwater stress based on the 

definition of use in (1).  I assess groundwater use defined as the trend in sub-surface storage 

anomalies using remote sensing approaches and by groundwater withdrawals statistics. Equation 

(2) represents the water balance in a system with groundwater withdrawals, Q, as introduced by 

Bredehoeft & Young [1970]. The equation shows that when pumping occurs, there is an increase 

in recharge (ΔR0) from its natural state (R0) and/or a decrease in discharge (ΔD0) from its natural 

state (D0) [Theis, 1940]. Lohman et al. [1972] defined (ΔR0 - ΔD0) as capture. If equilibrium has 

been reached such that capture balances Q then dV/dt, the change in groundwater storage, is zero. 

However, storage loss will occur while Q exceeds capture and an increase in storage will occur 

where capture exceeds Q. The timescales required to reach equilibrium, especially for large 

  
dt

dV
Q)ΔD(D)ΔR(R  0000   (2) 
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aquifer systems, can be up to hundreds of years [Bredehoeft & Young, 1970] and well beyond 

my study period of January 2003 – December 2013.  

 A stress study is inherently a sustainability study to understand the balance between 

supply and demand. Simply defining Q as a measure of use independent from the remaining 

components of (2) cannot fully characterize the impact of Q on the state of the system and 

therefore, its sustainability. Instead, I use the trend in sub-surface storage anomalies over my 

study period to quantify dV/dt in (2) to holistically account for withdrawals, capture, and changes 

in R0 and D0 due to natural factors such as drought. A negative trend in groundwater storage 

anomalies indicates Q is not balanced fully by capture and must be greater than the observed 

depletion rate.  

 By categorizing characteristic stress regimes (Section 2.1) I can holistically assess the 

impact of groundwater use on the state of an aquifer system. Understanding the impact of 

depletion on groundwater storage is crucial in quantifying an integrated estimate of groundwater 

stress that accounts for an aquifer’s response to abstraction and natural climate variability. My 

results illustrate that stress will not occur in every region where extraction exceeds recharge, as is 

implied when groundwater withdrawal statistics are used to define use. Instead, I find that stress 

occurs in the systems that do not adapt to the withdrawals, i.e. where storage loss occurs.  

 

2. DATA & METHODS 

 Renewable groundwater stress (RGS) is computed for the 37 largest global aquifer 

systems in the Worldwide Hydrogeological Mapping and Assessment Program (WHYMAP) 

[WHYMAP & Margat, 2008] (Figure 1.1, Table 1.1) for a study period of January 2003 to 

December 2013. WHYMAP was created in 2000 as a joint project between the United Nations 
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Educational, Scientific, and Cultural Organization (UNESCO), the Commission for the 

Geological Map of the World (CGMW), the International Association of Hydro-geologists 

(IAH), the International Atomic Energy Agency (IAEA) and the German Federal Institute for 

Geosciences and Natural Resources (BGR). The WHYMAP network was created as a central 

repository and hub for global groundwater data, information, and mapping with a goal of 

assisting regional, national, and international efforts toward sustainable groundwater 

management. As such, the WHYMAP network contains the best available information on global 

aquifer mapping. I define my study area as the 37 “Large Aquifer Systems of the World” 

[WHYMAP & Margat, 2008]. These systems represent the international consensus on the 

boundaries of the world’s most productive groundwater systems that contain the majority of the 

world’s accessible groundwater supply [Margat, 2007; Margat & van der Gun, 2013]. 

Additionally, the area of each of these aquifer systems is consistent with the spatial resolution 

required by GRACE observations (Section 2.2.2).   

2.1. Characteristic Stress Regimes 

 The Renewable Groundwater Stress (RGS) ratio of groundwater use to groundwater 

availability is used to define groundwater stress, according to equation (1) [Alcamo et al., 1997].  

Water stress indicators following the U.N. water stress scale (Table 1.2) [UN/WMO/SEI, 1997] 

are based on traditional approaches where use in (1) is negative and availability estimates as 

annual recharge in (1) are positive. Stress regimes, however, can exhibit four end-member 

behaviors similar to those of Weiskel et al. [2007] (Figure 1.2): Unstressed, Variable Stress, 

Human-dominated Variable Stress and Overstressed.  These end members encompass the 

spectrum of outcomes given positive (gaining) or negative (depleting) estimates of use and 
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positive (recharging) or negative (discharging) estimates of annual recharge.  Thus, quite simply, 

the ratio in (1) represents the percent of recharge that is used to meet water demands. 

 In the Overstressed case, the RGS ratio is positive since both recharge and use are 

negative. This case, resulting from a combination of large withdrawals and little to no natural 

recharge, implies groundwater mining or active depletion. Aquifer systems undergoing 

Overstressed conditions may result in land subsidence [Galloway et al., 1999; Bawden et al. 

2001; Konikow & Kendy, 2005], ecosystem habitat destruction [Stromberg et al., 1996; Gleeson 

et al., 2012] and aquifer compaction [Galloway et al., 1998; Konikow & Kendy, 2005] that limit 

future aquifer productivity and recharge potential. 

 The Variable Stress case follows the criticality ratio of previous stress studies [Alcamo et 

al., 1997; Vörösmarty et al., 2000], where use is negative (extraction) and recharge is entering 

the system. There are four levels of Variable Stress according to the United Nations (Table 1.2). 

Consider a ratio less than one. The rate of use is less than the natural recharge rate; however, 

small perturbations to the system result in negative environmental impacts [Sophocleous, 1997; 

Bredehoeft, 1997; Faunt, 2009]. A ratio greater than one represents use rates that exceed natural 

recharge rates. This condition creates the potential for water quality impacts as induced recharge 

from potentially contaminated sources may contribute to offset withdrawals following Theis 

[1940].   

 Both the statistics-based method and the GRACE-based method to estimate use can result 

in the Overstressed and Variable Stress cases. Only the GRACE-based estimate can quantify the 

remaining Human-dominated Variable Stress and Unstressed cases. In these cases, the study 

aquifers have positive trends in sub-surface storage anomalies and are therefore “gaining”. I 

consider the Human-Dominated case to be the result of a positive trend from GRACE and 
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negative recharge, dominated by capillary fluxes. Natural behavior of these systems would be a 

loss of groundwater through capillary flux to the root zone [Lo et al., 2008] or by direct 

evapotranspiration [Szilagyi et al., 2013]. A combination of induced capture and human 

practices may be contributing to the gaining trend in groundwater storage, for example from 

artificial recharge in irrigated areas. The Unstressed case has a positive trend in groundwater 

storage anomalies and positive recharge. This case is only considered unstressed from a water 

quantity perspective. Induced capture may draw additional recharge from polluted sources such 

that water quality may be reduced.  

2.2. Water Use 

2.2.1. Compiled Withdrawal Statistics  

 I follow methods similar to Vörösmarty et al. [2000] and Wada et al. [2010] to spatially 

distribute available groundwater use statistics into the study aquifers. First, national groundwater 

withdrawal statistics are compiled from multiple sources in cubic kilometers per year 

[AQUASTAT, 2003; IGRAC-GGIS, 2004; Margat & van der Gun, 2013]. The statistics 

represent groundwater withdrawals across all sectors of water use (agriculture, domestic, 

industrial) and provide percentages of groundwater use for each sector. I use these percentages to 

determine the rate of agricultural, domestic, and industrial withdrawals as a function of the 

national withdrawal rate. The majority of these percentages are based solely on sectoral 

withdrawals as a function of total groundwater withdrawals, although percentages based on total 

withdrawals are used when groundwater percentages are unavailable.  

 The national level statistics are distributed spatially based on the 0.5° x 0.5° gridded 

“Water Withdrawals for Irrigation” dataset [GWSP – Map 4, 2008] for the agricultural statistics 

and the 0.5° x 0.5° gridded “Population (Total)” [GWSP – Map 44, 2008] dataset for the sum of 
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domestic and industrial statistics. The “Water Withdrawals for Irrigation” dataset provides the 

theoretical water demand for irrigated crops as a function of climate. The total amount of water 

withdrawals is summed within each country, and then the percent of withdrawals within a grid 

cell is determined as a function of the national total. The national level agricultural withdrawals 

are multiplied by the gridded percent of withdrawals to spatially distribute the withdrawal 

statistics. I divide the gridded withdrawals by the individual grid cell area to compute the rate of 

use in equivalent water height and scale each estimate from kilometers per year to millimeters 

per year. This method assumes that groundwater abstraction occurs in close proximity to where it 

is needed to meet demand [Wada et al, 2010]. The sum of domestic and industrial withdrawals is 

distributed by population, following Vörösmarty et al. [2000]. The national domestic and 

industrial withdrawal rate is multiplied by the percent of national population within each grid 

cell. The gridded withdrawal rate is converted to millimeters per year similar to the method to 

distribute agricultural withdrawals. The spatially distributed agricultural, domestic, and industrial 

withdrawals are summed to compute 0.5° x 0.5° gridded groundwater withdrawals. The resulting 

map of withdrawals is scaled up to 1° x 1° spatial resolution, to match the resolution of the 

remote sensing observations. Basin-averaged groundwater withdrawals are computed for the 37 

study aquifers as the statistics-based estimate of use.  

2.2.2. GRACE Depletion 

 Remote sensing observations from the Gravity Recovery and Climate Experiment 

(GRACE) satellite mission [Tapley et al., 2004] are used to quantify a novel estimate of 

groundwater use. GRACE is a joint mission between the National Aeronautics and Space 

Administration (NASA) in the United States and the Deutsche Forschungsanstalt für Luft und 

Raumfahrt (DLR) in Germany. The GRACE satellites observe monthly changes in total 
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terrestrial water storage by converting observed gravity anomalies into changes of equivalent 

water height [Rodell & Famiglietti, 1999; Syed et al., 2008; Ramillien et al., 2008].  

 The Center for Space Research at the University of Texas at Austin provided the 132 

months of GRACE gravity coefficients from Release-05 data used in this study. Gravity 

anomalies for this time period (January 2003 – December 2013) underwent processing to obtain 

an estimate of the average terrestrial water storage anomalies for each of the 37 study aquifers 

[Swenson & Wahr, 2002; Wahr et al., 2006; Swenson & Wahr, 2006]. Aquifer-specific scaling 

factors were used to account for the lost signal power from truncating the gravity coefficients (at 

degree and order 60) and filtering for unbiased estimates of mass change in each aquifer system 

[Velicogna & Wahr, 2006].  

The total water storage changes can be partitioned into its components resulting from 

natural change (N) or anthropogenic change (A) according to equation (3) where S is the total 

terrestrial water storage anomalies from GRACE, SW is surface water, SWE is snow water 

equivalent, SM is soil moisture, and GW is groundwater. Individual storage components can be 

isolated from the total GRACE signal with supplemental datasets to represent the remaining 

storage terms [Rodell & Famiglietti, 2002; Swenson et al., 2006; Yeh et al., 2006; Strassberg et 

al., 2007, 2009; Rodell et al.,2004, 2007, 2009; Swenson, et al., 2008; Famiglietti et al., 2011; 

Scanlon et al., 2012]. I isolate sub-surface anomalies (SUB) as combined anomalies in soil 

moisture (SM) and groundwater (GW) in equation (4). 

 NSWE)Δ(SWANΔSANΔSUB 
  (4) 

Model output or in situ observations are required to isolate changes in a storage 

component from the total GRACE terrestrial water storage anomalies. Modeled soil moisture is 

  ANGW)SMSWEΔ(SWANΔS 
  (3) 
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not removed to isolate groundwater explicitly due to low confidence in the magnitude of 

modeled soil moisture [Koster et al., 2009] that would induce unrealistic error in the estimate of 

groundwater alone. Monthly output from models within the NASA Global Land Data 

Assimilation System (GLDAS) [Rodell et al., 2004] are used to quantify the changes in plant 

canopy surface water (CAN) and SWE in equation (4). I use output from three models within the 

GLDAS modeling system including Noah [Chen et al., 1996; Koren et al., 1999], Variable 

Infiltration Capacity (VIC) [Liang et al., 1994], and Community Land Model 2.0 (CLM 2.0) 

[Dai et al., 2003] to compute monthly mean gridded output at 1° x 1° spatial resolution for CAN 

and SWE. Variance of SWE and CAN was determined using the three-model ensemble and thus 

represents a combination of estimate error and model representation error. Surface water storage 

in lakes, reservoirs, and river channels is not included in the GLDAS modeling system [Rodell et 

al., 2004]. Therefore, I estimate SW as the sum of CAN from the three-model GLDAS ensemble 

and routed surface water discharges from offline output from CLM 4.0 [Oleson et al., 2010]. The 

U.S. Geological Survey errors for hydrologic measurements range from excellent (5% error) to 

fair (15% error); for my evaluation, I assume measurement error of 50% in routed discharge to 

represent a conservative uncertainty in GRACE subsurface variability. Area-weighted basin 

averages of SWE and SW are computed for each of the study aquifers to account for latitudinal 

differences in gridded area. The temporal mean is removed from the basin averages to compute 

anomalies in SWE and SW.  

I argue that the anthropogenic impacts on total water storage anomalies in the study 

aquifers are dominated by groundwater variations as these aquifers contain the majority of 

productive and available supply for groundwater use [Margat & van der Gun, 2013]. Therefore, 

anthropogenic changes in surface water, snow water, and soil moisture are negligible at the 
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study’s spatial scale. Strong capillary forces prevent water from being pumped from soil 

moisture [Winter et al., 1998]. Further, natural water stocks or built infrastructure are necessary 

to capture water supplies for human use [Vörösmarty et al., 2000], for example lakes or 

reservoirs, particularly for surface water and snow meltwater. However, only about 0.5% of the 

study aquifers’ land area is overlain with lakes and reservoirs larger than 50 km2 [Richey and 

Famiglietti, 2012], which is significantly smaller than the 1° spatial resolution of this study. I 

therefore assume negligible anthropogenic influences of surface water and snow as compared to 

groundwater, based on the spatial resolution of this study.  

The model-based storage anomalies of SWE and SW are subtracted from the GRACE 

storage anomalies to estimate monthly GRACE-derived sub-surface anomalies for each aquifer. 

At the scale of the GRACE observations, integrated aquifer storage changes resulting from 

groundwater withdrawals as predicted by Theis [1940] are captured in addition to 

groundwater/surface water interactions.  Thus, GRACE enables observation of changes in 

groundwater storage due to both human use (groundwater abstractions) and natural systems 

(baseflow).   

 The majority of soil mass trends are not significant globally [Sheffield and Wood, 2008; 

Dorigo et al., 2012]. Therefore, I use a conservative estimate of groundwater trends by 

attributing observed subsurface trends solely to groundwater storage.  I consider the groundwater 

trend to be representative of the net flux of water storage resulting from groundwater use 

(ΔGWN+A), including the aquifer response to pumping, and natural climatic variability. Annual 

trend magnitudes were estimated using weighted regression using subsurface error as calculated 

 
2
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in equation (5).  Aquifers with a negative coefficient were considered to be depleting in aquifer 

storage while positive coefficients were considered to be recharging systems. Here, I evaluate 

only the magnitude of trends without regard to trend significance. 

2.3. Water Availability: Groundwater Recharge 

Renewable groundwater availability is defined as mean annual groundwater recharge, 

following Döll [2009] and Wada et al. [2010]. Direct model output from the Community Land 

Model version 4.0 [Oleson et al., 2010] is used to estimate recharge. CLM 4.0 is the land surface 

model used within the Community Earth System Model (CESM) [Oleson et al., 2010] that 

includes an unconfined aquifer layer coupled to the bottom soil layer. Recharge is computed as 

the vertical flux between the aquifer and bottom soil layer, such that positive recharge flows 

downward as gravity drainage and negative recharge flows upward by capillary fluxes [Oleson et 

al., 2008; Lo et al., 2008]. 

CLM 4.0 was run in an offline simulation driven by atmospheric forcing data including 

precipitation, near surface air temperature, solar radiation, specific humidity, wind speed, and air 

pressure. Three-hourly forcing data from GLDAS Version-1 [Rodell et al., 2004] was used to 

drive the model at a one-hour time step, which is then interpolated to monthly model output. The 

model was run at 0.9° x 1.25° spatial resolution and linearly interpolated to 1° x 1°. Basin 

averaged recharge is computed for each study aquifer as an area-weighted average across all grid 

cells. The mean annual recharge is computed from the monthly values for each study aquifer.  

2.3. Groundwater Stress 

2.3.1. Renewable Stress: Criticality Ratio 

 Following the traditional water stress approach [Alcamö et al., 1997; UN/WMO/SEI, 

1997; Vörösmarty et al., 2000; Oki & Kanae, 2006; Voss et al., 2009; Döll, 2009], I define 
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Renewable Groundwater Stress (RGS) as the ratio of groundwater use to renewable groundwater 

availability in (1). This dimensionless ratio represents the ideal percent of renewable water being 

used to meet human water demand.  

 Mean annual recharge, R, from Section 2.2.1 is used to calculate renewable groundwater 

availability. It has been repeatedly cited that recharge cannot be used to define renewable 

available groundwater and that only a percent of recharge (less than or equal to the rate of 

capture) can be considered available for sustainable use [Bredehoeft, 1997; Sophocleous, 1997; 

Bredehoeft, 2002; Zhou, 2009]. Thus, this study uses simulated recharge to represent the 

maximum available natural renewable groundwater and is therefore the most optimistic estimate 

of available supplies and resulting stress.  

Groundwater use is quantified by groundwater withdrawal statistics, WUS, in (6), as 

described in Section 2.1.1 and the trend in GRACE-derived sub-surface anomalies in (7), 

ΔGWtrend, as described in Section 2.1.2, to assess the difference in stress between the estimation 

schemes.   

 
R

WUS
    RGSWUS   (6) 

  
R

ΔGW
    RGS trend

GRACE    (7) 

2.4. Approximating Anthropogenic Influences 

 I introduce an additional dataset to better understand the driving factors behind differing 

levels of use and stress. The world map of anthropogenic biomes [Ellis & Ramankutty, 2008], at 

0.0833° resolution, is used to determine the dominant land use type by accounting for both land 

use/land cover types and the degree to which a region is inhabited. There are five broad 

characteristic biome types including Dense Settlements, Villages, Croplands, Rangeland, 
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Forested, and Wildlands, with a total of 21 sub-categories within these types. The sub-categories 

break down the anthropogenic biome types into different levels of remote and populated areas 

that are dominated by rain or irrigated area (Figure 1.3). The five most dominant anthropogenic 

biome types are determined for each study aquifer by calculating the most commonly occurring 

biome types within the boundaries of each aquifer. Appendix summarizes the dominant biome 

types in the study aquifers.  

 

3. RESULTS 

3.1. Groundwater Use: Statistics and GRACE  

Figure 1.4 illustrates the GRACE-depletion method that uses model output to isolate 

groundwater storage changes from the GRACE observations of total terrestrial water storage 

anomalies. The figure presents the time series components of the water budget for the Indus-

Ganges-Brahmaputra Basin (Aquifer #24, “Ganges”). By comparing the modeled storage 

anomalies to the GRACE-derived groundwater anomalies, it is clear that changes in groundwater 

storage are dominating the GRACE observations of declining terrestrial water storage. Time 

series of the storage components for the remaining study aquifers are in Appendix B. Figure 1.5 

presents the statistics-based method to estimate use as groundwater withdrawal statistics that are 

spatially distributed by population density and theoretical water withdrawals for irrigation. The 

influence of geopolitical boundaries on the method is clear as national level groundwater 

withdrawals can differ between neighboring countries. In the United States, the national 

abstraction rate is 111.7 cubic kilometers per year (km3/yr) versus Canada’s abstraction rate of 

1.87 km3/yr [Margat & van der Gun, 2013]. Table 1.3 summarizes the rates of use based on 

GRACE and the statistics.  
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Figure 1.6 illustrates the basin-averages of groundwater use as determined by the 

GRACE-derived trend in groundwater storage anomalies (Figure 1.6a) and the groundwater 

withdrawal statistics (Figure 6b) within each study aquifer. The differences between Figure 

1.6(a) and 1.6(b) result solely from the definition of use in (1). In Figure 1.6(a), use statistics are 

consistently negative and thus do not represent the full variability in stress regimes as illustrated 

in Figure 1.2.  The GRACE-derived trend captures the dynamics of groundwater use by 

integrating the human and natural impacts of use on groundwater storage, including changes in 

recharge and discharge regimes and water management practices. As a result of the integrated 

storage changes, aquifers can have either a positive or negative trend in groundwater storage 

anomalies as observed from GRACE. There are 16 study aquifers that have positive sub-surface 

trends from GRACE-derived use and 21 that are negative.  

 The use statistics are distributed following the approaches by Vörösmarty et al. [2000] 

and Wada et al. [2010] by assuming that groundwater use is highly correlated to population 

density and irrigation demand. The correlation to population and irrigation demand is apparent in 

the six aquifers that have rates of use from the statistics that exceed depletion from GRACE. 

Although the spatial patterns in these biomes can be captured by the distribution of population 

and irrigation demand (Figure 1.3), the magnitude of use obtained from statistics can be multiple 

factors greater than from GRACE. For example, the Indus-Ganges-Brahmaputra Basin (Aquifer 

#24, “Ganges”) has the highest rate of use from both GRACE and the statistics. However, the 

high population and irrigation demand results in a rate of use from the statistics of -63.1 mm/yr 

as compared to the estimate by GRACE of -19.6 ± 1.2 mm/yr. 

 The aquifers with the highest rates of depletion from GRACE cover a wide range of 

dominant biome types globally, including villages, cropland, wildland, forests, and rangeland. 
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The high rate of depletion in the Ganges is largely driven by population and irrigation demand 

across populated biomes. Conversely, the Arabian Aquifer System (Aquifer #22, “Arabian”) has 

a depletion rate of -9.13 ± 0.9 mm/yr with a large portion of the system covered by rangeland. 

Irrigation for agriculture is a common groundwater use practice in the Arabian [Siebert et al., 

2010], and is likely a main contributor to the GRACE-derived estimate of use. The Canning 

Basin (Aquifer #37, “Canning”) is a unique case, where less than 1% of the aquifer is covered by 

residential area, but the third highest rate of GRACE-derived depletion occurs in this system (-

9.40 ± 1.34 mm/yr). Mining activities in the rural Canning Basin are likely influencing the 

GRACE signal [Voss et al., 2009], which is lost in the statistics-based use rate of -0.002 mm/yr.  

3.2. Distribution and Severity of Renewable Groundwater Stress 

 The differences between GRACE-derived groundwater depletion and water use statistics 

discussed in Section 3.1 further influence the distribution and severity of Renewable 

Groundwater Stress (RGS) in the study aquifers (Table 1.4). My estimates of mean annual 

recharge (Figure 1.7) counteract or enhance the influence of the use estimates on stress. 

Groundwater use as quantified by the withdrawal statistics results in only two of the 

characteristic stress regimes (Figure 1.2), Overstressed and Variable Stress, because water use is 

always negative with this approach. RGS calculated with GRACE-derived use exhibits 

characteristics of all regimes illustrated in Figure 1.2. Figure 1.8 shows the RGS ratio based on 

equation (6) and Figure 1.9 shows the RGS ratio based on equation (7). 

3.2.1. Overstressed RGS Regime  

 There are eight Overstressed aquifers based on equation (7) and 11 Overstressed aquifers 

quantified by equation (6). Estimates of both use and availability are negative in the Overstressed 

regime. Negative recharge predominantly occurs in semi-arid to arid regions (Figure 1.7). The 
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most Overstressed aquifer system based on equation (7) is the Murzuk-Djado Basin (Aquifer #3, 

“Murzuk”), where the Overstressed ratio is 18.9, which is about nine times greater than the ratio 

of 2.04 from equation (6) in the Murzuk. The most Overstressed aquifer from equation (6) is the 

Indus Basin (Aquifer #23, “Indus). All of the aquifers that are overstressed as determined using 

equation (7) are dominated by a mixture of rangeland and cropland, although rangeland is the 

main biome in six of the eight overstressed aquifers. The majority of these systems are more 

Overstressed from GRACE than from the statistics that are unable to capture use in regions 

dominated by less densely populated rangeland. The Indus is the only exception where high 

population and irrigation demand result in the second highest rate of use from the statistics.  

3.2.2. Human-dominated RGS Regime  

 The eight Overstressed aquifers as determined by equation (7) are also Overstressed from 

the withdrawal statistics. There are three aquifers that are Overstressed based on the statistics, 

but are estimated to be in the Human-dominated Variable stress category based on GRACE due 

to gaining trends in groundwater storage anomalies. In this case, capillary fluxes are believed to 

be dominant in removing groundwater from storage through natural processes. However, human 

practices are artificially increasing the amount of recharge entering the system such that 

groundwater storage changes from GRACE are increasing. Therefore, the stress ratio from 

equation (7) is negative due to a positive trend in groundwater storage anomalies but a negative 

rate of mean annual recharge. In the Ogallala Aquifer (Aquifer #17, “Ogallala”), irrigation for 

agriculture is likely increasing the amount of water available for recharge through return flow 

[Sophocleous, 2005]. Water use statistics are unable to capture this characteristic stress regime 

since the statistics only account for negative use. 

3.2.3. Variable RGS Regime  
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 The majority of the study aquifers follow the variable stress regime based on equation 

(6). The aquifers in the Variable Stress category are predominately cropland with some villages 

and dense settlements. There are 26 aquifers in the variable stress regime from equation (6), 22 

of which are characterized by low stress according to the UN stress scale (Table 2). In these 

systems, 10% or less of renewable available groundwater is used to meet human demand. Two 

aquifers have a stress ratio from equation (6) that are in the moderate stress category (Table 1.2) 

such that between 10% and 20% of available renewable supplies are used to meet demand. The 

Ganges is in the high stress category from equation (6) with a ratio of -0.3. The Californian 

Central Valley Aquifer System (Aquifer #16, “Central Valley”) is the only extremely stressed 

aquifer from equation (6) with a ratio of -1.1. Extreme stress occurs when use exceeds at least 

40% of availability. The Central Valley is dominated by populated irrigated cropland and 

therefore has the third highest rate of use from the statistics. Only 13 of the study aquifers are 

variably stressed based on equation (7). Seven of these systems are in the low stress category, 

including the Ganges. The Ganges has the highest rate of GRACE-derived depletion, but also has 

a high rate of mean annual recharge (214 mm/yr). The seven low-stress systems are mainly 

dominated by rainfed and forested regions with only minor irrigated area. Only the Lake Chad 

Basin is in the moderate stress category based on equation (7).  

 Two aquifers are highly stressed based on equation (7) including the Central Valley, 

which was extremely stressed from equation (6). The Congo Basin (Aquifer #10, “Congo”) is 

characterized as low stress from equation (6), where the diversity of biome types could not be 

represented by the distributed statistics. Three aquifers are considered extremely stressed from 

equation (7). Of these, the Canning and Taoudeni-Tanzerouft Basin (Aquifer #4, “Taoudeni”) are 

dominated by unpopulated rangeland and wildland. The stress ratio in the Canning is -1.6, 
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implying that about 150% more water is being depleted than is naturally available and water in 

storage is used to supplement available supplies [Taylor, 2009]. In reality, storage loss and 

environmental degradation can occur when the RGS ratio is less than one [Bredehoeft, 1997; 

Sophocleous 2000; Sophocleous, 2005]. Although the Taoudeni has one of the smallest depletion 

rates from GRACE, it has the smallest mean annual recharge rate that dominates the extreme 

stress estimate.  

3.2.4. Unstressed RGS Regime  

 Unstressed aquifers have positive estimates of both groundwater use and availability, and 

can therefore only be quantified by equation (7). There are 13 unstressed aquifers in this 

category. Overall, the unstressed aquifer systems are mainly in remote forested areas and rainfed 

regions. The unstressed systems have very limited irrigated area.  

 An unstressed ratio close to one implies that the trend in increasing groundwater storage 

anomalies approaches the mean annual recharge rate, thus the system is more influenced by 

natural recharge than external perturbations. The Great Artesian Basin (Aquifer #36 “Great 

Artesian”) and the Northern Great Plains Aquifer (Aquifer #14, “Great Plains”) have the 

unstressed ratio closest to one at 0.78 and 0.59, respectively. Both of these systems are 

predominantly remote cropland, rangeland, and forested area. The Great Plains is also dominated 

by populated rainfed cropland; therefore groundwater is not the dominant water supply source 

for agriculture.  

 The Amazon Basin (Aquifer #19) has the highest mean annual recharge rate, but a ratio 

of 0.01, implying that the large recharge is not dominating the trend in groundwater storage 

anomalies from GRACE. Given the dominance of the Amazon River in this heavily forested 

region, it could be inferred that high recharge rates are balanced by high baseflow rates [Pokhrel 
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et al., 2013]. Thus, the trend in groundwater storage anomalies is not as controlled by recharge 

alone. 

   

4. DISCUSSION 

 As the dependence on groundwater increases into the future [Kundzewicz & Döll, 2009], 

it is increasingly critical to understand where and why groundwater stress currently exists to 

predict regions that may have increasing stresses. I have shown in this study that the definition of 

“groundwater use” in the Renewable Groundwater Stress (RGS) ratio can lead to large 

differences in how stressed a specific region may appear to be. I find that the GRACE-based 

approach to quantify RGS (equation (7)) captures the variability of stress that is expected in a 

natural system (Figure 1.2). The traditional approach to define groundwater use based on 

distributed withdrawal statistics can only capture two characteristic stress regimes. This statistics 

based approach to quantify RGS (equation (6)) is controlled by the assumptions that domestic 

and industrial use is correlated to population and irrigation demand [Vörösmarty et al., 2000; 

Wada et al., 2010]. These assumptions do not allow for heterogeneous use of groundwater within 

a country in space or time. 

 Understanding the dominant biomes in the study aquifers is a key to assessing how 

groundwater stress may change into the future and where conflicts may arise based on external 

pressures including population growth, food demand, and climate variability. GRACE-derived 

stresses capture the variability of possible stress regimes. The end-member regimes are 

predominately grouped by anthropogenic biome type. I find that the majority of the overstressed 

aquifers from GRACE are in rangeland biomes with remote regions where the withdrawal 

statistics are unable to capture use. Conversely, the unstressed aquifers are predominately in 
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forested, rainfed, and remote areas. The Central Valley and the Congo exemplify the importance 

of incorporating biomes to understand the difference between the stress estimates based on 

equations (6) and (7). 

 The dominant biome type in the Central Valley is irrigated cropland with minor (1 – 10 

persons per km2) to substantial (10 – 100 persons per km2) human populations (Figure 1.3). The 

distribution of use in aquifers dominated by similar biomes as the Central Valley can be captured 

by the statistics since water use in such regions is related to population density and irrigation 

demand. In the Central Valley, the estimate of use by the statistics is -26.5 millimeters per year 

(mm/yr) compared to -8.91 ± 1.91 mm/yr from GRACE. 

 The Congo represents the opposite case, whereby the dominant biome types limit the 

characterization of use from the distributed statistics. The Congo is dominated by a mix of 

populated and remote regions with a combination of forested area and rainfed cropland. 

Population dominates the distribution of statistics in this case given low irrigation demand, but 

groundwater only provides about a quarter of urban supply [SADC, 2002]. Boreholes are spread 

throughout the region and are not solely used for irrigation [SADC, 2002]. The Congo is 

experiencing a combination of a drying trend [Zhou et al., 2014] and deforestation in the region 

[Zhang et al., 2005, Duveiller et al., 2008; Hansen et al., 2008] that may be increasing 

temperatures and decreasing precipitation in the basin [Nogherotto et al., 2013]. The 

combination of these factors can increase pressure on groundwater resources that can’t be 

captured by statistics, but may be influencing the GRACE trend. The estimate of use by the 

statistics is -0.05 millimeters per year (mm/yr) compared to -4.27 ± 0.91 mm/yr from GRACE in 

the Congo. 

  



28 

 

5. CONCLUSION 

 It is important to understand where existing socio-economic tensions may collide with 

water stress to produce stress-driven conflicts [ICA, 2012; U.S. Department of State, 2013]. 

However, the definitions of water stress by both the U.S. Department of State and the United 

States Agency for International Development (USAID) depend on either the Falkenmark 

Indicator or a high ratio of withdrawal statistics to availability [ICA, 2012; U.S. Department of 

State, 2013]. The Falkenmark Indicator does not account for groundwater as a water supply 

source or water use that is not driven by population density, such as irrigated agriculture. I have 

shown that simply quantifying water use based on withdrawal statistics cannot fully capture the 

range of impacts that groundwater use has on groundwater systems. 

 This study has shown how quantifying groundwater use with trends in groundwater 

storage anomalies from GRACE holistically represents the distribution of renewable 

groundwater stress. GRACE incorporates the influence of withdrawals, the aquifer’s response to 

withdrawals through capture, and natural variability. Additionally, the GRACE-based estimates 

of use can encompass natural and anthropogenic variations on groundwater systems across a 

range of biome types. The statistics based approach, following previous studies, quantifies 

withdrawals alone and results in an incomplete representation of characteristic stress regimes. 

The statistics-based estimates of use are limited to biomes dominated by populated and cropland 

regions. The implications extend to an improved ability to distribute aid to regions currently 

identified as experiencing varying levels of water stress with a greater understanding of the 

driving land cover factors behind such stress. The results highlight regions that may be 

vulnerable to tipping points toward higher levels of stress driven by a range of factors including 

land cover, for example through conversion to intensified agriculture, or population pressures 
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that increase demand.  I conclude that the estimate of groundwater stress using GRACE-derived 

estimates of use can provide additional information in assessing RGS within the world’s largest 

aquifer systems.  
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FIGURES AND TABLES 

 

 
 

Figure 1.1. Study aquifers by continent based on the WHYMAP delineations of the world’s Large Aquifer 

Systems [WHYMAP & Margat, 2008]. The number represents the aquifer identification number for each 

aquifer system. The world’s largest lakes and reservoirs are based on the Global Lake and Wetland Database 

Level-1 lakes and reservoirs [Lehner & Döll, 2004].  
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Figure 1.2. Characteristic stress regimes that encompass the possible behavior of stress given positive 

(gaining) or negative (extracting/depleting) use behavior and positive (recharging) or negative (capillary 

fluxes) groundwater availability. The schematics represent integrated behavior across an aquifer system.  
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Figure 1.3. Anthropogenic biome types within the study aquifers. Biome types are gridded at 0.0833° spatial 

resolution from Ellis & Ramankutty [2008]. 
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Figure 1.4. Water storage components in the Indus-Ganges-Brahmaputra Basin in millimeters per year. a) 

Total GRACE-derived terrestrial water storage anomalies, b) The sum of model output from the Global 

Land Data Assimilation System (GLDAS) of snow water equivalent (SWE) and canopy water storage 

(CAN) anomalies, c) Routed river storage anomalies from the Community Land Model (CLM) 4.0, d) Sub-

surface storage anomalies as the difference between total storage anomalies and the sum of SWE, CAN, 

and river storage.  
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Figure 1.5. Spatially distributed groundwater withdrawal statistics in the study aquifers in millimeters per 

year. The statistics represent the sum of withdrawals for agricultural, domestic, and industrial end uses.  
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a) 

 
b) 

 

 
 

Figure 1.6. Basin averaged groundwater use quantified by groundwater withdrawal statistics (a) and 

GRACE-derived depletion (b) in millimeters per year. The GRACE-derived estimates have both positive and 

negative estimates, while the withdrawal statistics are limited to negative estimates alone.  
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Figure 1.7. Basin-averaged mean annual recharge from CLM 4.0 model output in millimeters per year. 

Negative recharge represents capillary fluxes as a flow out of the groundwater system. Positive recharge 

represents vertical flow into the system.  
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a) 

 

b)

 

 

 
 

Figure 1.8. Renewable groundwater stress ratio derived from groundwater withdrawal statistics. 

Overstressed conditions (a) have negative values of use and availability. Variable stressed conditions (b) have 

a positive value of recharge and a negative value of use.  
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a) 

 

b)  

 
 

 

 

c)  

 
 

d)  

 

 

 

 

Figure 1.9. Renewable groundwater stress ratio derived from GRACE-based groundwater depletion. 

Overstressed conditions (a) have negative values of use and availability. Variable stressed conditions (b) 

have a positive value of recharge and a negative value of use. Human-dominated stress (c) has negative 

recharge and positive use. Unstressed systems (d) have positive estimates of use and availability. The 

values are dimensionless. 
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Table 1.1. Study Aquifers with the aquifer identification number. 

 

Aquifer ID Aquifer Name 

1 Nubian Aquifer System (NAS) 

2 Northwestern Sahara Aquifer System (NWSAS) 

3 Murzuk-Djado Basin 

4 Taoudeni-Tanezrouft Basin 

5 Senegalo-Mauritanian Basin 

6 Iullemeden-Irhazer Aquifer System 

7 Lake Chad Basin 

8 Sudd Basin (Umm Ruwaba Aquifer) 

9 Ogaden-Juba Basin 

10 Congo Basin 

11 Upper Kalahari-Cuvelai-Upper Zambezi Basin 

12 Lower Kalahari-Stampriet Basin 

13 Karoo Basin 

14 Northern Great Plains Aquifer 

15 Cambro-Ordovician Aquifer System 

16 Californian Central Valley Aquifer System 

17 Ogallala Aquifer (High Plains) 

18 Atlantic and Gulf Coastal Plains Aquifer 

19 Amazon Basin 

20 Maranhao Basin 

21 Guarani Aquifer System 

22 Arabian Aquifer System 

23 Indus Basin 

24 Indus-Ganges-Brahmaputra Basin 

25 West Siberian Basin 

26 Tunguss Basin 

27 Angara-Lena Basin 

28 Yakut Basin 

29 North China Aquifer System 

30 Song-Liao Basin 

31 Tarim Basin 

32 Paris Basin 

33 Russian Platform Basins 

34 North Caucasus Basin 

35 Pechora Basin 

36 Great Artesian Basin 

37 Canning Basin 
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Table 1.2. United Nations renewable stress scale. The stress ratio represents the dimensionless Renewable 

Groundwater Stress Ratio used in this study. 

 

Stress Ratio 
Stress 

Level 

0 - 0.1 Low  

0.1 - 0.2 Moderate 

0.2 - 0.4 High 

> 0.4 Extreme 
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Table 1.3. Study aquifers with basin averaged groundwater withdrawal statistics (WUS), GRACE-derived 

sub-surface depletion ΔSUBN+A, the error associated with ΔSUBN+A (ΔSUBerror), mean annual recharge (R), 

the statistics-based renewable groundwater stress ratio (RGS – WUS), and the GRACE-based renewable 

groundwater stress ratio (RGS – GRACE). The colors for the RGS correspond to the characteristic stress 

regimes (Figure 2).   

Aquifer 

ID
Aquifer Name WUS ΔSUBN+A ΔSUBerror R

RGS - 

WUS

RGS -  

GRACE

1 Nubian Aquifer System -0.46 -2.906 0.884 -0.27 1.69 10.594

2 Northwestern Sahara Aquifer System -0.34 -2.805 0.793 -0.26 1.33 10.804

3 Murzuk-Djado Basin -0.46 -4.275 1.018 -0.23 2.04 18.915

4 Taoudeni-Tanezrouft Basin -0.01 -0.496 0.646 1.04 -0.007 -0.478

5 Senegalo-Mauritanian Basin -0.38 4.647 1.683 34.38 -0.011 0.135

6 Iullemeden-Irhazer Aquifer System -0.15 2.414 1.067 11.18 -0.013 0.216

7 Lake Chad Basin -0.23 -1.042 0.851 5.99 -0.039 -0.174

8 Sudd Basin (Umm Ruwaba Aquifer) -0.01 -2.855 1.091 -18.43 0.0004 0.155

9 Ogaden-Juba Basin -0.06 -0.335 1.059 -5.89 0.011 0.057

10 Congo Basin -0.05 -4.848 0.945 18.99 -0.003 -0.255

11 Upper Kalahari-Cuvelai-Upper Zambezi Basin -0.04 24.283 1.034 101.11 -0.0004 0.24

12 Lower Kalahari-Stampriet Basin -0.2 3.196 1.029 -12.30 0.016 -0.26

13 Karoo Basin -0.23 5.588 1.24 -11.80 0.019 -0.474

14 Northern Great Plains Aquifer -0.71 4.954 0.844 8.42 -0.084 0.588

15 Cambro-Ordovician Aquifer System -3.35 2.449 1.561 151.81 -0.022 0.016

16 Californian Central Valley Aquifer System -26.5 -8.887 1.909 24.10 -1.10 -0.369

17 Ogallala Aquifer (High Plains) -10.06 0.309 1.001 -3.67 2.74 -0.084

18 Atlantic and Gulf Coastal Plains Aquifer -1.93 -5.932 1.012 168.35 -0.011 -0.035

19 Amazon Basin -0.04 7.128 1.029 546.56 -0.00007 0.013

20 Maranhao Basin -0.15 6.713 1.334 323.00 -0.00046 0.021

21 Guarani Aquifer System -0.33 -0.579 0.935 225.66 -0.001 -0.003

22 Arabian Aquifer System -1.37 -9.13 0.901 -2.58 0.53 3.54

23 Indus Basin -51.55 -4.263 0.874 -4.62 11.2 0.923

24 Indus-Ganges-Brahmaputra Basin -63.05 -19.564 1.219 214.40 -0.294 -0.091

25 West Siberian Basin -0.13 -1.978 0.99 39.37 -0.003 -0.05

26 Tunguss Basin -0.03 1.664 1.235 36.22 -0.001 0.046

27 Angara-Lena Basin -0.14 3.993 1.261 36.44 -0.004 0.11

28 Yakut Basin -0.05 2.888 1.199 16.51 -0.003 0.175

29 North China Aquifer System -12.49 -7.501 1.299 96.56 -0.129 -0.078

30 Song-Liao Basin -3.29 2.4 1.539 20.16 -0.163 0.119

31 Tarim Basin -1.39 -0.232 0.303 -0.74 1.89 0.315

32 Paris Basin -2.3 -4.118 1.448 133.56 -0.017 -0.031

33 Russian Platform Basins -0.58 -4.011 1.056 98.55 -0.006 -0.041

34 North Caucasus Basin -0.34 -16.097 1.413 28.77 -0.012 -0.559

35 Pechora Basin -0.06 3.038 1.654 161.30 -0.00038 0.019

36 Great Artesian Basin -0.05 10.601 0.982 13.67 -0.004 0.775

37 Canning Basin -0.002 -9.41 1.343 6.05 -0.00038 -1.556  
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CHAPTER 2: Uncertainty in Global Groundwater Storage Estimates in a 

Total Groundwater Stress Framework 

 
ABSTRACT 

 Groundwater is a finite resource under continuous external pressures that are applied to 

meet human water demand. Current unsustainable groundwater use threatens the resilience of 

aquifer systems and their ability to provide a long-term water source into the future. 

Groundwater storage is considered to be a factor of groundwater resilience, although the extent 

to which resilience can be maintained has yet to be explored in depth. In this study, I assess the 

limit of groundwater resilience in the world’s largest groundwater systems with remote sensing 

observations. The Total Groundwater Stress (TGS) ratio, defined as the ratio of total storage to 

groundwater depletion, is used to explore the timescales to depletion in the world’s largest 

aquifer systems and associated groundwater buffer capacity. I find that the current state of 

knowledge of large-scale groundwater storage has large uncertainty ranges that limit the 

characterization of resilience in the study aquifers. Additionally, I show that groundwater 

availability, traditionally defined as recharge and re-defined in this study as total storage, can 

alter the systems that are considered to be stressed versus unstressed. I find that remote sensing 

observations from NASA’s Gravity Recovery and Climate Experiment can assist in providing 

such information at the scale of a whole aquifer. For example, I demonstrate that a groundwater 

depletion rate in the Northwest Sahara Aquifer System of -2.69 ± 0.8 cubic kilometers per year 

would result in the aquifer being depleted to 90% of its total storage in as few as 50 years.   
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1. INTRODUCTION 

 Changes in Earth’s climate and the increased use of groundwater resources to meet global 

water demands [Kundzewicz & Döll, 2009] restrict efforts to sustainably govern the common 

pool resource [Schlager et al., 1994; Dietz et al., 2003; Steward et al., 2009].   Traditionally 

studied by estimating fluxes, it is now widely recognized that both groundwater fluxes (i.e. 

discharge and recharge) and stock (i.e. storage volumes) are necessary to effectively monitor the 

state of groundwater [Schlager et al., 1994; Steward et al., 2009].  Globally, large uncertainty of 

global groundwater storage exists [Alley, 2006] limiting our ability to characterize groundwater 

resilience, a function of aquifer storage, as perturbations to the aquifer result from climatic and 

anthropogenic influences.   

 Groundwater storage estimates commonly cited in global groundwater assessments 

[Graham et al., 2010; Perlman, 2012] can be traced to decades-old studies [Korzun, 1974, 1978; 

Baumgartner & Reichel, 1975; Nace, 1969; Lvovich, 1974; Berner & Berner, 1987].  These 

historical estimates, however, vary by 15 x 106 cubic kilometers (km3) [WWAP, 2003].  These 

large uncertainties have filtered into global groundwater knowledge, highlighted by the 

commonly used estimate of groundwater comprising 30% of global freshwater [Shiklomanov, 

1993] as calculated from the upper estimate of global groundwater storage by Korzun [1978].   

 Hashimoto et al. [1982] put forth the concept of quantifying resilience of water resource 

systems with an application to a water supply reservoir.  Sharma and Sharma [2006] define 

groundwater resilience as the “ability of the system to maintain groundwater reserves in spite of 

major disturbances”.  Remote sensing of terrestrial water storage changes provides a valuable 

tool to observe and isolate changes in subsurface water storage that results from disturbances, 

both natural and anthropogenic, that influence the resilience of groundwater systems.   
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The concepts of stability and resilience in reference to ecological systems state that a 

natural system undergoes perturbations from an equilibrium state. Stability accounts for the time 

to return to normal and resilience accounts for the amount of disturbance while maintaining a 

state of equilibrium [Holling, 1973]. The ability of groundwater to provide resilience is rooted in 

the large storage capacity of groundwater systems [Anderies et al., 2006; Sharma & Sharma, 

2006; Shah, 2009; MacDonald et al., 2011; Hugman et al., 2012; Katic & Grafton, 2011; Taylor 

et al., 2013] and the residence time of groundwater, typically orders of magnitude larger than 

residence times for surface water [MacDonald et al., 2011; Lapworth et al., 2012].  A number of 

studies have assessed groundwater resilience during drought [Peters et al., 2005; Hugman et al., 

2012] or resulting from hydro-climatic variability [Lapworth et al., 2012].  I apply the definition 

of resilience from Holling [1973] and Sharma & Sharma [2006] to groundwater such that the 

resilience of a coupled human-groundwater system is the ability of the system to increase 

recharge and decrease baseflow, termed “capture” [Lohman, 1972], to maintain equilibrium or to 

reach a new equilibrium as suggested by Theis [1940]. When equilibrium is unattainable, at least 

over the timescales of interest, there is a loss of groundwater storage [Theis, 1940; Alley et al., 

2002; Alley & Leake, 2004] identified as a tipping point for when the limit of the system’s 

resilience is surpassed.  

Numerous groundwater studies have shown that groundwater is being used at rates that 

exceed natural rates of recharge globally [Voss et al., 2009; Döll, 2009; Wada et al., 2010; 

Chapter 1]. The importance groundwater resilience lies in the fact that groundwater is a coupled 

human-natural system [Steward et al., 2009] providing critical services to human and natural 

ecosystems. Its ability to do so indefinitely relies on the balance between the volume of water 

that enters a groundwater system and the volume that leaves the system. In a natural system and 
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over long time periods, the average input (i.e. recharge) is balanced by average output (i.e. 

baseflow and evapotranspiration).  

 Groundwater pumping is a perturbation to the natural system that disrupts the long-term 

equilibrium state [Theis, 1940; Bredehoeft et al., 1982; Alley et al., 2002; Mays, 2013; Steward 

et al., 2013]. Such a perturbation can require tens to hundreds of years to work through the 

system and re-establish equilibrium, if equilibrium is attainable at all [Bredehoeft et al., 1982; 

Alley et al., 2002; Alley & Leake 2004]. The combination of hydro-climatic driven variations 

from steady-state, including the potential influence of climate change [Döll, 2009; Taylor et al., 

2013], and human perturbations from agricultural and urban development [Alley et al., 1999; 

Alley & Leake, 2004; Mays, 2013] will continue to produce deviations from steady state in 

groundwater systems that could lead to long term depletion of groundwater storage on human 

time-scales [Mays, 2013] resulting in reduced resilience and increased groundwater stress. The 

resilience of an aquifer system against unsustainable pumping can be improved with human 

intervention, but only where transparent knowledge of the system exists. 

 NASA’s Gravity and Recovery and Climate Experiment (GRACE) satellite provides 

vertically and spatially integrated observations of changes in snow, soil water, surface water and 

groundwater storage over a region.  Using auxiliary datasets, we can use GRACE observations to 

provide the first-ever observation based quantification of groundwater resilience whereby 

subsurface storage changes are combined with aquifer storage estimates to assess the limits of 

groundwater resilience.  The goals of this study are twofold: (1) to summarize and evaluate 

estimates of global groundwater storage by constraining estimates using traditional 

hydrogeologic characteristics and (2) to evaluate groundwater resilience as a function of global 

groundwater storage estimates and the net average subsurface storage flux as observed using 



46 

 

remote sensing.  I conduct my evaluation on the 37 “Large Aquifer Systems of the World” 

[WHYMAP & Margat, 2008] (Figure 2.1).  

 

2. DATA & METHODS 

 Previous water stress studies [Alcamo et al., 1997; Vörösmarty et al., 2000; Oki & 

Kanae, 2006; Voss et al., 2009; Döll, 2009] including Chapter 1 evaluated the ratio of water use 

to water availability, where groundwater availability was defined as the volume of recharge to 

the aquifer system.  Such approaches highlight historical groundwater use in relation to 

renewable groundwater recharge to manage groundwater systems yet fail to account for the 

buffer capacity of aquifer storage.  For example, an aquifer system with little storage has a 

limited ability to buffer against drought and excessive groundwater pumping as compared to an 

aquifer system with large storage volumes.   

2.1. Subsurface Depletion 

 We use observations from the Gravity Recovery and Climate Experiment (GRACE) 

satellite mission [Tapley et al., 2004] to quantify changes in subsurface storage in the study 

aquifers. GRACE is a joint mission between the United States and the Deutsche 

Forschungsanstalt für Luft und Raumfahrt (DLR) in Germany to monitor changes in Earth’s 

gravity field that can be used to isolate time variable anomalies in terrestrial water storage.  The 

Center for Space Research at the University of Texas at Austin provided the 132 months of 

GRACE gravity coefficients from Release-05 data used in this study.   

 Gravity anomalies from GRACE observations are computed for the study period (January 

2003 – December 2013) by removing the mean and filtering the time series to reduce noise 

[Swenson & Wahr, 2006]. The filtered data is converted into mass as equivalent water height. 
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Additional processing is applied to further reduce measurement noise and contamination error 

[Swenson & Wahr, 2002]. Residual satellite measurement error and leakage error due to the 

smoothing process remains, as estimated by Wahr et al. [2006]. The processing produces average 

terrestrial water storage anomalies for each of the 37 study aquifers, with some lost signal power 

from truncating the gravity coefficients (at degree and order 60) and filtering. Aquifer-specific 

scaling factors are used to account for the lost signal power and to estimate unbiased mass 

change in each aquifer system [Velicogna & Wahr, 2006]. The truncation has a greater influence 

on smaller regions, therefore accuracy of GRACE estimates increases as the area of the region of 

interest increases [Wahr et al., 2006].  

 Total water storage anomalies are isolated from the total gravity anomalies as the time-

variable component of the GRACE signal, representing combined natural (N) and anthropogenic 

(A) anomalies in snow water equivalent (SWE), soil moisture (SM), groundwater (GW), and 

surface water (SW) according to equation (1). Anomalies in individual storage components can 

be isolated by removing anomalies in the remaining storage terms from ΔSN+A with independent 

estimates of these components according to equation (2) [Rodell & Famiglietti, 2002; Swenson 

et al., 2006; Yeh et al., 2006; Strassberg et al., 2007, 2009; Rodell et al., 2004, 2007, 2009; 

Swenson, et al., 2008; Famiglietti et al., 2011; Scanlon et al., 2012].  In equation (2), I isolate 

subsurface storage, defined as the combination of soil moisture and groundwater, to be consistent 

with total storage estimates that begin at the ground surface as defined in Section 2.2.  Auxiliary 

datasets for SWE and SW are necessary to separate subsurface anomalies for the remaining 

storage terms.   

  ANGW)SMSWEΔ(SWANΔS    (1) 
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 In this evaluation, I use model output from the NASA Global Land Data Assimilation 

System (GLDAS) [Rodell et al., 2004] including the Noah [Chen et al., 1996; Koren et al., 

1999], Community Land Model 2.0 (CLM2) [Dai et al., 2003], and Variable Infiltration Capacity 

(VIC) [Liang et al., 1994] models to quantify natural changes in SWE.  Variance of SWE was 

determined using the three-model ensemble and thus represents a combination of estimate error 

and model representation error.  Surface water storage (SW) as stocks in lakes, reservoirs and 

river channels is not included in the GLDAS modeling system; thus, for SW, I use routed surface 

water discharges from offline output from CLM4 [Oleson et al., 2010].  The U.S. Geological 

Survey errors for hydrologic measurements range from excellent (5% error) to fair (15% error); 

for my evaluation, I assume measurement error of 50% to represent a conservative uncertainty in 

GRACE subsurface variability. Anomalies in sub-surface storage are computed as the residual 

between the GRACE total water storage anomalies and the model-based storage anomalies of 

SWE and SW for each study aquifer.  The subsurface error was calculated using equation (3).      

 

 A conservative estimate of groundwater trends can be identified if observed subsurface 

trends are attributed solely to groundwater storage.  Such an approach is considered here, as the 

majority of soil mass trends are not significant globally [Sheffield and Wood, 2008; Dorigo et 

al., 2012]. I consider the groundwater trend to be representative of the net flux of water storage 

resulting from groundwater use (ΔGWN+A), including the aquifer response to pumping, and 

natural climatic variability.  Annual trend magnitudes were estimated using weighted regression 

using subsurface error as calculated in equation (3).  Aquifers with a negative coefficient were 

  NSWE)Δ(SWANΔSANΔSUB    (2) 
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considered to be depleting in aquifer storage while positive coefficients were considered to be 

recharging systems. Here, I evaluate only the magnitude of trends without regard to trend 

significance. 

2.2. Water Availability 

 Groundwater is frequently pumped beyond the renewable rate thus depleting groundwater 

storage over time [Theis, 1940; Sahagian et al., 1994; Kendy & Konikow, 2005]. This study 

revises the definition of groundwater availability from recharge, as previously used in a stress 

framework [Döll, 2009; Voss et al., 2009; Wada et al., 2010] and in Chapter 1, to total 

groundwater storage, as recommended by Taylor [2009]. Defining groundwater availability as 

the total volume of groundwater in storage allows for the concepts of resiliency and buffer 

capacity to be explored as a component of groundwater stress. This is important in regions that 

may be considered stressed based on renewable supplies of groundwater but that contain a large 

volume of storage [MacDonald et al., 2012].  

 We group available and revised storage estimates into three categories: Historical, 

Regional, and Revised Estimates. The Historical Estimates distribute the range of most 

commonly cited global groundwater storage estimates into the study aquifers. The Regional 

Estimates are comprised of aquifer specific storage estimates from readily accessible regional 

case studies. I develop the Revised Estimates based on modifications to the historical methods to 

constrain the uncertainty range in aquifer storage estimates.  

2.2.1. Historical Storage Estimates  

 Nace [1969] and Korzun [1978] provide lower and upper total estimates of global 

groundwater storage, respectively. The storage limits were calculated by equation (4), with the 

difference between the estimates originating in the respective values used for effective thickness 



50 

 

(b) and porosity (n) in the sub-surface. The historical approaches assume uniform groundwater 

supply across the global land area (A), excluding Greenland and Antarctica; however it is 

unrealistic to assume uniform groundwater across the global land area [Alley, 2006].  

 The lower storage boundary (7 x 106 km3) assumes an effective subsurface thickness as 

1000 meters and an effective porosity of 1% over the global land area. An arbitrary increase to 

the resulting volume is applied based on the author’s belief that the total storage should be 

approximately five times greater than the calculated storage [Nace, 1969]. The upper boundary 

(23 x 106 km3) calculates storage for each continent by dividing the subsurface into three zones 

of varying thickness with associated porosity of 15%, 12%, and 5% depending on depth (Table 

2.1) totaling 2000 meters. Continental groundwater storage is then summed to obtain the global 

storage estimate.  

 The global values by Nace [1969] and Korzun [1978] are distributed into study aquifers 

based on an area weighted scheme by assuming the majority of global groundwater in storage 

exists in the largest global aquifers (Appendix B) [Margat, 2007; van der Gun & Margat, 2013]. 

Equation (5a) distributes the lower global groundwater estimate (7x106 km3) to study aquifers 

based on a ratio of aquifer area (Aaq) to global area (Agl).  Equation (5b) distributes the upper 

global groundwater estimate (23x106 km3) as a ratio of Aaq to continental area (Ac).  
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2.2.2. Regional Storage Estimates 

Where available, regional estimates of storage for individual study aquifers are used from 

a combination of regional case studies [Al-Ibrahim, 1991; Llamas et al., 1992; Swezey, 1999; 

Wallin et al., 2005; Tujchneider et al., 2007] and compilations of regional data [Sahagian et al., 

1994; Vrba & van der Gun, 2004; Margat & van der Gun, 2013; MacDonald et al., 2012] as 

summarized in Appendix B.  

Additional processing was applied to the original storage estimates by MacDonald et al. 

[2012]. They provide a gridded range of groundwater storage estimates across Africa at five 

kilometer spatial resolution. These estimates were linearly interpolated to 1° x 1° resolution and 

the 13 study aquifers in Africa were isolated from the available data. I determine total storage in 

the study aquifers based on the minimum, mean, and maximum values across the range of 

storage estimates. 

2.2.3. Revised Storage Estimates 

 We implement two revisions to the approaches of Nace [1969] and Korzun [1978] to 

constrain aquifer storage estimates using hydrogeologic assumptions. The first constraint 

replaces the porosity in equation (4) with specific yield (Sy) to represent the volume of 

groundwater that is extractable from storage [Johnson, 1967; Alley, 2006]. To estimate specific 

yield, I apply the 1° x 1° global soil texture dataset used in the GLDAS2/NOAH model [Chen et 

al., 1996; Koren et al., 1999], which defines 16 soil classes based on fractions of sand, silt, and 

clay, to the study aquifers (Figure 2.2a). The most common soil class in each aquifer is 

determined as the mode for each aquifer. I then overlay the simplified soil classification triangle 

in Figure 2.2b [ILO, 1987] with the specific yield triangle in Figure 2.2c [Johnson, 1967]. The 

soil classification and specific yield triangles are used to determine a range of specific yield 



52 

 

values (Sy) for each aquifer’s dominant soil class to be used in equation (6) to calculate aquifer 

storage. These values are summarized in Table 2.2.  I follow the suggestion of 200 meters as an 

average limit to the active zone of groundwater exchange to represent saturated thickness in 

equation (6) along with aquifer area (Aaq) [Margat and van der Gun, 2013].  

  aqyaq A m) S ( V 200   (6) 

   aqaq %)A b( V 1   (7) 

 The second constraint focuses on the saturated thickness in equation (4). Nace [1969] and 

Korzun [1978] used 1000 and 2000 meters, respectively, although it is unlikely that the water at 

these depths is fully accessible and of a high enough quality to use, given that groundwater 

quality generally decreases with depth [Alley 2006, 2007; Faunt et al., 2009]. In this analysis, I 

evaluate a range of aquifer thickness including 20 meters (m), 50 m, 100m, 200m, 500m, and 

1000m. I use a constant porosity of 1% following Nace [1969] and aquifer area as the remaining 

inputs to equation (7).   

2.3. Total Groundwater Stress 

 We quantify groundwater resilience to explore the impact of natural and anthropogenic 

disturbance as observed from GRACE and my revised estimates of groundwater storage.  I 

introduce the Total Groundwater Stress (TGS) ratio that relates the number of years until the 

aquifer is depleted in equation (8) to evaluate aquifer resilience. The net groundwater storage 

changes (ΔGWN+A), termed groundwater depletion, are quantified with the GRACE-derived 

groundwater trend from Section 2.1. The exponent, g, is used to determine the rate of growth or 

decay in groundwater flux in time. For the purpose of this study, I set g at one such that the rate 

of depletion will remain constant into the future.  
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 The total storage estimates from Section 2.2 are used to estimate groundwater storage (V) 

for each study aquifer. It is unrealistic to fully deplete an aquifer system as changes in water 

quality, accessibility, and soil properties will limit the amount of groundwater that can be 

extracted [Alley, 2006]. To account for the possible range of usable groundwater storage, TGS is 

computed for percentages (p%) of V to determine the number of years until the volume in storage 

is depleted by p percent. I quantify the number of years until the study aquifers are depleted to 

thresholds set at 25%, 50%, 75%, and 90% of total capacity. For example, TGS90% computes the 

number of years until the total volume in storage is depleted by 90% of the total storage capacity.  

3. RESULTS 

3.1. Total Groundwater Storage 

3.1.1. Comparison of Historical and Regional Estimates    

 Figure 2.3 summarizes the range of storage estimates representing groundwater 

availability input in Total Groundwater Stress (TGS) ratio. For each aquifer, estimates delineate 

Historical Estimates (left), Regional Estimates from Section 2.2.2 (middle) and Revised 

Estimates (right) based on ranges of specific yield and saturated thickness as described in Section 

2.2.3.  The figure demonstrates how the Revised Estimates exhibit similar mean behavior and 

variance as the Regional Estimates, while the Historical Estimates greatly overestimate storage 

in the majority of the study aquifers. This suggests that the Revised Estimates can provide a new 

baseline storage estimate based on hydrogeologic parameters for the aquifer systems that lack 

Regional Estimates. The range of storage estimates is summarized in Appendix B. 
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Figure 2.4a and Figure 2.4b show the distributed Historical Estimates of storage in the 

study aquifers. Within the Historical Estimates, the differences between the lower and upper 

limits of storage vary by a factor between about two and six. The discrepancy is a function of the 

saturated thickness value as either 1000 or 2000 meters and the value of porosity assumed as a 

constant 1% or varying with depth. The difference between storage estimates is increased when 

comparing the Historical and Regional Estimates in the 23 study aquifers with independent 

estimates of storage (Figure 2.4c). A comparison between Figure 2.4c and Figures 2.4a-2.4b 

highlights the discrepancy between the commonly cited Historical Estimates and the regional 

case studies, as they differ over three to four orders of magnitude (Appendix B). For example, 

Swezey et al. [1999] cite the volume of storage in the Northwest Sahara Aquifer System (Aquifer 

#2, “Sahara”) as 280 cubic kilometers (km3) as compared to 450,000 km3 from the distributed 

estimate by Korzun [1978].   

3.1.2. Revised Estimates 

The Revised Estimates constrain the range of Historical and Regional Estimates of 

aquifer storage. Figures 2.4d-2.4f show the influence of hydrogeologic constraints on the 

historical methods. Figure 2.4d shows storage in the study aquifers according to equation (6), 

where storage is the product of the minimum specific yield, 200 meters saturated thickness, and 

the aquifer area. Figures 2.4e and 2.4f maintain the 1% porosity assumption from Nace [1969], 

with aquifer area and saturated thickness of 200 meters and 1000 meters, respectively. 

A comparison is made between the minimum Regional Estimates and the Revised 

Estimates to determine the combination of hydrogeologic characteristics that produce the closest 

estimate to regional values. Appendix B shows which hydrogeologic characteristics can be 

combined to reproduce the regional storage estimates. I find that the majority of the study 
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aquifers require a saturated thickness less than 500 meters for both equations (6) and (7). The 

250 km3 storage capacity estimate in the Sahara can be reproduced with an assumed 1% porosity 

and a saturated thickness between 20 and 50 meters. This is two orders of magnitude less than 

the assumed saturated thickness by Nace [1969] and Korzun [1978].  

3.2. Distribution and Severity of Total Groundwater Stress  

3.2.1 Total Groundwater Stress 

Figure 2.5 and Figure 2.6 present Total Groundwater Stress (TGS) as the ratio of total 

groundwater storage to groundwater depletion for 25% and 90% depletion, respectively. The 

TGS ratio results in the number of years to depletion, in this case assuming depletion continues 

at a constant rate into the future. Appendix C and D summarize the results of TGS for the range 

of storage estimates presented in this study. The TGS ratio varies greatly within an aquifer 

system, depending on the storage estimate used.  

The Indus-Ganges-Brahmaputra Basin (Aquifer #24, “Ganges”) has the highest rate of 

depletion from GRACE of -19.6 ± 1.2 millimeters per year (mm/yr). The TGS ratio in the 

Ganges ranges from approximately 10 years to 90% depletion based on the lowest Revised 

Estimate of storage to nearly 10,000 years with the lower Historical Estimate. Conversely, the 

Tarim Basin (Aquifer #31, “Tarim”) has the lowest depletion rate by GRACE of -0.23 ± 0.3 

mm/yr and low water availability based on recharge, the lower historical estimate, and the 

Revised Estimate by equation (7). The Tarim is a small aquifer by area, but the low depletion 

rate results in approximately 800 years to 90% depletion by the smallest storage estimate. 

3.3. A Comparison of Total and Renewable Groundwater Stress 

Renewable Groundwater Stress (RGS) as defined in Chapter 1 evaluates aquifer stress 

resulting from groundwater availability, or the estimated groundwater recharge rate.  A 
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comparison between RGS and TGS illustrates the influence of storage in the assessment of 

groundwater stress and resilience. Although the estimate of groundwater depletion remains the 

same between the renewable (Figure 1.9 in Chapter 1) and total (Figures 2.5-2.6) stress ratios, 

the distribution and severity of each type of stress differs as a function of the definition of 

availability as a renewable flux or as a total storage volume. In my comparison, I only consider 

depleting aquifers to assess differences between RGS and TGS since aquifers that have positive 

trends in groundwater storage anomalies are considered to be resilient systems over the study 

period.  

The aquifers that are considered overstressed or highly stressed from the RGS ratio and 

that remain highly stressed from the TGS ratio are indicative of aquifers that lack resilience due 

to high depletion with limited buffer capacity. There are eight aquifers that are overstressed by 

the RGS ratio, which is considered the least sustainable characteristic RGS stress regime. Only 

two of these systems remain highly stressed by TGS based on the minimum of Regional 

Estimates, including the Sahara. The Sahara has about 10 years to 90% depletion from the 

minimum Regional Estimate of storage. However, the uncertainty in storage estimates is 

highlighted in the Sahara where TGS90% ranges from about 10 years to 150,000 years within 

different regional estimates. 

The majority of the aquifers characterized by low renewable stress have high levels of 

total stress. The Ganges is a highly depleting system, but has a high rate of mean annual recharge 

that result in low renewable stress ratios. These systems have low numbers of years to 90% 

depletion based on the revised estimates of storage, but there is no regional estimate for 

comparison. These aquifers are vulnerable to increases in depletion that might result in a shift 
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from low to high renewable stress conditions, which could pressure the long-term buffer capacity 

of the aquifer.    

4. DISCUSSION 

 We show that the current state of knowledge on groundwater stocks relies on storage 

estimates that likely result in an overestimation of groundwater volume for the study aquifers. 

Such overestimations can substantiate the commonly held assumption that groundwater is an 

infinite resource. By comparing historical and regional estimates of storage, I show that such an 

assumption is not valid in all of the study aquifers, for example in the Sahara, Taoudeni-

Tanezrouft Basin (Aquifer #4, “Taoudeni”), and North China Aquifer System (Aquifer #29, 

“North China”) with minimum reported regional estimates of less than 20 km3. Simple 

hydrogeologic assumptions were made that constrain the estimates of groundwater storage to 

within a range that more closely matches available regional estimates.  

 The influence of total storage on aquifer resilience is highlighted by a comparison 

between the Nubian Sandstone Aquifer System (Aquifer #1, “Nubian”) and the Sahara. The 

depletion rates in the aquifers are similar at -2.91 ± 0.9 and -2.80 ± 0.8 millimeters per year, 

respectively. The depletion rate in the Sahara (-2.69 ± 0.8 cubic kilometers per year) is 

comparable to the reported rate of greater than 2.2 cubic kilometers per year by Mamou et al. 

[2006]. The GRACE-based depletion rate in the Nubian (-6.08 ± 1.9 cubic kilometers per year) is 

greater than the value of 2.17 cubic kilometers per year from Bakhbakhi [2006], although this 

value was reported for the year 2000 and has not been updated for the GRACE period. The 

overstressed Renewable Groundwater Stress (RGS) ratios of 10.6 for the Nubian and 10.8 for the 

Sahara are also similar between the aquifers. However, the estimates of total storage in each 

aquifer result in contrasting estimates of TGS. The minimum regional estimate of storage in the 
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Sahara is 28 km3, which results in about 10 years to 90% depletion. An independent storage 

estimate from Mamou et al., [2006] is not available as a comparison point to my estimate of 

depletion timescales. Conversely, the minimum regional estimate of storage in the Nubian is 

150,000 km3, which results in a buffer capacity that is four orders of magnitude greater than in 

the Sahara. Bakhbakhi [2006] show the useable lifespan of the Nubian diminishes exponentially 

after just 100 years. Such a comparison suggests the importance of accounting for both 

renewable fluxes and total stocks when assessing the sustainability of groundwater use in an 

aquifer system.  

 The Ganges and North China systems represent an opposing case. The Ganges and North 

China both have high rates of depletion and high rates of mean annual recharge and are therefore 

both in the low stress category of the Variable Stress RGS regime. However, they also have a 

limited number of years to 90% depletion due to low regional and revised storage estimates. The 

depletion estimate in the North China system by Liu et al. [2011] of 3.52 cubic kilometers per 

year is within the GRACE-derived depletion error range of 3.2 ± 0.6 cubic kilometers per year. 

The storage estimate by Liu et al. [2011] is also comparable to the minimum estimate used in my 

study, at 23.8 cubic kilometers. These are systems that have limited resilience and buffer 

capacity that could make them vulnerable to increased rates of depletion and decreases in 

renewable available supplies. Additionally, the three aquifers with the highest rates of depletion 

do not have regional estimates of storage to provide a further constraint on available supplies.  

 The timescales presented here offer maximum estimates of TGS. The study period is 

limited by the length of the GRACE satellite record. In the results presented here, I implicitly 

assume that the volume of storage in the study aquifers is at full capacity at the start of the study 

period in 2003. In reality, pumping has already been occurring, leaving legacy effects on the 
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system [Liu et al., 2007] such that the years to depletion are less than indicated by my results. I 

assume the range of percentage values (p%) of storage provides baseline depletion timescales 

that encompass the influence of decreasing accessibility and usability of storage with continued 

external pressures that, as well as the legacy effects of depletion prior to the study period, could 

alter TGS timescales. Additional quantification of these impacts would be necessary to further 

constrain the timescale estimates [Swezey et al., 1999].  

The rate at which depletion increases or decreases in the future could also influence the 

TGS timescales. I assume the rate of depletion will remain constant (g = 1 in equation (8)), 

however g will vary as growing demands for natural resources and environmental services due to 

population growth drive an increase of resource use per capita [Hardin, 1968; Dietz et al., 2003]. 

The potential for increased hydrologic extremes due to climate change may further increase the 

rate of use in groundwater systems as surface supplies become less accessible [Kundzewicz & 

Döll, 2009]. Additionally, some regions, such as Sub-Saharan Africa have yet to experience an 

agricultural boom. Only about 5% of land is currently irrigated in this area, as opposed to the 

greater than 60% of irrigated land during India’s Green Revolution [Rockström et al., 2007]. The 

expansion of irrigated agriculture has resulted in severe groundwater depletion in parts of India 

[Rodell et al., 2009] as well as an influx of arsenic in agriculture through increased irrigation of 

contaminated groundwater [Brammer & Ravenscroft, 2009]. Growing food demand and 

agricultural pressure may expand the need for irrigation and further increase the value of g. 

Conversely, water-use efficiency practices could decrease the value of g.  

 

5. CONCLUSION 

 The results presented herein explore the concepts of groundwater resilience and the 

buffer capacity of groundwater storage in a water stress framework. I define a Total 
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Groundwater Stress (TGS) ratio as a measure of groundwater resilience in the world’s largest 

aquifer systems. In this study, I highlight the state of knowledge on both fluxes and stocks in the 

world’s largest aquifer systems at the aquifer scale. I compare available estimates of total 

storage, and further constrain these estimates, to assess groundwater stocks. Remote sensing 

observations from GRACE assess the trend in combined fluxes within a system, by integrating 

the influence of recharge, discharge, pumping, and capture into a single trend of water mass 

anomalies.  

 GRACE observations allow for the first-ever quantification of groundwater resilience by 

identifying the systems that can no longer increase capture to balance external perturbations to an 

equilibrium state.  The GRACE-based estimates of depletion integrate the dynamic, nonlinear 

links that exist in coupled human-natural systems like groundwater. This is necessary in a 

groundwater sustainability study to account for both human actions such as pumping and the 

dynamic response of the aquifer [Liu et al., 2007; Zhou, 2009]. Traditionally, the study of such a 

coupled system has been limited to either the human or natural dimension, though fully assessing 

resilience must account for both dimensions [Liu et al., 2007]. The spatial scale of GRACE 

allows for system-wide basin averages to address the resilience across the totality of the system 

as recommended by Turner et al. [2003]. 

 Long-term storage loss is the limit of groundwater resilience, indicating an aquifer 

system’s inability to maintain equilibrium despite perturbations. Groundwater is largely 

unregulated, although the influence of human management is often required to improve the 

resilience of natural systems [Liu et al., 2007]. Transparent information exchange on the state of 

fluxes and stocks in common pool resources, such as groundwater, is the first step toward 

effective management [Schlager et al., 1994; Dietz et al., 2003]. Here, I highlight the ability to 
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provide bounds on groundwater resilience and buffer capacity based on available and constrained 

storage estimates in the study aquifers. I show how remote sensing observations from GRACE 

can improve our understanding of groundwater stress and resilience by quantifying depletion. As 

continued efforts increase the transparency and availability of information on the state of large 

aquifer systems, the ability to manage these systems to increase resilience will be enhanced. 
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FIGURES AND TABLES 

 
 

Figure 2.1. Study aquifers by continent based on the WHYMAP delineations of the world’s Large Aquifer 

Systems [WHYMAP & Margat, 2008]. The number represents the aquifer identification number for each 

aquifer system. The world’s largest lakes and reservoirs are based on the Global Lake and Wetland Database 

Level-1 lakes and reservoirs [Lehner & Döll, 2004].  
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Figure 2.2. a) 1° x 1° gridded soil texture in the study aquifers from the GLDAS2/NOAH model [Chen et al., 

1996; Koren et al., 1999] used to determine the dominant soil type in each aquifer system. b) Simplified soil 

classification triangle based on percentages of sand, silt, and clay [ILO, 1987]. c) Soil classification triangle 

coupled with estimates of specific yield from Johnson [1967] to determine the range of specific yields 

associated with each soil type. The contours represent specific yield as a percentage.  
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Figure 2.3. Estimates of total storage [km3] in the depleting study aquifers on a log scale based on the 

Historical, Regional, and Revised estimates of storage (“This Study”). The median is present within the 

boxplots. The outliers have been removed. Aquifers with a single estimate of storage in a category are marked 

with a single median marker (-).  
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Figure 2.4. Estimates of total storage in each study aquifer based on the Historical, Regional, and Revised estimates in 

cubic kilometers. a) Distributed upper historical limit by Korzoun [1978], b) Distributed lower historical limit by 

Nace [1969], c) The minimum available regional estimate, d) Revised storage estimated according to equation (6) with 

minimum estimate of specific yield, e) Revised storage estimated according to equation (7) with 200 meters saturated 

thickness, f) Revised storage estimated according to equation (7) with 1000 meters saturated thickness. 
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Figure 2.5. Total Groundwater Stress as the number of years to 25% depletion (TGS25%). a) Distributed 

upper historical limit by Korzoun [1978], b) Distributed lower historical limit by Nace [1969], c) The 

minimum available regional estimate, d) Revised storage estimated according to equation (6) with minimum 

estimate of specific yield, e) Revised storage estimated according to equation (7) with 200 meters saturated 

thickness, f) Revised storage estimated according to equation (7) with 1000 meters saturated thickness. 
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Figure 2.6. Total Groundwater Stress as the number of years to 90% depletion (TGS90%). a) Distributed 

upper historical limit by Korzoun [1978], b) Distributed lower historical limit by Nace [1969], c) The 

minimum available regional estimate, d) Revised storage estimated according to equation (6) with minimum 

estimate of specific yield, e) Revised storage estimated according to equation (7) with 200 meters saturated 

thickness, f) Revised storage estimated according to equation (7) with 1000 meters saturated thickness. 
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Table 2.1. Adapted from Korzoun [1978] as inputs to equation (4) to provide the upper bound of the 

Historical Estimate of storage.  

 

Continent 
Total Area     

(106 km2) 

Thickness of 

Zone (m) 

Effective 

Porosity (%) 

Groundwater 

Volume by 

Zone (106 km3) 

Groundwater 

Volume by 

Continent      

(106 km3) 

Europe 10.5 100 15 0.2 1.6 

  
200 12 0.3 

 
    2000 5 1.1   

Asia 43.5 200 15 1.3 7.8 

  
400 12 2.1 

 
    2000 5 4.4   

Africa 30.1 200 15 1 5.5 

  
400 12 1.5 

 
    2000 5 3   

North America 24.2 200 15 0.7 4.3 

  
400 12 1.2 

 
    2000 5 2.4   

South America 17.8 100 15 0.3 3 

  
400 12 0.9 

 
    2000 5 1.8   

Australia and 

Oceania 
8.9 100 15 0.1 1.2 

  
200 12 0.2 

 
    2000 5 0.9   

        TOTAL 23.4 

 



69 

 

Table 2.2. Determination of specific yield for the study aquifers. The dominant soil type is determined as the 

mode of the soil type based on Figure (1a). The soil triangles in Figure (1b) and (1c) are overlaid to determine 

the minimum and maximum specific yield value for each aquifer. The average of these values is determined 

as the mean.  

 

Aquifer ID 

Dominant Soil 

Type 

Minimum Specific 

Yield (%) 

Mean Specific 

Yield (%) 

Maximum 

Specific Yield (%) 

1 Loam 10 16.5 23 

2 Loam 10 16.5 23 

3 Loam 10 16.5 23 

4 Loam 10 16.5 23 

5 Sandy Loam 10 22.5 35 

6 Sandy Loam 10 22.5 35 

7 Sandy Loam 10 22.5 35 

8 Clay 0.5 2.5 4.5 

9 Loam 10 16.5 23 

10 Sandy Loam 10 22.5 35 

11 Sandy Loam 10 22.5 35 

12 Sandy Loam 10 22.5 35 

13 Loam 10 16.5 23 

14 Loam 10 16.5 23 

15 Silt Loam 4 14 24 

16 Sandy Loam 10 22.5 35 

17 Silt Loam 4 14 24 

18 Sandy Loam 10 22.5 35 

19 Loam 10 16.5 23 

20 Sandy Clay Loam 4 8.5 13 

21 Clay 0.5 2.5 4.5 

22 Loam 10 16.5 23 

23 Loam 10 16.5 23 

24 Loam 10 16.5 23 

25 Loam 10 16.5 23 

26 Silt Loam 4 14 24 

27 Silt Loam 4 14 24 

28 Silt Loam 4 14 24 

29 Clay Loam 4 7 10 

30 Clay Loam 4 7 10 

31 Sand 15 30 45 

32 Loam 10 16.5 23 

33 Loam 10 16.5 23 

34 Loam 10 16.5 23 

35 Loam 10 16.5 23 

36 Sandy Clay Loam 4 8.5 13 

37 Sandy Loam 10 22.5 35 
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 Table 2.3. A comparison of groundwater availability estimates defined as mean annual recharge and as total 

storage. The determination of low (high) availability is determined as the lowest (highest) third of available 

supplies across the study aquifers.  

 

Aquifer 

ID 

Mean 

Annual 

Recharge        

(mm) 

Aquifer 

ID 

Nace 

[1969] 

(km3) 

Aquifer 

ID 

Margat & 

van der Gun 

[2013] - 

Minimum       

(km3) 

Aquifer 

ID 

Equation (6): 

Minimum Sy,        

b = 200m       

(km3) 

Aquifer 

ID 

Equation (7):          

b = 20m          

(km3) 

8 -18.4 16 16,000 4 18 8 490 16 16 

12 -12.3 15 28,000 29 18 15 1,100 15 27 

13 -11.8 32 33,000 8 110 16 1,600 32 38 

9 -5.9 35 40,000 32 500 21 1,800 35 44 

23 -4.6 5 41,000 7 1,000 30 2,100 30 53 

17 -3.7 34 53,000 16 1,100 29 3,400 5 55 

22 -2.6 30 54,000 
  

32 3,800 34 57 

31 -0.7 23 64,000 
  

17 4,100 23 63 

1 -0.3 37 79,000 
  

35 4,400 37 83 

2 -0.3 29 87,000 
  

20 4,500 29 85 

3 -0.2 12 88,000 
  

27 4,800 12 86 

4 1.0 31 95,000 
  

5 5,500 31 93 

7 6.0 3 100,000 5 1,500 34 5,700 8 98 

37 6.1 8 100,000 13 3,000 23 6,300 3 99 

14 8.4 17 100,000 3 4,800 28 6,900 17 100 

6 11.2 20 110,000 36 8,700 37 8,300 20 110 

36 13.7 6 120,000 6 10,000 12 8,600 6 120 

28 16.5 13 120,000 17 15,000 3 9,900 13 120 

10 19.0 27 120,000 20 18,000 26 9,900 24 120 

30 20.2 24 130,000     6 12,000 27 120 

16 24.1 4 150,000     13 12,000 4 150 

34 28.8 28 170,000     24 12,000 28 170 

5 34.4 2 200,000     31 14,000 2 200 

26 36.2 11 210,000     36 14,000 11 200 

27 36.4 9 220,000     4 15,000 9 220 

25 39.4 18 230,000 
  

2 20,000 18 230 

29 96.6 26 250,000 
  

11 20,000 26 250 

33 98.6 7 300,000 
  

9 22,000 7 300 

11 101.1 10 300,000 
  

18 23,000 10 300 

32 133.6 14 310,000 
  

7 30,000 14 300 

15 151.8 22 350,000 
  

10 30,000 22 340 

35 161.3 36 350,000 19 32,000 14 30,000 36 350 

18 168.4 21 370,000 21 57,000 22 34,000 21 360 

24 214.4 1 430,000 2 60,000 1 44,000 1 440 

21 225.7 19 470,000 1 540,000 19 46,000 19 460 

20 323.0 25 530,000 25 1,000,000 25 54,000 25 540 

19 546.6 33 560,000 22 2,200,000 33 57,000 33 570 
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CHAPTER 3: Estimating aquifer parameters with GRACE 

ABSTRACT 

 Estimates of total aquifer storage can vary significantly within a single aquifer system. 

Some of the world’s largest aquifers lack even a single estimate of total storage. As a result, 

groundwater is often used without any knowledge as to its usable lifespan. The measurement of 

aquifer properties, especially over large spatial scales, is time consuming and costly, which 

contributes to the limited available information in large systems. I present a preliminary 

methodology to estimate aquifer parameters with remote sensing observations of groundwater 

storage change. Groundwater storage change is used to measure time variable changes in 

hydraulic head, which are coupled with the governing equations for groundwater flow to 

estimate saturated thickness in a confined aquifer. The saturated thickness is then used to 

estimate total storage. A case study is presented in the Guarani Aquifer System (GAS), the 

largest aquifer in South America. Preliminary results suggest potential for this method. However, 

further work is required to estimate spatially variable aquifer parameters as inputs, specifically 

for hydraulic conductivity. Overall, the estimated mean thickness across the aquifer is consistent 

with published estimates of thickness in the GAS 
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1. INTRODUCTION AND STUDY GOAL 

Chapters 1 and 2 introduce Renewable Groundwater Stress (RGS) and Total 

Groundwater Stress (TGS) as measures of the balance between groundwater availability and 

groundwater use. In Chapter 2, groundwater storage is discussed as a factor of groundwater 

resilience. However, the lack of information for storage estimates in the world’s large aquifer 

systems was highlighted as 14 of the 37 study aquifers lack an available estimate of total storage. 

A barrier to improved estimates of storage is the lack of available information on groundwater 

parameters, particularly over large geographic scales. Field tests provide reliable estimates of 

aquifer parameters including transmissivity and storativity. A field test set up is shown in Figure 

3.1a. However, these tests are conducted at individual wells and require previous knowledge of 

aquifer thickness. In order to understand the sustainability of an aquifer system, improved 

knowledge of total storage is required [Taylor, 2009].  

Groundwater modeling is used to better understand groundwater flow and the impact of 

groundwater use on regional aquifer systems based on governing equations for groundwater flow 

that arise out of the principle of conservation of mass as shown in Section 2 (e.g. Harbaugh et al., 

[2000]). Knowledge of aquifer parameters or observations of hydraulic head are required to 

implement groundwater models, but such information is not always available.Inverse modeling 

in groundwater systems is used to estimate aquifer parameters based on observed measurements 

of head from observation wells when local parameter estimates are unavailable [Kitanidis & 

Vomvoris, 1983]. Carrera et al. [2005] suggest that an inverse modeling approach to estimate 

aquifer parameters is synonymous with model calibration to provide best estimates of parameters 

by minimizing the difference in modeled versus observed head changes.  
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Inverse modeling has been used to estimate parameters across regional scale aquifer 

systems for example in Belgium [Gedeon et al., 2007] and in the Bengal Basin in India and 

Bangladesh [Michael & Voss, 2009]. Michael & Voss [2009] found that an inverse modeling 

approach to estimate parameters from head measurements is most applicable for large-scale deep 

confined aquifer systems. Inverse modeling is most commonly used to estimate hydraulic 

conductivity [Kitanidis & Vomvoris, 1983; Carrera et al., 2005]. However, observations of head 

change from local measurements are required for a traditional inverse-modeling approach, which 

can limit the applicability of this method in regions where such observations are limited or 

unavailable.  

Only recently have remote sensing observations been used to assess groundwater systems 

and potential exists for remote sensing to be used to enhance groundwater modeling efforts 

[Becker, 2006]. For example, Lo et al. [2010] show how observations of terrestrial water storage 

changes from NASA’s Gravity Recovery and Climate Experiment (GRACE) and baseflow data 

can be used to improve water table depth simulations. They used a Monte Carlo simulation 

framework to estimate groundwater and soil parameters in Illinois. The potential to utilize 

remote sensing to estimate groundwater parameters is vast, particularly in regions that lack the 

direct observations of hydraulic head or aquifer parameters that are typically used in 

groundwater flow models and with inverse modeling.  

The goal of this chapter is to combine GRACE-based estimates of groundwater storage 

change with the governing groundwater equations for flow and storage to quantify large-scale 

aquifer characteristics. Specifically, an inverse modeling approach is taken that utilizes time 

variable groundwater storage changes from GRACE to estimate saturated thickness in the study 

area without relying on local observations. A case study of the Guarani Aquifer System (GAS) of 



74 

 

South America is used to develop the method in a region that has well defined confined versus 

unconfined regions (Figure 3.1b). Independent estimates of total aquifer storage and saturated 

thickness across the system are available in the GAS to validate results. This work focuses on the 

confined portion of the GAS. The work presented in this chapter provides the first-ever estimate 

of total thickness and storage in a confined aquifer system from remote sensing. 

I begin with a derivation of the groundwater flow equation in a confined aquifer system 

and show how GRACE-based estimates of groundwater storage change can be used to represent 

time variable hydraulic head changes. The study area is then introduced and available parameters 

in the region are presented. Saturated thickness and total storage are quantified and the results are 

discussed based on the validity of the initial assumptions and quality of input parameters.  

 

2. GOVERNING EQUATIONS 

2.1. Groundwater Flow  

 A simplified derivation of the governing equation for flow in a confined aquifer system is 

presented, resulting in a solution for the saturated thickness of the study area. I begin with the 

principle of conservation of mass in a control volume, whereby the rate of mass change is a 

function of the rate of flow into and out of the control volume [Bird et al., 1960]. This principle 

of continuity is presented in equation (1) for a confined groundwater system. The rate of mass 

change is represented by temporal variations in hydraulic head, h, controlled by the specific 

storage coefficient of the system, Ss. The net flux out of the system is represented by the gradient 

in the groundwater velocity, ∇·q, and the net flux into the system is represented by a source a 

term, W’.  
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 Equation (2) gives Darcy’s Law in the x, y, and z directions. Darcy’s Law shows that q 

varies depending on the direction of the flux as a function of hydraulic conductivity, K, and the 

negative hydraulic gradient. Equation (3) is derived by replacing ∇·q in equation (1) with the 

Darcy velocities in equation (2). 
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 The three dimensional flow in equation (3) is depth averaged across the thickness of the 

aquifer by assuming that the hydraulic head is not dependent on flow in the z-direction, thus 

presenting a two-dimensional flow system [Konikow & Mercer, 1988]. To do so, the integral of 

equation (3) is taken across the aquifer thickness, b, shown in equation (4).  
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 Equations (5a) – (5e) show results of the integral applied to each term of equation (4). I 

assume a homogenous and isotropic system such that K does not vary in space or direction. This 

assumption follows that of Michael & Voss [2009] who assumed hydraulic conductivity was 
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homogenous in each geologic region of their study area. I consider the study area herein, 

described in Section 3, to be a consistent geologic unit such that K is constant across its extent. 

Therefore, the first term in equations (5a) and (5b) is considered negligible. Cooley et al. [1986] 

found that spatial variations in saturated thickness did not significantly improve their 

groundwater model of a large-scale deep confined aquifer. Therefore, an additional assumption is 

that a uniform saturated thickness exists across the aquifer extent such that the second term in 

equations (5a) and (5b) is also negligible. If these two assumptions are valid then the resulting 

estimate of saturated thickness should be constant across the study area.  

 The integral in equation (5c) simplifies to velocity in the z-direction, which represents the 

leakage term with flow coming from or going into a confining bed. These vertical velocities 

evaluated at z=0 and z=b are assumed to be zero in a fully confined system [Charbeneau, 2006]. 

The resulting term in equation (5d) represents an injection source well. The product of specific 

storage, Ss, and aquifer thickness, b, in equation (5e) results in the storage coefficient, S, also 

termed storativity.  Equation (6) shows the resulting depth-averaged two-dimensional flow 

equation in a confined aquifer for a homogenous and isotropic system of uniform thickness.  
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 Equation (6) was used to solve for the saturated thickness across the study area, shown in 

equation (7). The hydraulic gradients in equation (7) were discretized using a second-order 

central difference scheme according to equation (8). A is the area of each individual 1°x1° grid 

cell, which is computed as a function of latitude. Equation (8) was used to solve for b within 

each grid cell of the study area as function of the hydraulic head in that grid cell (h1) and in the 

neighboring grid cells to the left (h2), right (h4), above (h3), and below (h5) each grid cell, as 

shown in Figure 3.2. Section 5.3 describes the input parameters that are used for this test case. 
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2.2. Groundwater Storage 

 Equation (9) shows the total volume of groundwater in storage in a confined system. V is 

the total volume of water in storage, n is the porosity of the soil, A is the aquifer area, and b is the 
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thickness of the aquifer. In reality, the volume of water that is accessible and extractable from 

storage is less than the volume represented by the porosity of the system. Instead, it is a function 

of the storage coefficient, S, shown in equation (10).  

 

 nAbV   (9) 

   

 The volume of usable water is a function of both the volume of water that expands after a 

decline in head, which is controlled by specific storage, and the volume that drains due to gravity 

in unconfined conditions, which is controlled by specific yield [Coon & Sheets, 2006]. I assume 

that the potentiometric surface remains above the confining layer of the study area such 

unconfined conditions are never reached. Therefore, the volume of usable storage in the confined 

study area is determined based on equation (10).   

 

 SAbV   (10) 

 

2.3. Groundwater Mass Balance  

 Equation (1) presented the continuity equation for groundwater systems as a function of 

Darcy fluxes, variations in hydraulic head, and the specific storage coefficient. An alternative 

approach is to define the mass balance of a groundwater system as a function of changes in the 

terrestrial water storage budget.  

 To do so, I begin with the mass balance of total changes of water stored on land 

(Equation 3). TWS represents to terrestrial water storage and dTWS/dt is the time rate of change 

in TWS. TWS here is equivalent to S in Chapters 1 and 2, but TWS is used to differentiate from 
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storativity, which is presented as S above. dTWS/dt is computed as the sum of changes in 

groundwater (dGW/dt), surface water (dSW/dt), soil moisture (dSM/dt), and snow water 

equivalent (dSWE/dt). Changes in groundwater can be isolated as the difference between 

dTWS/dt and the remaining storage components according to equation (12).  
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 The right-hand side of equation (1) is equivalent to dGW/dt since both variables are 

determining the change in groundwater storage of a system in time. Equation (13) sets this 

equivalency.  

 

dt
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sS
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dGW
  (13) 

 

3. CASE STUDY REGION 

 The Guarani Aquifer System (GAS) in Brazil, Paraguay, Uruguay, and Argentina was 

chosen as the case study region (Aquifer #21, Figure 3.3a) in which to test the proposed 

methodology. The area of the GAS is approximately 1,200,000 km2, which is larger than the 

ideal 200,000 km2 resolution of the GRACE observations [Swenson & Wahr, 2002]. It is 

believed to have approximately 30,000 km3 of water in storage [Foster et al., 2009], making it 

one of the largest aquifer systems in the world and the largest in South America. The majority of 

the GAS is in Brazil, specifically in the Paraná River Basin (Figure 3.3b). The GAS 
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predominantly contains potable water that provides a key water supply source in the region for 

industrial, agricultural, domestic, and commercial uses [Araújo et al., 1999].  

 The GAS was chosen as the case study region for a number of reasons. A minimum 

criterion was that the aquifer be large enough to fit with the resolution of GRACE observations. 

Second, the case study required information on the saturated thickness and aquifer parameters; 

both to validate the results of this study and to provide alternative input parameters as necessary. 

A recent study by Foster et al. [2009], summarizing the key hydrogeologic characteristics of the 

GAS, was conducted with the support of The World Bank and the Global Environment Facility 

(GEF). The study synthesizes available information on GAS characteristics.  

 The aquifer is mainly comprised of sandstone beds that vary in thickness from outcrops at 

the surface to depths of nearly 800 meters [Araújo et al., 1999]. Cretaceous basalts overlay the 

sandstone across the majority of the aquifer [Araújo et al., 1999], creating a largely confined 

system. Sandstone outcrops provide the main recharge zones. Araújo et al. [1999] state that the 

main discharge zone is thought to be in the southeast of the aquifer between the Paraná River and 

the Uruguay River, but Foster et al. [2009] show discharge zones in close proximity to recharge 

areas along the northwestern boundary (Figure 3.4a). This supports the claim by Rodríguez et al. 

[2013] that the magnitude and distribution of discharge is not well known. 

 Foster et al. [2009] clearly delineated the recharge and discharge zones of the GAS as 

well as the unconfined, intermediate-confined, and deep confined portions of the system (Figure 

3.4a). They also provide a map of potentiometric contours (Figure 3.4b). In addition, the 

extensive network of well data available through the Brazilian Geologic Survey [SGB, 2009] 

provided additional estimates of aquifer parameters for a large portion of the GAS.  
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4. DATA 

4.1. Groundwater Storage Changes  

 The Gravity Recovery and Climate Experiment (GRACE) satellite mission [Tapley et al., 

2004] was used to estimate changes in groundwater storage (dGW/dt) according to equation (12). 

The GRACE-based estimates of dGW/dt are used to quantify S*(dh/dt) according to equation 

(13).  

 I used monthly Release-05 GRACE data provided by the University of Texas Center for 

Space Research for a 132-month study period (January 2003 – December 2013). The data are 

provided as centimeters of equivalent water thickness and gridded at a 1°x1° described by 

Landerer & Swenson [2012]. Groundwater storage anomalies were isolated from the total water 

anomalies (TWS) following the procedure described in Section 2.2.2 of Chapter 1. The change in 

storage anomalies was computed as the difference between consecutive months.  Figure 3.5 

shows the annual trend of gridded groundwater storage in the GAS calculated from these data. 

4.2. Static Water Level  

 Observations of static water level were used as the initial condition (h0) in time to 

determine the potentiometric surface. I combined h0 observations from two sources. First, Foster 

et al. [2009] provided well data for the 2,054 wells that were used in their report. The data 

included longitude, latitude, dynamic water level, and static water level estimates across the GAS 

in Brazil, Uruguay, Paraguay, and Argentina. The static water level from these wells was used. 

 The Brazilian Geologic Survey provides a publicly available Geographic Information 

System (GIS) platform that contains information on groundwater wells throughout the country, 

separated by region [SGB, 2009]. Records from 79,618 were downloaded in the regions that 

overlaid the GAS (Figure 3.6a). I removed the wells outside of 44°W to 65°W longitude and 
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15°S to 35°S latitude that encompasses the GAS boundaries, which limited the records to 12,941 

wells. The majority of the wells contain information from well logs that were recorded at the 

time the well was drilled. For each of the wells, I downloaded the well’s latitude, longitude, 

static water level, watershed, dominant water use, transmissivity (T), storage coefficient (S), 

hydraulic conductivity (K), and lithology, if available.  

 Static level observations from Foster et al. [2009] and the Brazilian Geologic Survey 

were combined. A random sample of 4,000 wells was used to reduce the size of the dataset. The 

static level was recorded as a depth from the ground surface. Static level was converted to 

elevation of the water level above mean sea level. To do so, I used 3-arc second surface elevation 

from the Shuttle Radar Topography Mission (SRTM) referenced to the WGS84 horizontal datum 

and the EGM96 vertical datum. The 3-arc second data were upscaled to 1/4° spatial resolution. 

The static level at each well was subtracted from the surface elevation to determine the 

groundwater level as a height above mean sea level (Figure 3.7).  

 The individual well measurements were gridded to a 1/4°x1/4° spatial resolution and a 

1°x1° spatial resolution. The average of static levels within each grid cell was taken as the mean 

across the wells. Potentiometric contours were created from the 1/4° grid of static levels.  

4.3. Aquifer Parameters  

 Aquifer parameters were estimated from the Brazilian Geologic Survey (BGS) well logs 

and taken from Foster et al. [2009]. Figures 6b-d show the wells that contain estimates of S, T, 

and h0 as a subset of available parameter information from the BGS. BGS estimates of hydraulic 

conductivity, storativtiy, and transmissitivity were used. I refer to these parameter values as 

KBGS, SBGS, and, TBGS. The same random sample of 4,000 wells that was discussed in Section 4.2 

was selected to determine average parameter behavior. Outliers were identified based on the 
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upper (q3) and lower (q1) quartiles of the observations for each parameter as the values that 

exceeded (q3+1.5*(q3 - q1)) and the values that were less than (q1-1.5*(q3 - q1)) [Hodge & 

Austin, 2004]. Parameter values that exceeded TBGS = 9 x 10-3 m2/s, SBGS = 12 x 10-3, and KBGS = 

5 m/s were removed.  

 The well logs contained in the BGS dataset recorded 131 individual lithologic types, 

many of which have depth profiles and recorded lithologies for each layer. For the wells that 

have recorded lithologies but missing parameter values, I distributed average parameter values 

according to lithologic type. The wells that contain both parameter estimates and lithologies were 

isolated. The mean and median values of TBGS, KBGS, and SBGS were determined for each soil 

type. The median value was used to distribute average parameter values to the remaining wells 

that contained lithologies but did not have parameter values. The BGS data are only available 

within Brazil. Well logs from Paraguay, Uruguay, and Argentina were not used in this study. 

Therefore, the average value of TBGS, KBGS, and SBGS across the GAS is used in the three 

countries. The use of the average parameter values from the BGS instead of regionally specific 

parameter estimates in Paraguay, Uruguay, and Argentina is a potential source of error.   

 The parameter values are gridded to 1°x1° resolution by computing the mean across all 

measurements within a grid cell. Figure 3.8a and Figure 3.8b show the wells with distributed 

estimates of SBGS and KBGS. Figure 3.8c shows a map of gridded storativity in the confined 

portion of the aquifer. The delineation of the confined portion is described in Section 5.2. 

 Parameter values from Foster et al. [2009], referred to as “WB” for the World Bank 

report, are also used as an alternative to the BGS values. They report hydraulic conductivity in 

the GAS, KWB, to be 5-10 meters/day. They also report the mean estimated transmissivity, TWB, to 

be 300 m2/day.  
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4.4. Groundwater Withdrawals  

 I assessed two methods to estimate the anthropogenic pumping rate, Q. The first used the 

pumping rate across the whole aquifer of 1.04 km3/year by Foster et al. [2009]. This value was 

evenly distributed into the 1°x1° grid within the GAS as a function of area within each grid cell. 

The second method to estimate Q used the spatially distributed groundwater withdrawal statistics 

from Section 2.2.1 in Chapter 1. The sum of 1°x1° industrial, domestic, and agricultural 

withdrawals in each grid cell was used. Figure 3.9 shows the resulting map of gridded 

withdrawals in the confined portion of the aquifer. Using this method, the sum of gridded 

withdrawals across the GAS is 1.7 km3/year, which is similar to the annual withdrawal estimate 

by Foster et al. [2009] of 1.4 km3/year.  

 

5. COMPUTATION OF SATURATED THICKNESS AND STORAGE 

5.1. Study Area  

 The analysis of saturated thickness was limited to the confined portion of the GAS only. 

Foster et al. [2009] delineated the deep confined portion of the GAS separately from the semi-

confined and unconfined regions (Figure 3.4a). I overlaid this map with the WHYMAP 

delineation of the Guarani Aquifer System (Aquifer #21 in Figure 3.3a) in ArcGIS 10.0. I 

manually outlined the confined portion of the aquifer within the WHYMAP system to produce a 

1°x1° mask of the confined portion. Figure 3.10 shows the maps that were used. The WHYMAP 

aquifer delineation is shown in the dark blue line. The shaded green portion shows the total 

aquifer extent and the shaded blue shows the confined portion from Foster et al. [2009]. The 

shaded regions were converted into the 1°x1° grids in which the analysis was conducted.  

5.2. Initial and Boundary Conditions  
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 The static water level described in Section 4.2 is used as the initial condition, h0, in time. 

Figure 3.11 shows the potentiometric contours that provide the initial condition. The map 

corresponds well to the potentiometric contours by Foster et al. [2009] shown in Figure 3.4b. 

These measurements in Figure 3.11 were taken over the last 40 years; however, I assumed the 

measurements are representative of pre-development conditions following similar assumptions 

by Foster et al. [2009] and Rodríguez et al. [2013].   

 No-flux boundary conditions were used around the perimeter of the confined portion of 

the GAS. I assumed that the confined portion of the aquifer is hydrologically separate from the 

unconfined portion in the x- and y- directions. Foster et al. [2009] report lateral flow velocities 

into the confined portion to be less than 0.5 meters/year.  

5.3. Input Parameters  

 To solve for b in each grid cell of the confined portion of the GAS, I assumed an 

isotropic and homogenous system such that flow does not vary as a function of either direction 

(isotropy) or space (homogeneity). In other words, hydraulic conductivity is constant across the 

study area. The upper and lower estimate of hydraulic conductivity from Foster et al. [2009], 

KWB=5 meters/day and KWB=10 meters/day, was used across the study area as the best available 

estimate of K. This choice is further discussed in Section 6.1.  

 GRACE-based estimates of groundwater storage change in time were used to quantify 

S*(dh/dt). Recharge was assumed to be negligible in the deep confined portion [Foster et al., 

2009]. Therefore, the source term, )x~(Q  was solely a sink term from pumping. The even 

distribution of 1.04 km3/year [Foster et al. 2009] was used.  

 The spatially distributed storativity, S, estimated by the Brazilian Geologic Survey 

(Figure 3.8c) was used in equation (10) within each grid cell. The temporal and spatial mean of b 
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was computed to determine the average saturated thickness across the study area according to 

equation (8). The average b is inputted into equation (10) to compute total average groundwater 

storage for the study area.  

 

6. RESULTS  

6.1. Aquifer Parameters 

 Table 3.1 compiles estimates of transmissivity (T), hydraulic conductivity (K), and 

storativity (S) in the Guarani Aquifer System (GAS). The parameter estimates from the Brazilian 

Geologic Survey (BGS) well logs report the median value of available observations across the 

GAS in Table 3.1. The average TBGS is 490 m2/day. This value is within the range of 300 m2/day 

reported by Foster et al. [2009] and between 2.4 m2/day and 552 m2/day reported by Araújo et al. 

[1999]. Estimates of the aquifer storage coefficient are not reported by Foster et al. [2009], 

Araújo et al. [1999], or Rodríguez et al. [2013] to provide an independent point of comparison to 

the average BGS value of 0.0013. 

 The average hydraulic conductivity estimated from the Brazilian Geologic Survey wells, 

KBGS, is approximately 2.6 x 105 m/day across the aquifer system. Heath [1983] reported the 

range of K values for sandstones to be on the order of 10-5 to 1, which is a minimum of five 

orders of magnitude smaller than the average calculated KBGS. The range of KWB is 5 to 10 

meters/day [Foster et al., 2009], which fits within the range by Heath [1983], the range of 1.9 to 

8.7 meters/day reported by Araújo et al. [1999], and 0.1 to 114.8 meters/day reported by 

Rodríguez et al. [2013] (Table 3.1). KBGS is assumed to be an overestimate of K in the GAS. 

Therefore, the KWB values of 5 and 10 meters/day were used to compute b and total storage, V. 

6.2. Saturated Thickness and Storage 
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 The saturated thickness estimated according to equation (8) is shown in Figure 3.12 as 

the temporal mean in each grid cell. Figure 3.12a uses a K value of 5 meters/day and Figure 

3.12b uses a K value of 10 meters/day [Foster et al., 2009]. The results show that b is spatially 

variable and therefore, the assumption that the system is homogenous and isotropic is invalid.  

  The average saturated thickness range across the whole aquifer in time and space is 

determined to be between 207 and 410 meters. Table 3.2 summarizes available estimates of 

mean saturated thickness across the aquifer system. The mean thicknesses in Figure 3.12, 

referred to as “This study” in Table 3.2, correspond with the independent estimates of thickness 

presented in Table 3.2 by Foster et al. [2009], Araújo et al. [1999], and Rodríguez et al. [2013]. 

Figure 3.12 also shows that the deepest sections across the temporal mean of individual grid cells 

correspond with the depth profiles presented in Foster et al. [2009].  

 The absolute values of the gridded saturated thickness in Figure 3.12 and the mean 

saturated thickness are within the expected range of thickness for the GAS. The majority of 

individual grid cells show thickness values within the expected range of zero to about 1000 

meters. Figure 3.12 also shows negative estimates of thickness in some of the cells, which is 

physically impossible. Some of the grid cells also have absolute values with orders of magnitude 

exceeding 103, which is greater than reported thicknesses in the aquifer. Potential reasons for this 

are discussed in Section 7.  

 The total storage volume in the confined portion of the GAS is determined to be between 

680 and 1370 km3 based on equation (9). The range of average values of b for the whole region 

as determined above, 207 and 410 meters, were used to estimate b in equation (9). The gridded 

storativity from the Brazilian Geologic Survey (Figure 3.8c), and aquifer area were used as the 

remaining inputs to equation (9). Table 3.2 compares this study’s estimate of total storage from 
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equation (9) to that of Foster et al. [2009], which reports storage across the entirety of the aquifer 

system. My estimate of storage is an order of magnitude smaller than that of Foster et al. [2009], 

however it is for only a portion of the aquifer.  

 

7. DISCUSSION AND CONCLUSION 

 The study presented here is a preliminary assessment of the feasibility of using GRACE-

based estimates of groundwater storage changes to better understand groundwater characteristics. 

The approach incorporated GRACE-based estimates of groundwater storage change into the 

governing equation for groundwater flow in a confined aquifer system to solve for saturated 

thickness. This saturated thickness was then used to solve for total storage. A simple model was 

developed to quantify aquifer parameters as a function of head change in time from remote 

sensing.  

 The results presented here show similar absolute values of saturated thickness compared 

to values presented in the literature. Simplifications were made to this initial approach based on 

available input parameters. Some of these simplifications likely resulted in negative values of 

thickness in some grid cells. The negative values of thickness could imply that mass is not being 

conserved as the solution iterates forward in time. This could be due to surface water dynamics 

that are not fully quantified, specifically from the Paraná and Uruguay rivers that overly the 

aquifer (Figure 3.3b). The implementation of vertical fluxes, and more locally specified 

boundary conditions, could improve the study approach.  

 The results indicate that the assumption of the study area as homogenous and isotropic is 

unrealistic at this study scale given that b was shown to be spatially variable. Additional 

processing of the available input parameters, to remove outliers from the well logs, could 
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improve the final results by allowing for a heterogeneous modeling approach such that K varies 

in space. The overestimates of K from the Brazilian Geologic Survey are representative of the 

challenges associated with estimating aquifer parameters over a large spatial scale. Although the 

GAS appears to have high resolution observations of the aquifer parameters, the quality of the 

observations is unknown and, in this case, the observations proved to be unrealistic for K.  

 Additional work will be conducted to refine the study approach in order to improve upon 

a GRACE-based estimate of effective saturated thickness across a large aquifer system. There 

are two main next steps that will be conducted as a continuation of this work. First, additional 

data on surface water fluxes will be used to improve the isolation of groundwater changes from 

the GRACE-based estimates of total terrestrial water storage change. Second, additional 

processing of input parameters will be conducted from available field observations to assess the 

influence of spatially variable K and non-uniform saturated thickness. A possible outcome of this 

work could be to define an integrated GRACE-based parameter as a ratio of storativity and 

transmissivity or hydraulic conductivity that could be used in land-surface modeling. This would 

decrease the influence of unknown input parameters on the final solution. 

 The overall goal of this work continues to be the development of a remote-sensing based 

estimate of total aquifer storage. This study presented an initial approach by accounting for the 

differences in flow dynamics between confined and unconfined aquifers and incorporating 

remote-sensing observations into governing groundwater equations. Further work will continue 

to refine the method, which could ultimately be used to assess aquifer parameters and total 

storage in regions that lack local estimates of these characteristics.  
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FIGURES AND TABLES 

                      a) 

 
                     b) 

 
 

Figure 3.1. a) A cross-section schematic of a confined aquifer showing the set-up for a pump test with a 

pumping well and observation wells. The saturated thickness of the system is represented by b. b) A cross-

section of a groundwater system with a confined an unconfined portion. Both diagrams are taken from 

Heath [1983].  
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Figure 3.2. Diagram to show the discretization of hydraulic head in equation (14). Equation (14) is computed 

in each grid cell with the hydraulic head in that grid cell (1) as a function of the neighboring cells (2,3,4, and 

5).  
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a) 

 

b) 

 
 

Figure 3.3. a) Three of the Large Aquifer Systems of the world [WHYMAP & Margat, 2008] in South America. The 

Guarani Aquifer System is #21. b) Aquifer boundaries with the main river systems (light blue) and national borders 

(gold). The shaded colors show the main watersheds that overly the Guarani Aquifer System [GRDC]. 
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a)

 

b)

 

 

Figure 3.4. Maps of the Guarani Aquifer System from Foster et al. [2009]. a) The shaded areas show 

“Resource Management Zones” including the unconfined recharge and discharge zone (light blue), basalt 

covered recharge zones (light grey), intermediate confined zones (grey), and the deep confined zone (dark 

grey). b) Potentiometric contours are shown as meters above sea level. The dominant recharge areas are 

shown in light blue and the dominant discharge areas are shown in dark blue.  

 

 



95 

 

 

 
 

Figure 3.5. Annual trend of groundwater storage anomalies in millimeters per year in the Guarani Aquifer 

System (thin line) and surrounding areas. The data is the 1°x1° gridded Release-05 product from the 

University of Texas Center for Space Research. The x-axis is degrees longitude and the y-axis is degrees 

latitude. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 3.6. Well locations in Brazil from the Brazilian Geologic Survey. Grey shading shows the three large 

aquifers in South America from Figure 2a. a) The four colors of dots show well locations in the four BGS 

regions that overlaid the Guarani Aquifer System. b) Red dots show the location of wells with an estimated 

storage coefficient and blue dots show the location of the remaining wells in the region. c) Yellow dots show 

the location of wells with an estimated transmissivity and blue dots show the location of the remaining wells 

in the region. d) Cyan dots show the location of wells with water level estimates and blue dots show the 

location of the remaining wells in the region. The x-axis is degrees longitude and the y-axis is degrees latitude. 
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Figure 3.7. Static water level measurements as meters above sea level. Each circle shows the measurement at 

an individual well. The observations are a combination of measurements from the Brazilian Geologic Survey 

and observations provided by Foster et al. [2009]. The grey shows the boundary of the Guarani Aquifer 

System from the WHYMAP delineation [WHYMAP & Margat, 2008]. The x-axis is degrees longitude and 

the y-axis is degrees latitude.  
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                                            a) 

 
                                            b) 

 
                                            c) 

 
 

Figure 3.8. a) Observations of storativity [dimensionless] in Brazil. b) Obsevations of hydraulic conductivity 

[meters/second] in Brazil. c) 1°x1° gridded storativity in the confined portion of the Guarani Aquifer 

System. 



99 

 

 

 
 

Figure 3.9. Spatially distributed groundwater withdrawals in the confined portion of the GAS [cubic 

kilometers/year]. Withdrawal statistics were compiled in Chapter 2 and represent the sum of withdrawals for 

industry, domestic, and agricultural end-uses. The x-axis is degrees longitude and the y-axis is degrees 

latitude. 
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Figure 3.10. The Guarani Aquifer System delineated by the WHYMAP boundaries [WHYMAP & Margat, 

2008] (dark blue) overlaid by the aquifer boundaries from Foster et al. [2009]. The green shading shows the 

full extent of the aquifer and the blue shows the confined portion only [Foster et al., 2009].  
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Figure 3.11. 1/4°x1/4° potentiometric contours of the static level from the point measurements in Figure 5. 

The contours are shown as meters above mean sea level.The x-axis is degrees longitude and the y-axis is 

degrees latitude.  
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a) 

 

b) 

 
 

Figure 3.12. 1° x1° Effective saturated thickness in meters in the confined portion of the Guarani Aquifer 

System, computed according to equation (17). a) Equation (17) computed with K = 5 meters/day. b) Equation 

(17) computed with K = 10 meters/day.  
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Table 3.1. Estimated transmissivity (T), hydraulic conductivity (K), and storage coefficient (S) for the Guarani 

Aquifer System (GAS). The BGS well logs show the mean aquifer parameters across the GAS from 

measurements by the Brazilian Geologic Survey (BGS). The remaining values are from independent 

estimates of aquifer parameters. “NA” is used to indicate when aquifer parameters were not available in a 

study.   

 

 

T [m2/day] K [m/d] S [dimensionless] 

BGS well logs 490 2.6x105 0.0013 

Foster et al. [2009] 300 5-10 NA 

Araújo et al. [1999] 2.4 – 552 1.9 – 8.7 NA 

Rodríguez et al. [2013] NA 0.1 – 114.8 NA 
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Table 3.2. Estimated saturated thickness (b) and total storage volume (V) in the Guarani Aquifer System. 

“This study” refers to the method presented in Chapter 4 of this dissertation. b is computed according to 

equation (17), which is then used to compute V according to equation (9). The range presented for “This 

study” is based on the two values for hydraulic conductivity that are used. “NA” is used to indicate when b or 

V was not available in a study.   

 

 

b [m] V [km3] 

This study 207 – 410 680 – 1370 (confined portion only) 

Foster et al. [2009] <50 – >600 30,000 

Araújo et al. [1999] 4 – 770 NA 

Rodríguez et al. [2013] NA NA 
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CHAPTER 4: Communicating Science in a Trial-by-Doing Framework 

 
ABSTRACT 

 There is an ever increasing need and opportunity to connect science to policy-making, but 

the pathways to do so are often unclear and prohibitively time-consuming for researchers. 

Knowledge networks and boundary organizations exist as mechanisms to ease the transfer and 

translation of scientific knowledge, often produced in an academic setting, to end-users of the 

information. I document my experiences with outreach activities with the University of 

California Center for Hydrologic Modeling (UCCHM) to connect UCCHM findings to a range 

of stakeholder entities, including farmers, decision-makers, and non-profit/non-governmental 

organizations. Three case-studies are highlighted. First, I discuss a stakeholder event that I co-

organized to discuss groundwater depletion in the Central Valley with valley farmers and 

decision-makers. Second, I document the main outcomes of five trips to Washington D.C. to 

meet with congressional representatives and federal agencies. Third, I discuss a water diplomacy 

trip to the Middle East. Finally, I present the Scientist-Stakeholder Iterative Method (S2I 

Method) as an adaptation of the traditional scientific method to include stakeholder engagement 

with an ultimate goal of implementing science-based policy. These activities were navigated 

through a trial-by-doing process as opportunities arose, with no clear path articulated from the 

beginning.   
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1. INTRODUCTION 

 This chapter introduces my experience with communicating research findings to an 

audience beyond academia, including the general public, non-profit and non-governmental 

organizations, politicians, and water managers. These activities have evolved organically in a 

trial-by-doing process. They were not structured with the explicit goal of proving or disproving 

theory of how to connect science to stakeholders beyond academia. Literature on the importance 

of boundary organizations and knowledge networks is discussed in the Section 2 to provide 

context for some of the activities, although no existing theory fits completely with our 

experiences.  

 These activities began in January 2010 when Dr. Jay Famiglietti, Director of the 

University of California Center for Hydrologic Modeling (UCCHM), provided expert testimony 

in a congressional hearing sponsored by the U.S. House of Representatives Subcommittee on 

Water and Power. At the time, the committee was chaired by Congresswoman Grace Napolitano 

(D-CA). I asked her how many times she had been invited to a university campus and she said 

zero. She was invited to UC Irvine in Spring 2010 to meet with hydrology professors and 

students on campus. A series of outreach activities followed this experience, mainly in 

Washington D.C. 

 Three specific outreach case studies are discussed. First, I describe an event I co-

organized in Fresno, California to bring together scientists, farmers, and regional decision-

makers to discuss the realities of groundwater depletion in the Central Valley. Second, I 

summarize five trips that I took with Famiglietti and UCCHM members to Washington D.C. to 

share our research findings with congressional members and federal agencies. Finally, I 

document a water diplomacy trip to Israel, Jordan, and the West Bank. Each of these activities 
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highlights some of the challenges and potential successes in communicating technical research to 

a range of stakeholders at multiple spatial scales and with multiple temporal scales. 

“Stakeholder” is used as an inclusive term to encompass the range of professionals whom we 

met with during the case studies including scientists, farmers, decision-makers, managers, and 

community organizers.  

 

2. BACKGROUND 

 Feldman & Ingram [2009] highlight the traditional barriers to using science to inform 

policy. The “stovepipe” concept produces information that is held within individual disciplines, 

or stovepipes, and interaction does not occur between the stovepipes. “Pipelines” produce 

information that is perceived to flow straight from the scientists to the information users without 

intermediaries to help make the science digestible and useable. In “decision space,” managers 

make decisions based on a constrained volume of information contained in their “decision space” 

that may or may not have room for the technical detail produced by scientists. Cash et al. [2006] 

also suggest that the “loading-dock model” is a failed method to connect science and policy 

where information is produced by technical experts and directed toward end-users without any 

training about the information or understanding of the end-users’ needs.  

 Knowledge networks are a newer concept to move beyond the barriers described above. 

They are comprised of members from multiple disciplines that together translate information, 

often technical research findings, into useable knowledge that can inform policy [Feldman & 

Ingram, 2009]. Knowledge networks allow for a continuous and iterative exchange of 

information in a non-linear manner between network members [Feldman & Ingram, 2009]. The 

network members include the producers of technical information, often scientists, those who 
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translate scientific findings into useable information, and the end-users of the information, for 

example decision-makers [Agrawala et al., 2001].  

 The coordination and communication between disciplinary components of a knowledge 

network is often facilitated through boundary organizations [Guston et al., 2000; Feldman & 

Ingram, 2009]. Boundary organizations connect those who produce technical information (e.g. 

scientists) to the end users of that information (e.g. decision-makers) [Buizer et al., 2011], by 

speaking differently to each entity [Guston et al., 2000]. In order for a boundary organization to 

be created there has to be a desire by the knowledge producer to contribute information beyond 

their discipline and a need by the end users for that information [Buizer et al., 2011]. The need 

for disciplinary experts in congressional testimonies is an example of this where the expert wants 

their information and technical findings to be relevant and the decision-maker needs that 

information to support a push for legislation on a related topic.   

 Knowledge networks are beneficial in part because people tend to view information 

produced on the inside of their entity with greater trust than outsider information. Knowledge 

networks allow ownership of the same information across disciplines [Feldman & Ingram, 2009]. 

Additionally, the connection between science and policy can only be successful if the scientific 

information is viewed to have “salience, credibility, and legitimacy” by the end-users of the 

information [Cash et al., 2006]. The facilitation of knowledge networks by boundary 

organizations can assist in maintaining the scientific integrity through convening, translating, 

collaborating, and mediating between disciplinary entities [Cash et al., 2006].  

 

 

 



109 

 

3. DEVELOPING A KNOWLEDGE NETWORK 

 A pseudo-knowledge network was developed to communicate UCCHM research findings 

to decision-makers at the state, national, and international levels. The term “pseudo” is used 

given that there were multiple objectives across temporal scales, spatial scales, and stakeholder 

groups that were not always directly related to one another, but to the broader goal of 

understanding sustainable science-based groundwater and water cycle management. The 

sustainability of our knowledge network was largely maintained through the contributions of 

boundary-spanning entities. The entities include the communication side of the UCCHM, a 

governmental relations representative from UC Irvine, and a professional congressional staff 

member in Washington D.C. I distinguish between a boundary organization that has a specific 

mission to connect a defined knowledge network toward a unique outcome and boundary-

spanning entities that play a role in connecting components of our knowledge network but that 

have varied missions. 

3.1. UCCHM 

 The University of California Center for Hydrologic Modeling (UCCHM) is a University 

of California Office of the President funded research organization. UCCHM is based at the 

University of California, Irvine, under the direction of Dr. Jay Famiglietti. Members of UCCHM 

include hydrologists across the University of California system, although the main research 

activities occur at UC Irvine. The mission of UCCHM is focused on improving hydrologic 

modeling in the state of California by incorporating the human influence on the hydrologic cycle 

into existing land-surface models. Expertise in UCCHM also focuses on assessing groundwater 

depletion and changes in the hydrologic cycle as quantified by NASA’s Gravity Recovery and 

Climate Experiment satellite mission (described in Chapters 2-4).  
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 Research is conducted by a team of PhD students and post-doctoral scholars. Within 

UCCHM, expertise exists on quantifying and understanding water stress (Chapters 2-3), floods, 

droughts, river dynamics, glacial melt, groundwater depletion, evapotranspiration, river 

discharge to global oceans, reservoir management, surface water-groundwater interactions, and 

groundwater quality. The depth of research across the anthropogenic water cycle lends itself to 

outreach activities with varied focal points and stakeholder groups. The outreach activities 

discussed in this chapter were not limited to a specific research goal of UCCHM but the broad 

activities that relate to better characterization of the human influence on groundwater 

sustainability and modeling efforts of the water cycle across spatial and temporal scales.  

 UCCHM research findings are communicated to the public through traditional academic 

mechanisms in peer-reviewed literature (e.g. Famiglietti et al. [2011], Voss et al. [2013]), blog 

posts on the National Geographic Water Currents internet site, news media (e.g. Famiglietti & 

Richey [2013]), and meeting presentations. Each of these mechanisms have proved useful in 

communicating to a varied stakeholder audience. The activities discussed in this chapter go 

beyond these written forms to include active stakeholder interaction. By using forms of 

communication that are non-traditional in academia, the communication side of the UCCHM 

also plays a boundary-spanning role with the research side. 

3.2. University of California, Irvine  

 UC Irvine provided additional resources that assisted in the outreach activities described 

herein. The UC Irvine Director of Federal Relations, Kathy Eiler, proved to be the most valuable 

resource and member of our knowledge network. Eiler provided boundary spanning services that 

allowed for open communication pathways between UCCHM and stakeholder entities in 

Washington DC, both in federal agencies and in Congress. Eiler’s role at the university is to 
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connect UC Irvine-wide research activities with key stakeholders in Washington DC by 

organizing and executing outreach activities, from individual meetings to workshops and 

briefings. Eiler serves the interest of all schools within UC Irvine and is therefore a boundary-

spanning entity not just for the UCCHM but for research efforts across the UC Irvine campus. 

 Eiler assisted the UCCHM outreach activities in a number of ways that would have been 

impossible to pursue alone. The largest contribution was that Eiler structured every trip to 

Washington DC, described in Section 4.2. This involved following appropriate protocol in 

setting up meetings and efficiently guiding our team throughout DC to allow for maximum 

meeting time. Although we discussed targeted stakeholder meetings that were a UCCHM 

priority before the trip, many of the meetings resulted from Eiler’s knowledge of key 

congressional members as well as Senate and House committee members with an interest in 

water resources. Eiler has long-standing relationships with staff members in congressional 

offices that allowed for ease of access to congressional members that would not have been 

possible as outsiders.  

 Another key role that Eiler played was continued communication with stakeholders 

before and after UCCHM visits. This often allowed for follow-up visits in Washington DC and 

with staff members who visited the UC Irvine campus. The time it takes to do such 

communication activities is prohibitive for UCCHM members and therefore would have been 

impossible without Eiler’s contributions to our knowledge network. Additionally, such activities 

were beneficial to UCCHM in the communication of new research findings or news coverage, 

which allowed for continued contact between UCCHM and Washington DC stakeholders.   

 Finally, Eiler assisted in framing the message to be delivered in each stakeholder meeting 

in Washington D.C. A component of Eiler’s expertise lies in the understanding of key issues for 
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each congressional member and committee. She would brief us before each meeting on what 

issues may be of particular interest to the stakeholders present. In particular, Eiler assisted us in 

understanding what funding opportunities may exist with particular stakeholders and how best to 

address the issue of acquiring additional funding for continued research activities.  

3.3. Washington DC Point of Contact 

 In addition to Eiler, Dave Wegner has played a key boundary-spanning role for the 

UCCHM outreach efforts in Washington D.C. He is Senior Democratic Staff for the 

Transportation and Infrastructure Committee and was the Staff Director for the Water and Power 

Subcommittee when we first met him at the Metropolitan Water District testimony in January 

2010. Since then, Wegner has worked with UCCHM and Eiler to coordinate Congresswoman 

Napolitano’s visit to the UC Irvine in Spring 2010. He has also facilitated numerous meetings in 

Washington D.C. Wegner’s understanding of the political priorities and realities in Washington 

DC, coupled with his experience as a water manager in the Colorado River Basin, has been 

hugely beneficial in helping us articulate how our research findings can be used to optimize 

effective communication with congressional members.  

 

4. OUTREACH CASE STUDIES 

 The UCCHM has undertaken a range of communication and outreach efforts to engage 

stakeholder groups in mutual learning mechanisms. The goal of these activities is to promote 

sustainable and equitable use of groundwater resources. The following case studies highlight 

three of the main activities undertaken by UCCHM. Each of these endeavors has provided 

learning opportunities based on both successful and unsuccessful attempts to engage with a 

broader audience. Throughout the process, we have interacted with key stakeholders who have 
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contributed to the formation of our knowledge network that has allowed understanding the depth 

of groundwater issues from multiple disciplinary angles. 

 Along with the specific case studies described below, we have participated in broad 

communication to general audiences through multiple mechanisms. First, we participated in a 

water documentary entitled  Last Call at the Oasis (“Last Call”), which discussed water quantity 

and water quality issues across the United States and in specific regions worldwide. Last Call 

highlighted GRACE-based groundwater depletion in the Central Valley and the Middle East. 

Public outreach activities have also included writing blogs on the National Geographic Water 

Currents site on issues ranging from the proposed Red Sea-Dead Sea project in the Middle East 

to the missing role of groundwater in regional water management discussions. These activities 

largely focused on communicating to the general public, while the case studies below focus on 

supporting decision-makers in science-based policy.  

4.1. Fresno Event 

 On August 2, 2010 the UCCHM hosted an event in Fresno, California to connect 

scientists, farmers, and regional decision-makers. The event concept had been created by the 

UCCHM and supported by the producer and director of Last Call with the intent for them to film 

a portion of the event for the documentary. The rationale for the event originated from findings 

by Famiglietti et al. [2011] that 20.3 km3 of groundwater had been depleted since the drought 

began in 2006. We wanted to better understand the overuse of groundwater in the Central Valley 

to find ways to offset the depletion rates.  

4.1.1. Event Goals and Framing 

 There is a traditional disconnect between scientists and farmers [Clarke, 2003] that 

prohibits interaction and collaboration between these two entities. An initial push for the Fresno 



114 

 

event was to build a stronger relationship between scientists who study the Central Valley and 

farmers. We also wanted to include decision-makers into the communication pathways, because 

many water use decisions are bounded by state and federal regulations. The defined goals were 

to understand how hydrologists could use their research to benefit farmers by:  

 Sharing information on the decreasing water supplies seen in satellite observations and 

on how climate change could further impact available water resources, 

 Listening to the main concerns and needs of Central Valley farmers and other 

stakeholders in relation to water use and availability, and 

 Having an open dialogue with stakeholder groups to discuss sustainable management of 

water for agricultural use. 

 Two decisions were made in the framing of the event to facilitate an initial trust between 

our team and the stakeholder attendees. The first was to use the title of the event in a way that 

benefited collaboration. The original title we brainstormed was “Groundwater Depletion in the 

Central Valley: Scientists, Farmers, and Legislators.” We consulted with the Assistant Deputy 

Director of External Affairs for Governor Schwarzenegger who had experience in dealing with 

water challenges in the Central Valley. Based on his recommendations, the title of the event was 

changed to “Working Towards Sustainable Water Solutions to Support Central Valley Farmers” 

[David Richey, personal communication, June 14, 2010]. The new title framed the event in such 

a way that our goal was not to go in as the science experts who will dictate outcomes of the 

meeting, but to show that we were truly interested in understanding the needs of the farmers to 

enable collaboration.  

 The second action to promote trust between UCCHM and the attendees was to set the 

event location to Fresno, in the Central Valley, as opposed to hosting the event at UC Irvine. 
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August is an important time of year for farmers to be actively working on their crops, therefore 

to assume they would come to UC Irvine would dictate a feeling that our work and time was 

more important than theirs. The event was held at the UC Merced Fresno Center. The proximity 

of the meeting location to stakeholder entities also enabled increased attendance, including by 

University of California scientists in Central and Northern California.  

4.1.2. Attendees 

 A goal of the event was to have a balance between scientists, farmers, and regional 

decision-makers. There were a number of stakeholder entities in the Central Valley that broadly 

represent the interests of farmers including the county and state farm bureau federations, the 

California Grape and Tree Fruit League, the California Farm Water Coalition, and the California 

Latino Water Coalition. Working with these groups allowed for the existing communication and 

outreach pathways to farmers to be utilized for greater effectiveness. Table 4.1 lists the 

stakeholder groups that were in attendance.  

 Figure 4.1 shows the final event schedule. The event was split into two main components. 

First, introductory remarks were given by Famiglietti and Congressman Jim Costa (D-CA). 

Congressman Costa was the congressional representative of the Fresno region. In the 

Congressman’s introduction he said that any outcome to address water challenges cannot include 

reducing crop production or agricultural output. He also posed a challenge to the audience to 

refine estimates of How much water do we have? How much water do we need? How much 

water do we use?  

 A panel was composed of Mario Santoyo (California Latino Water Coalition), Jack Rice 

(California Farm Bureau Federation), Joe Del Bosque (Central Valley farmer), Daniel Howes 

(Cal Poly Irrigation Training and Research Center), and Peter Gleick (Pacific Institute). Each 
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panelist gave 10 minute remarks following the introduction. The panel was moderated by 

Professor Jeff Dozier, a snow hydrologist from UC Santa Barbara. The second session was an 

open discussion with the panel and audience, also moderated by Professor Dozier. Figure 4.2 

shows the seating arrangement in the room to distribute stakeholder attendees evenly. 

4.1.3. Outcomes and Lessons 

 A number of key outcomes emerged from the event including lessons for future 

stakeholder engagement events, information about the process of water-use decision-making in 

the Central Valley, and ways in which scientists and farmers could collaborate. The panelists 

represented unique cross-sections of Central Valley water-users and stakeholders. They framed 

many of the conflicting ideas that are held about water use in the Central Valley. One topic was 

that increasing conservation and efficiency is or isn’t enough to protect supplies without building 

additional surface water storage. In future meetings it would be beneficial to have specific topics 

that small groups could discuss before having a large group session that emphasized 

controversial topics such as surface storage. 

 There were two ways that scientists were asked to assist in improving sustainability of 

groundwater use and overall water-use efficiency in the Central Valley. The first was to improve 

a link between scientists and decision-makers. The event articulated the discrepancy in timing 

between water allocations and crop planting. The farmers in attendance said that they receive 

their annual water allocations from the California Department of Water Resources (DWR), only 

from surface water as groundwater is not regulated, after many crops need to be planted. The 

outcome of this timing is that the farmers choose the extent of plantings based on previous water 

years. If there is a drought such that they receive a smaller volume of allocations, then they can 

either take crops out of production or use groundwater to irrigate. The challenge to the scientists 
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and decision-makers, particularly to DWR, is to improve the forecasting of the snowpack so that 

water allocations can be distributed earlier in the year.  

 The second effort would develop collaborations between farmers and scientists. One of 

the farmers in attendance said that there is consistent over-irrigation of crops due to challenges 

associated with accurately measuring soil moisture. Implementing improved monitoring systems, 

however, is cost-prohibitive. The farmer suggested that research money be used to distribute soil 

moisture probes that could more accurately measure soil moisture. This would allow a reduction 

in applied irrigation water. The farmer suggested the partner scientists could use the collected 

soil moisture data to provide validation to computer models in the region.  

4.2 Washington DC  

 The activities in Washington D.C. were initiated by an invitation to Famiglietti to testify 

in a congressional hearing on the reauthorization of the National Integrated Drought Information 

System (NIDIS). Famiglietti was invited by Congresswomen Zoe Lofgren (D-CA) of the House 

Committee on Science, Space, & Technology. The UCCHM activities in Washington D.C. that 

followed were broadly characterized by trial-by-doing. The activities were guided by both 

chance and targeted meetings that continued to refine our goals and develop our knowledge 

network. There were key players we met with repeatedly who helped to facilitate our process. 

Our goals in Washington D.C. have been twofold: 1) to raise awareness about the magnitude and 

extent of groundwater depletion both within the United States and globally, 2) to push the need 

for increased funding for research, and 3) to introduce ourselves as groundwater experts who 

could be called upon as necessary.  

 Congresswoman Napolitano articulated the importance of being present and visible to to 

congressional members because they are often tasked with finding expert testimony for 
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congressional hearings that are used to guide legislation. She said that if they don’t know the 

experts in the field then they find someone close enough who becomes the voice on record. It is 

therefore crucial for scientists to make themselves known such that they are called upon as the 

expert on record.   

4.2.1. Participants 

 We have met with a range of participants including Congressional representatives, staff 

members for Congressional representatives, members of federal agencies, representatives of the 

University California system, and non-profit/non-governmental organizations. Table 4.2 shows 

the list of organizations with whom we have met as well as the date of each meeting. A majority 

of the trial-by-dong process has been attempting to target key contacts who can contribute to our 

knowledge network. This requires following a number of suggestions and leads to narrow down 

the people who could assist our goals to achieve improved groundwater management and 

increased funding, and for whom our research findings could be beneficial.  

 The range of participants for the meetings in Washington D.C. was dictated by a number 

of different factors. We tried to prioritize meeting with congressional offices with representatives 

from California or other regions in the United States that depend on groundwater. It was also a 

priority to meet with members on committees that represent interests related to the physical 

sciences including the Senate Committee on Energy & Natural Resources, the House Committee 

on Science, Space & Technology, and the House Subcommittee on Water Resources & the 

Environment. Both Wegner and Eiler were instrumental in making these connections.  

 An important factor to consider is the scheduling timelines that are the norm in 

Washington D.C. We began every trip with a tentative schedule that was set the week before. 

The actual schedule during the trip becomes fluid as meetings are added and canceled. Some of 
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the key contacts we have made happened by simply dropping into the office of a member of 

interest. For example, our relationship with Congressman Costa’s office began in earnest with an 

unscheduled visit to his office and asking to speak about water in California. A member of 

Congressman Costa’s staff is a license Professional Engineer with an expertise in hydrogeology. 

4.2.2. Meeting Structure 

 The format of our meetings and interactions have included official congressional 

testimony, scheduled meetings with staff and/or members in a conference room or reception area 

in congressional offices, discussions in hallways with passing congressional members and/or 

their staff, and informal meetings in the cafeteria with staff members. Each meeting involved a 

brief introduction about UCCHM, an introduction to our work guided by key slides, and a 

dialogue about the importance of the work in context of the parties present. The meetings were 

an iterative process on learning how to convey our expertise quickly to gain credibility, often 

referencing media or news publications along with peer-reviewed literature. The early meetings 

focused more on going through the length of a PowerPoint presentation, while the later meetings 

focused on specific figures and slides that concisely emphasize key points.  

4.2.3. Refining “the message” 

 A current challenge in Congress is that of the tendency toward partisanship that leaves 

the majority side (the Republican Party) working against climate change and science funding. 

We saw this play out in a number of settings, including during meetings with the minority side 

who said our work is very interesting but that they can’t do anything right now. However, there 

were also hopeful signs of the majority working with us or ways in which we could tailor the 

message to fit the audience. Two examples of this occurred in association with the House 

Science, Space, & Technology committee and one in the office of Congressman David Valadao 
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(R-CA) with staff members who have doctoral degrees in math and science. We discussed ways 

in which our observations of groundwater depletion could be conveyed as a function of 

economic and agricultural impacts. Additionally, GRACE observations can be discussed in 

politically conservative settings because they observe what has already happened. Even though 

the results follow predictions of water cycle change as a function of climate change, they can be 

presented outside of the climate change context. This has been a successful approach during 

meetings with the majority side of the House Science, Space, & Technology committee. 

 The desired outcome or message of each meeting varied depending on the audience. For 

example, the message to the Pentagon and the House Committee on Armed Services focused on 

the water security implications of UCCHM research. By coupling regional hotspots of water 

stress with preexisting knowledge of socio-political tensions, there could be an improved 

knowledge as to where water-driven conflicts may arise. There was consistent interest about the 

magnitude of groundwater depletion and climate change impacts in the Middle East and China in 

particular. In California specifically and the United States as a whole, the message tended to 

focus on raising awareness about the importance of and dependence on groundwater. In many 

situations, it was clear that not all of the participants knew what groundwater is and the 

dependence that we have on it. These meetings focused on discussing groundwater in the context 

of providing urban and agricultural water supply and the need to control over-use.  

 We found it beneficial that the GRACE signal reports the same format of information in 

all regions, as opposed to point measurements taken by different methods. The information can 

be reported in the simple format of shades of red and blue on a map, so it is easy to visualize and 

understand the results in a short meeting. There was interest with certain parties to advance the 

discussion of national scale groundwater policy, which has been historically difficult in part due 
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to the varied forms of groundwater-related information nationally. GRACE provides a consistent 

picture about the changing distributions of both groundwater and total terrestrial water at the 

spatial scale that can push a national-level dialogue.  

4.2.4. Deliverables 

 The ability to produce concise deliverables on a short timeline is crucial to being 

responsive to requests for information from decision-makers. We have received requests for two 

main forms of deliverables that summarize information discussed in meetings. One-page white 

papers describing our work or a proposed activity were frequently requested after a meeting. The 

UCCHM communication team also put together one-page descriptions of key research topics to 

hand out at the start of meetings. The other format is short PowerPoint slides with talking points 

and a simple figure. Figures 4.3 and 4.4 were created at the request of staff members for 

Congressman Costa (D-CA) and Congressman Valadao (R-CA) in preparation of a meeting for 

the Association of California Water Agencies (ACWA).  

 The data (Figure 4.3) and talking points (Figure 4.4) build on our meetings with the staff 

members during the February 2014 UCCHM trip. The data points in Figure 4.3 emphasize the 

long-term nature of droughts, while the talking points in Figure 4.4 highlight the importance of 

groundwater as an additional water supply source during drought. The science staff member in 

Congressman Costa’s office later requested slides showing the connection between drought, 

groundwater depletion, and the resulting impact on permanent crops, such as fruit and nut trees. 

Permanent crops are considered to be the baseline water users. There is a large investment in 

these crops over time so they are the last crops that farmers would choose to stop growing during 

drought [J. Scott Petersen, personal communication, March 12, 2014]. Figure 4.5 shows the 

requested slides that were produced for Congressman Costa’s office.  
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4.2.5. Influence of the Drought 

 The dialogue around groundwater management, especially in California, has shifted since 

the most recent onset of severe drought in California. Groundwater is not managed at a state 

level in California or at a federal level. There is historical strong opposition to implementing 

groundwater management. However, the February 2014 trip to Washington D.C. produced a 

different dialogue that understood the value of managing resources. Constructive meetings with 

the House Science, Space & Technology Committee, the offices of Senators Schatz (D-HI) and 

Boxer (D-CA), and the offices of California Congressmen Jared Huffman (D-CA), Jim Costa (D-

CA), Kevin McCarthy (R-CA), and David Valadao (R-CA) showed a move toward discussions 

of groundwater management.   

 Governor Jerry Brown’s office has taken an increased interest in groundwater 

management during the course of our outreach activities, largely influenced by the current 

drought. I attended a meeting in Sacramento with the Governor’s Office of Planning and 

Research (OPR). The goal of the meeting was to get a baseline understanding of the state of 

groundwater in California and to outline priorities that could allow movement toward state-level 

management of groundwater resources. The meeting consisted of groundwater hydrologists from 

UC Davis, UC Merced, UC Santa Barbara, UC Santa Cruz, and I attended from UC Irvine. In 

light of the drought, a new state water bond was approved for the November ballot on August 13, 

2014. 

4.2.6. Outcomes 

 Over the course of more than 50 meetings with a wide range of decision-makers in 

Washington D.C., we have learned a number of simple lessons that could be replicated in 

additional efforts. 
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 Be present. The most important lesson that we learned is also the simplest and that is to 

be present, in person. Schedules are highly dynamic and difficult to structure from afar. A 

number of our key meetings were unscheduled meetings in hallways and drop-ins. Repeated 

visits with the same entities also proved beneficial in establishing relationships with members. 

During our first trip to D.C., we met with Congresswoman Zoe Lofgren (D-CA) and a senior 

member of her staff. We repeated follow-up visits with the senior staff member. On one trip he 

said that, despite a full schedule that day, he took time to meet with us since we always came 

back to check-in while most visitors only stop by once.  

 Find allies. Washington D.C. is a unique environment within which to communicate 

research findings. The timescales of projects, scheduling protocol, and scope of information 

demand varies significantly from the norm in academia. Without the assistance of Eiler, our time 

and influence in Washington D.C. would have been far less impactful and nearly impossible to 

achieve. Wegner’s role was critical not only in continuing to connect our work to 

Congresswoman Napolitano and her congressional agenda, but in encouraging our outreach 

activities as a whole. The science staff in Republican and Democratic congressional offices have 

also been beneficial in working to refine our results to be useful in policy decisions. The premise 

of a knowledge network is that this work cannot be done from a single silo and this is 

exemplified in Washington D.C. 

 Short and sweet. The two main ways of information exchange and dissemination in 

academia are through peer-reviewed publications and seminars or lectures. These formats 

typically rely on a depth of information and detail that are prohibitive in the typical meeting 

formats we encountered in Washington D.C. Although background information about UCCHM 

research was often necessary, for example how the GRACE satellite mission works, the figures 
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we presented needed to be clear, concise, simple, and predominantly standalone. The hydrology 

expertise of meeting participants varied widely so focusing on the non-technical applications of 

our results proved beneficial. 

 Listen. We went into every meeting with a message and ideally a general idea of what 

the meeting participants might be interested in. One of the most important steps during this 

process was to listen to each stakeholder. I learned the most about stakeholder interests and 

priorities by focusing on the questions they asked. It is during questions that they synthesize 

what we were presenting with their own context around the topic. It is also through questions 

that we can assess the base of knowledge that the meeting participants have around groundwater 

and water resources.  

4.3. The Middle East 

4.3.1. Goals and Format 

 In February 2013 a UCCHM Water Diplomacy trip was conducted in Israel, Jordan, and 

the West Bank. The trip included Famiglietti, Larry Gold, Kate Voss, and me. Gold was the 

Special Assistant to the Provost for International Affairs and represented the UC Irvine 

administration. Voss is a water policy fellow with UCCHM.  

 There were four main goals of the trip: 1) to share UCCHM research results on 

groundwater depletion in the Turkey, Iraq, Iran, and Syria [Voss et al. 2013] and globally; 2) to 

investigate potential UCCHM-assisted capacity building in the region; 3) attempt to establish 

collaborative projects with regional partners; and, 4) to learn lessons of effective water 

management to apply in California. The first three goals are research driven, while the last 

pertains to informing policy options.   

4.3.2. Participants 
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 The stakeholder meetings were set up to target three specific groups: academics, 

decisions-makers, and non-profit/non-governmental organizations. The targeted outcomes were 

related but specific to each entity. The meetings were coordinated mainly with the assistance of 

the United States Department of State Bureau of Near Eastern Affairs, Friends of the Earth 

Middle East, and pre-existing academic partnerships through the UCCHM and UC Irvine’s Olive 

Tree Initiative (OTI). Groups within each of the three stakeholder entities were identified in 

Israel, Jordan, and the West Bank. The logistics of the trip were coordinated by the Center for 

New Diplomacy (CND), directed by a former UC Irvine student and member of OTI. The CND 

proved invaluable as transit between politically sensitive regions would have been otherwise 

challenging.  

4.3.3. Locations and Meetings 

 Universities. We visited the Grand Water Research Institute at Technion University in 

Haifa, Tel Aviv University in Tel Aviv, An-Najah University in Nablus, and Al-Quds University 

in East Jerusalem. The first two university visits were to Technion and Tel Aviv University, both 

of which have significant expertise in hydrology. They presented opportunities to discuss how 

scientific research within academia can be used to support improved water management and 

collaboration across disciplines. For example, Technion participates in annual meetings with 

farmers and the Ministry of Agriculture to discuss improvements to farming technology and 

water-use efficiency. Famiglietti participated in a panel at Tel Aviv University where the 

panelists were charged to answer, “Are we in a water crisis or a water management crisis?”  

 Professor Marwan Haddad at An-Najah University in Nablus had concrete suggestions 

about how to begin collaborating with any American university, including UC Irvine. He said 

that it is advisable to start simply with video-conferences to discuss how to execute student 
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exchanges. There was interest in developing a five-day training course on how to use GRACE 

data. A long term suggestion was to add an American university to the USAID Middle East 

North Africa (MENA) funding project that promotes collaboration across universities in the 

MENA region. There was also interest in developing a project to look at flash flooding or 

modeling artificial recharge. 

 Last Call was screened to students, faculty, and other stakeholders at Tel Aviv University 

in Tel Aviv, Al-Quds University in Jerusalem, and at the Royal Cultural Center in Amman. The 

screenings showed the power of documentaries in conveying technical information to a broad 

audience and in showing similarities between different geographical regions. However, the 

effectiveness is largely dictated by the cultural norms and references depicted in the storylines. A 

lively discussion followed the screening at Al-Quds University that highlighted many of the 

diverse perspectives on the nature of water use and access between Israel and the West Bank. 

The discussion was an invaluable experience for the UCCHM team to understand the visceral 

social realities related to groundwater information in the region. The experience highlighted the 

need for us to stay neutral and stick purely to conveying our scientific research findings and not 

to place value on the information. This is critical to establish trust across multiple borders of a 

resource issue.  

 Governing and Management Entities. Unlike the United States, which lacks a national 

level governing agency for water resources, each of the regions we visited have national water 

authorities. We visited the Mekorot National Water Utility of Israel in Tel Aviv, the Israeli 

Water Authority in Jerusalem, the Palestinian Water Authority in Ramallah, and the Jordanian 

Ministry of Irrigation and Agriculture in Amman. The resources and challenges experienced by 
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each water authority varied significantly, while the goal of each remains to supply a reliable 

source of water to their citizens.  

 The Palestinian and Jordanian authorities had interest in collaborating with the UCCHM 

to develop capacity building workshops. The greatest interest was in trainings to use land-surface 

models, since the spatial resolution of GRACE is currently too large to be useful at the scale of 

Jordan or the Palestinian Authority alone. Particularly in Jordan, there was also interest in 

developing basic training programs for science and hydrology since there is a concern of “brain 

drain” in the region. Both governing entities had pre-established partnerships with NASA and 

other federal agencies in the US including the United States Geological Survey (USGS) and the 

United State Agency for International Development (USAID).   

 Non-profit/Non-governmental Organizations (NGO). Friends of the Earth Middle East 

(FOEME) was the main NGO with whom we met. FOEME is a group that promotes trans-

boundary cooperation on environmental issues between Israel, Jordan, and Palestine. We visited 

a proposed Peace Park on the banks of the Jordan River that would be used as a joint eco-tourism 

destination and as a way to promote understanding and appreciation between the nations of the 

Jordan River basin. We also visited their Eco-Park, which is a nature preserve that invites 

students and professionals to learn about sustainable water management and to connect the 

protection of natural ecosystems with improved economic productivity. Visiting this region 

allowed our UCCHM team to see the Jordan River and better understand the state of this 

resource that has been under continued pressure and flow reduction from over allocation and use.  

 FOEME helped to organize the Last Call screenings in Amman and East Jerusalem. They 

also participated in a hearing that we attended on the proposed Red Sea-Dead Sea project to 

transport water from the Red Sea to the Dead Sea. These varied experiences showed the depth of 
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influence that an organization like FOEME can have across generational and disciplinary 

boundaries. They often acted as a boundary-spanning entity for us by helping to translate the 

complexities surrounding resource management in such a geopolitically strained region. This 

was beneficial in determining how our research findings could fit within and across Israel, 

Jordan, and the West Bank.  

4.3.4. Lessons and Outcomes 

 The Middle East Water Diplomacy trip was a unique learning experience, crossing both 

political and disciplinary boundaries. The Middle East has a long history of balancing competing 

demands for water in semi-arid to arid climates, with many lessons that could be applied in 

California. The trip highlighted inefficiencies in our water-use norms that could result in 

significant water savings. For example, stakeholders in all three regions were surprised to learn 

that we use very limited amounts of water recycling, desalination, and drip irrigation, especially 

in agriculture. The majority of the agricultural regions we visited grew crops in greenhouses that 

could capture and reuse water that had evapotranspired.  

 We learned how powerful science can be in bridging historical differences. The three 

regions we visited provide a politically complex landscape. However, we learned that the 

regional counterparts across the universities and water authorities in Israel, Jordan, and the West 

Bank were colleagues who could use science to bridge political differences. Scientists at each 

water ministry and university had working relationships across the three borders and were 

largely limited by the heads of state as opposed to political ideology in pursuing closer 

collaborations.    

 One of the challenges after the trip was to select manageable follow-up activities that 

arose with every meeting that we had. There were many opportunities to engage in capacity 
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building workshops to train stakeholders on GRACE processing and land-surface modeling, as 

well as to develop student exchange programs. We had a trip goal to develop partnerships that 

could lead to data sharing, particularly in Israel where a plethora of groundwater data exists that 

could be used to downscale GRACE observations to a smaller spatial scale useful to 

management. We pursued this concept with the water authorities in each region and with 

Mekorot. Each water authority requested a Memorandum of Understanding (MOU) to be 

established between the UCCHM and the stakeholder entity, however this process was 

prohibitively slow and stalled potential collaborations with the Palestinian Water Authority and 

the Jordanian Ministry of Irrigation and Agriculture. The MOU process provided an example of 

the challenges experienced in developing partnerships across disciplines with differing 

perspectives of how to begin such an arrangement. Ultimately, a partnership has been developed 

with Mekorot to provide data sharing in order to downscale GRACE.  

 An interesting lesson from the Middle East trip is simply that scientists and professors are 

similar no matter the language that they speak. Each university meeting allowed for familiarity 

abroad and open dialogue about research topics. The scientific challenges that we face remain 

the same between regions, even if the case studies vary between balancing agricultural and 

environmental needs in the Sacramento-San Joaquin River Basin or the Jordan River Basin. 

While a traditional knowledge network may be dominated by single representatives of different 

disciplines, it is beneficial for a transboundary knowledge network to include representatives 

from the same discipline but from different regions. This allows for a more direct knowledge 

sharing of regional lessons given similarities in language and communication pathways.    
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5. THE SCIENTIST-STAKEHOLDER ITERATIVE METHOD 

 I introduce the Scientist-Stakeholder Iterative Method (S2I Method) to outline the steps 

we took in using scientific research findings with stakeholder engagement to ultimately drive 

policy. The S2I Method is based on the traditional scientific method but evolves to include the 

iterative process of engaging with stakeholders. It is the intent of the S2I Method to support the 

concepts of knowledge networks and boundary organizations, but adapted for an academic entity 

that retains the main goal of scientific advancement as opposed to communication. Figure 4.6a 

shows a flow chart of the traditional scientific method and Figure 4.6b shows a flow chart of the 

S2I Method.  

 The first five steps of the S2I Method and the Scientific Method remain the same. First, a 

purpose or science question is posed that articulates a field of research to be explored. Then, 

initial research is conducted to collect the data and basic information that can assist in describing 

the problem. A hypothesis is formed that suggests the initial belief as to the outcome of the 

proposed question. The hypothesis is tested in an experiment that is largely based on the 

information gathered in the research step. The results of the experiment are analyzed to assess 

whether the initial hypothesis has been proved or disproved. Iterations may occur between steps 

three and five. Finally, the traditional scientific method reaches a conclusion as to the validity of 

the hypothesis and ultimately the results are communicated.  

 The S2I Method and scientific method diverge at step five. I consider step five in the S2I 

Method to be a preliminary analysis with initial research findings that then must be used as the 

basis of dialogue within a knowledge network of stakeholder entities. At this step, a discussion 

occurs as to how the preliminary research findings can be used to address a real-world problem. 

A new societal question is formed that combines the initial science question with the stakeholder 
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needs. The societal question is then refined to a policy goal that accounts for the social, 

economic, and political feasibility of addressing the societal question. The ultimate goal becomes 

not just to communicate the initial research findings but to implement policy based on the 

findings that can address a societal need. Both the scientific method and the S2I Method require 

looping back through multiple steps in order to ensure scientific integrity and validity.  

 Our UCCHM outreach experiences went to level seven of the S2I Method such that we 

are beginning to understand how the quantification of groundwater depletion can be used to 

assist sustainable groundwater management. However, the question of how to create 

groundwater management policies in step eight has yet to be achieved. Additional dialogue 

across stakeholder groups is required to understand this and to ultimately move to step nine that 

could implement groundwater management policies.  

 

6. REFLECTIONS AND RECOMMENDATIONS 

 The three outreach case studies present examples of the importance of communicating 

technical research to stakeholders, both to benefit the usefulness of the research findings and to 

open communication pathways between entities with often historical tension but mutual interests. 

A key learning outcome from our experiences is the importance of and value of being neutral 

scientists. We found that the role of the scientist with peer-reviewed publications creates a level 

of credibility as “experts” in a field that was nearly instantaneous, especially in Washington D.C. 

It also opened doors in the Middle East by creating an instant bridge to regional stakeholders in 

our meetings at universities. Both in the Middle East and Fresno, there are tensions between 

stakeholder groups as a function of political boundaries or differing perspectives between end-
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users of the same resource (e.g. urban dwellers and farmers). However, common ground and 

mutually beneficial outcomes can be found through continued dialogue. 

 The second main lesson is the recognition that our research results are isolated from the 

reality on the ground. Only by visiting the regions that we study can we understand the 

importance and value of the work. Our main research findings are based on satellite observations 

that are not able to capture the reality of water-use choices. Open dialogue with stakeholders is 

the only way to truly understand the whole picture. We often found that the scientific 

information required to make improved science-based decision making for both water managers 

and other end-users is far simpler than the normal level of academia. The challenge lies in 

understanding how our research findings fit within the complexity of the social, economic, and 

political realities that govern the resource [Buizer et al., 2011]. Ultimately, success at pushing 

legislative change to more effectively govern water resources will come if the scientific data is 

placed in the context of stakeholder experiences such that the experiences and the science cannot 

be separated from one another. 

 Our experiences would not have been possible without the assistance of boundary-

spanning entities. Though we did not have a formal boundary organization, the assistance from 

Eiler and Wegner throughout the process, as well as additional entities for specific activities, 

such as FOEME, provided invaluable help that allowed our communication efforts to continue. 

The time required for the logistics, material preparations, and follow-up is prohibitive for a 

research-only entity. The idea that politicians or decision-makers should meet halfway to assist 

in utilizing research information is simply not possible in every instance, but boundary-spanning 

entities fill in the gap between the scientists and the decision-makers.  
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 A big challenge in connecting science and policy is the different timelines that exist in 

each space. Decision-makers need information in a short and concise format with a fast 

turnaround time, often on the order of hours or days. Scientific research produces results that are 

lengthy and detailed with a timeline of months or more. We were told during a meeting in 

Washington D.C. that a “long term” planning horizon for the executive branch is five years, 

while a long term plan for water resources could be multiple decades.  It is only through an 

iterative process of communication across disciplines that information can be utilized while 

maintaining scientific integrity. Boundary spanning entities are useful intermediaries that can 

assist in refining the scientific message to support policy.  

 Clearly defined paths to connect science and policy do not exist. Concepts such as 

developing knowledge networks and boundary organizations are useful in thinking about how to 

approach crossing disciplinary communication pathways, but the most important approach is 

trial-by-doing and persistence. It was a process to determine the key contacts in Washington 

D.C. who could constructively contribute to our fluid knowledge network. It also takes time and 

iterative thinking to determine how best to establish partnerships between scientists and farmers, 

but the effectiveness of such a dynamic could be truly successful in pushing improved legislation 

to support sustainable groundwater practices.  The ability to think flexibly about research 

findings allows the findings to be integrated into the complex and interdisciplinary landscape in 

which water management decisions are ultimately made.  
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FIGURES AND TABLES 

 
 

Figure 4.1. Schedule for the August 2, 2010 event entitled, “Working Towards Sustainable Water Solutions to 

Support Central Valley Farmers.” Peter Gleick also participated in the panel as a late addition and therefore 

his presence is not represented. 
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Figure 4.2. Seating arrangement for the “Working Towards Sustainable Water Solutions to Support Central 

Valley Farmers” event. Table 4.1 lists the organization that each participant represents.  
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Figure 4.3. Data points for Congressman Jim Costa (D-CA) for the Association of California Water Agencies 

meeting in March 2014. 



138 

 

 
 

Figure 4.4. Talking points for Congressman David Valadao (R-CA) for the Association of California Water 

Agencies meeting in March 2014. 
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a) 

 
b) 

 
c) 

 
 

Figure 4.5. Slides created for Congressman Jim Costa (D-CA). a) Volume of state (top) and federal (bottom) 

allocations to water districts in the Central Valley, b) Crop distribution for a representative dry year in the 

Central Valley, and c) Crop distribution for a representative wet year in the Central Valley.  
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a) 

 

b) 

 

Figure 4.6. Flow charts to show the a) scientific method and b) the Scientist-Stakeholder Iterative Method.  
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Table 4.1. Stakeholder attendees to “Working Towards Sustainable Solutions to Support Central Valley 

Farmers”. 

 

LAST 

NAME 

FIRST 

NAME 
ORGANIZATION 

Abajian  Shelly Office of Senator Feinstein 

Adhikari Diganta UC Merced 

Anderson Karli UC Irvine 

Anderson Ray UC Irvine 

Baker Steve Living WateR Alliance 

Barsamian Lindsay Office of Governor Schwarzenegger, Central Valley Field Office 

Berry Julia Madera County Farm Bureau 

Blattler Robert Certified Crop Advisor and a Pest Control Advisor 

Blodgett Bruce San Joaquin County Farm Bureau 

Butler Chris UC Merced 

Carvajal Amanda Merced County Farm Bureau 

Castle Stephanie UC Irvine 

Costa Jim U.S. House of Representatives (Speaker) 

Deiner John Central Valley Farmer 

del Bosque Joe Central Valley Farmer (Speaker) 

Dozier Jeff UC Santa Barbara (Moderator) 

Famiglietti Jay UC Irvine (Speaker) 

Gleick Peter Pacific Institute (Speaker) 

Harmon Thomas UC Merced 

Henry Mike CA Farm Water Coalition 

Howes Daniel Cal Poly Irrigation Training and Research Center (Speaker) 

Hurd Chris Central Valley Farmer 

Jacobsen Ryan Fresno County Farm Bureau, Exec Director 

Johansson Jamie California Farm Bureau Federation 

Kiriakou  Lacey UC Merced 

Liu Zhao UC Irvine 

Reager JT UC Irvine 

Rice  Jack California Farm Bureau Federation 

Richey Sasha UC Irvine 

Rodriquez  Paul California Latino Water Coalition 

Roos  Vince Office of Congressman Costa 

Salinas  Larry UC Merced 

Santoyo  Mario California Latino Water Coalition (Speaker) 

Shubin Walt Central Valley Farmer 

Stever Tricia Tulare County Farm Bureau, Exec Director 

Tavares Joana UC Irvine 

Valadez  Chris California Grape and Tree Fruit League 
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Table 4.2. List of meeting participants/stakeholder entities from UCCHM outreach activities in Washington 

D.C. during July 2012 – February 2014.  

Date Agency/Purpose

7/25/2012 House Subcommittee on Water Resources & Environment; House Committee on Transportation & Infrastructure

7/25/2012
Testimony for House Science, Space, & Technology Committee on “Drought Forecasting, Monitoring and Decision-

making: A Review of the National Integrated Drought Information System”

7/25/2012 Office of Congresswoman Loretta Sanchez (D-CA)

7/25/2012 Congresswoman Grace Napolitano (D-CA)

7/25/2012 Congresswoman Zoe Lofgren (D-CA)

7/25/2012 Office of Senator Tom Harkin

7/26/2012 Blue Legacy

7/26/2012 Office of Senator Sheldon Whitehouse (D-RI)

7/26/2012 Senate Energy & Natural Resources Committee

7/26/2012 Office of Senator Barbara Boxer (D-CA)

9/19/2012 American Geophysical Union 

9/19/2012 Office of Senator Dianne Feinstein (D-CA)

9/19/2012 Senate Energy & Natural Resources Committee

9/19/2012 World Bank, UNDP Internaional Water, Resources &Environment

9/20/2012 U.S. Department of the Interior

9/20/2012 House Armed Services Committee

9/20/2012 Congressional Research Service

9/20/2012 Office of Congressman George Miller (D-CA)

9/20/2012 Office of Senator Mark Pryor (D-AR)

9/20/2012 Ocean Conservancy

9/20/2012 Blue Legacy

9/21/2012 The Stimson Center

9/21/2012 Advanced Research Projects Agency, Department of Homeland Security

9/21/2012 U.S. Global Change Research Program, Office of Science & Technology Policy

9/21/2012 U.S. Department of State

4/11/2013 The World Bank

4/11/2013 The World Bank, "Water Cycle Change and Groundwater Depletion from the NASA GRACE Mission"

4/11/2013 U.S. State Department/USAID

4/11/2013 Office of Science & Technology Policy

4/11/2013 The Stimson Center

4/12/2013 Office of Congresswoman Zoe Lofgren (D-CA)

4/12/2013 Office of Congressman Henry Waxman (D-CA)

4/12/2013 Embassy of Israel

4/12/2013 House Subcommittee on Water Resources & Environment; House Committee on Transportation & Infrastructure

7/29/2013 Office of Naval Research; Ocean, Atmosphere, and Space Research Division

7/29/2013 House of Representatives; Committee on Science, Space & Technology

7/29/2013 House Committee on Energy & Commerce, and Science, Space, & Technology

7/29/2013 Senate Committee on Energy & Natural Resources; Presentation on Groundwater depletion in the US

7/29/2013 Office of Senator Barbara Boxer (D-CA)

7/30/2013 Office of Congresswoman Zoe Lofgren (D-CA)

7/30/2013 House Subcommittee on Water Resources & Environment; House Committee on Transportation & Infrastructure

7/30/2013 Congressional Research Service (CRS)

7/30/2013 Office of Congressman Jim Costa (D-CA)

11/14/2013 Pentagon, Office of Net Assessment

11/14/2013 White House Office of Science, Technology, & Policy (OSTP); U.S. Global Change Research Program

11/15/2013 Office of Congressman Ed Royce (R-CA)

2/20/2014 Pentagon, Office of Net Assessment

2/20/2014 Office of Representative Jared Huffman (D-CA)

2/20/2014 Office of Representative Jim Costa (D-CA)

2/20/2014 House of Representatives Foreign Affairs Committee

2/21/2014 House Subcommittee on Water Resources & Environment; House Committee on Transportation & Infrastructure

2/21/2014 House of Representatives; Committee on Science, Space & Technology

2/21/2014 Office of Senator Barbara Boxer (D-CA); Office of Senator Brian Schatz (D-HI)

2/21/2014 Office of Congressman David Valadao (R-CA)

2/21/2014 Office of Congressman Kevin McCarthy (R-CA)  
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CHAPTER 5: Conclusion 

 This dissertation provides new estimates of groundwater stress, resilience, and storage 

based on remote sensing observations. The world’s 37 largest aquifer systems comprise the study 

area for Chapters 1 and 2. First, I defined a Renewable Groundwater Stress (RGS) ratio as the 

ratio of groundwater use to recharge in Chapter 1 and computed RGS is the study aquifers. 

Groundwater withdrawal statistics were shown to be incapable of fully categorizing groundwater 

stress by not accounting for the aquifer’s response to groundwater pumping. Instead, I define 

grodnwater use as groundwater depletion. Remote sensing observations from the Gravity 

Recovery and Climate Experiment (GRACE) were used to quantify depletion, creating the first 

ever remote sensing-based estimate of groundwater stress.  

 Characteristic stress regimes were defined to determine whether an aquifer is 

overstressed, variably stressed, dominated by human action, or unstressed. Anthropogenic 

biomes are used to determine possible land-use-related reasons for different levels of stress. I 

found that the majority of overstressed and highly stressed aquifers occur in regions dominated 

by rangeland and cropland. Conversely, unstressed aquifers were dominated by forested areas 

with minimal population.  

 Chapter 2 built on the RGS ratio but redefined groundwater availability from recharge to 

total storage to create the Total Groundwater Stress (TGS) ratio. Changes in recharge are 

integrated into the GRACE-based estimates of depletion, along with any changes in baseflow 

and storage as a function of groundwater pumping. I consider the occurrence of depletion in an 

aquifer to be indicative of the loss of resilience in that aquifer system. A system is resilient as 

long as it can maintain equilibrium despite perturbations. Storage loss occurs in an aquifer when 

increases in recharge and decreases in baseflow can no longer balance the impact of pumping. 
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 The TGS ratio, of depletion to total storage, determines the aquifer’s lifespan. I assumed 

the depletion rate was constant into the future, but additional work could explore the rate at 

which depletion may increase or decrease as function of population dynamics, land-use change, 

and climate change. I show that the current knowledge of total storage has a huge range of 

uncertainty. In most cases, the “true” volume of storage is unknown. This becomes significant as 

resilience is reduced and the actual useable lifespan of an aquifer may be far shorter than what is 

assumed.  

 Chapter 3 is a direct result of the uncertainties in large scale groundwater estimates 

highlighted in Chapter 2. A method is proposed to combine GRACE-based estimates of 

groundwater storage change with governing equations for flow and storage to estimate saturated 

thickness total storage. The results are promising, but remain dependent on input parameters that 

carry a high level of potential error. Future work should apply the methodology to a 

heterogeneous case that more explicitly accounts for the influence of surface water and spatially 

variable boundary conditions.  

 Specifically, there are multiple approaches to account for spatial heterogeneity in the 

methodology presented in Chapter 3. First, dominant siol type within a grid cell could be used to 

estimate parameters, including hydraulic conductivity and storativity, based on average soil 

properties. This would be consistent with land surface models that use soil texture to estimate 

model parameters. Second, a parameter optimization approach could be used. Third, further 

processing of well logs in Brazil, Paraguay, Uruguay, and Argentina could be conducted. Finally, 

measuring aquifer parameters in the field would avoid unknown errors associated with available 

well logs and would be considered “true” values as opposed to modeled estimates.  
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 A long term goal is to validate the proposed method for a remote-sensing based estimate 

of saturated thickness and storage in data rich systems for both a confined and unconfined case. 

Then, the methodology could be applied to regions without available estimates of parameters and 

stocks. In order to accomplish this, the viability of the method needs to be proven for both 

confined and unconfined aquifers based on a range of input parameters. The sensitivity of the 

solution to input parameters should be tested, whether field measurements, soil properties, land-

surface models, or optimization schemes are used to estimate the parameters. An error range for 

the method could be quantified based on the different methods to estimate the input parameters. 

 Scientific findings are most valuable when they both advance the state of science in a 

field and can be used to better manage the environment to sustainable meet both human and 

ecosystem needs. Better quantifying total stocks of groundwater supplies could lead to improved 

monitoring and management of groundwater systems. This would be especially beneficial in 

regions that have already been identified as being stressed or that will become stressed. 

 An iterative process of communication and research is necessary to create science-based 

policy. The Scientist-Stakeholder Iterative (S2I) Method presented in Chapter 4 defines steps to 

connect science and policy based on my experiences with outreach and communication 

activities. I found tremendous value in “being the scientist” to directly communicate with 

stakeholders as opposed to relying on others for broad communication.  However, it is clear that 

a single researcher does not have the time, resources, or initial experiences to be successful alone 

in communicating beyond the traditional pathways of peer-reviewed literature, lectures, and 

seminars.  

 It is possible to reach a broader audience with the help of boundary-spanning entities to 

create knowledge networks. The knowledge networks provide an avenue for discussion between 



146 

 

scientists, decision-makers, and other stakeholder groups. These discussions can lead to a better 

understanding of how the science can be used to address a societal need. Ideally, future work that 

follows this dissertation will incorporate the S2I Method to better understand the needs of 

stakeholder groups. In doing so, I hope the process of moving groundwater science into 

groundwater management can be facilitated by mutual ownership of language and desired 

outcomes.  
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APPENDIX A 
Table A.1. The six most common anthropogenic biome types in each study aquifer. The percentages list the 

percent of the aquifer area that is dominated by the corresponding biome type. The colors correspond to the 

six dominant biome groups according to Ellis & Ramankutty [2008]. Orange represents Rangelands, grey 

represents Wildlands, blue represents Villages, light green represents Croplands, dark green represents 

Forested biomes, and dark red represents Dense Settlements.  

Aquifer 

ID 
DOMINANT ANTHROPOGENIC BIOME TYPES 

1 

Remote 

rangelands 

Populated 

rangelands 
Barren 

Residential 

rangelands 

Remote 

croplands 
Sparse trees 

57% 17% 12% 10% 1% 1% 

2 

Remote 

rangelands 

Populated 

rangelands 
Barren 

Residential 

rangelands 

Residential 

irrigated 

cropland 

Cropped and 

pastoral 

villages 

36% 26% 16% 14% 3% 2% 

3 

Remote 

rangelands 
Barren 

Populated 

rangelands 

Residential 

rangelands 

Cropped and 

pastoral 

villages 

Populated 

irrigated 

cropland 

61% 15% 12% 7% 2% 2% 

4 

Remote 

rangelands 
Barren 

Populated 

rangelands 

Residential 

rangelands 

Populated 

rainfed 

cropland 

Urban 

52% 25% 18% 4% 2% 0% 

5 

Populated 

rainfed 

cropland 

Residential 

rangelands 

Populated 

rangelands 

Residential 

rainfed 

mosaic 

Remote 

rangelands 

Populated 

forests 

19% 15% 14% 12% 7% 6% 

6 

Remote 

rangelands 

Residential 

rainfed 

mosaic 

Residential 

irrigated 

cropland 

Cropped and 

pastoral 

villages 

Populated 

rangelands 
Barren 

19% 15% 14% 12% 12% 10% 

7 

Populated 

rainfed 

cropland 

Populated 

rangelands 

Residential 

rangelands 

Residential 

rainfed 

mosaic 

Remote 

rangelands 

Populated 

forests 

18% 17% 16% 15% 12% 6% 

8 

Populated 

rainfed 

cropland 

Populated 

rangelands 

Residential 

rangelands 

Residential 

rainfed 

mosaic 

Populated 

forests 

Remote 

rangelands 

29% 19% 19% 14% 12% 2% 

9 

Residential 

rangelands 

Populated 

rainfed 

cropland 

Populated 

rangelands 

Residential 

rainfed 

mosaic 

Remote 

rangelands 

Populated 

forests 

26% 22% 16% 10% 9% 9% 

10 

Populated 

forests 

Residential 

rainfed 

mosaic 

Remote 

forests 

Populated 

rainfed 

cropland 

Populated 

rangelands 

Rainfed 

mosaic 

villages 

27% 21% 20% 15% 5% 4% 

11 

Populated 

forests 

Populated 

rangelands 

Remote 

forests 

Remote 

rangelands 

Populated 

rainfed 

cropland 

Residential 

rainfed 

mosaic 

23% 22% 15% 13% 13% 9% 

12 

Populated 

rangelands 
Barren 

Remote 

forests 

Remote 

rangelands 
Sparse trees 

Residential 

rangelands 

33% 13% 11% 11% 9% 9% 
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13 

Populated 

rangelands 

Residential 

rangelands 

Residential 

rainfed 

mosaic 

Populated 

rainfed 

cropland 

Remote 

rangelands 

Pastoral 

villages 

21% 20% 16% 11% 10% 7% 

 

Table A.1. (continued) 

Aquifer 

ID 
DOMINANT ANTHROPOGENIC BIOME TYPES 

14 

Populated 

rainfed 

cropland 

Remote 

croplands 

Remote 

rangelands 

Populated 

rangelands 

Residential 

rainfed 

mosaic 

Remote 

forests 

24% 15% 14% 11% 9% 8% 

15 

Residential 

rainfed 

mosaic 

Populated 

rainfed 

cropland 

Residential 

irrigated 

cropland 

Populated 

forests 

Dense 

settlements 
Urban 

32% 20% 19% 11% 7% 3% 

16 

Populated 

irrigated 

cropland 

Residential 

irrigated 

cropland 

Populated 

rangelands 

Remote 

rangelands 

Remote 

croplands 

Populated 

rainfed 

cropland 

14% 14% 11% 9% 8% 7% 

17 

Populated 

irrigated 

cropland 

Populated 

rangelands 

Remote 

croplands 

Populated 

rainfed 

cropland 

Residential 

irrigated 

cropland 

Remote 

rangelands 

18% 16% 15% 15% 14% 9% 

18 

Residential 

rainfed 

mosaic 

Populated 

rainfed 

cropland 

Populated 

forests 

Residential 

irrigated 

cropland 

Remote 

forests 

Rainfed 

mosaic 

villages 

19% 19% 13% 9% 9% 6% 

19 
Wild forests 

Populated 

forests 

Remote 

forests 

Residential 

rainfed 

mosaic 

Populated 

rainfed 

cropland 

Remote 

rangelands 

31% 27% 22% 10% 6% 1% 

20 

Populated 

rainfed 

cropland 

Populated 

forests 

Residential 

rainfed 

mosaic 

Remote 

forests 

Residential 

rangelands 

Populated 

rangelands 

45% 19% 14% 6% 4% 3% 

21 

Populated 

rainfed 

cropland 

Residential 

rainfed 

mosaic 

Populated 

forests 

Populated 

rangelands 

Residential 

rangelands 

Remote 

forests 

20% 14% 12% 12% 10% 9% 

22 

Remote 

rangelands 

Populated 

rangelands 

Residential 

rangelands 
Barren 

Populated 

irrigated 

cropland 

Remote 

croplands 

31% 22% 14% 13% 5% 5% 

23 

Residential 

irrigated 

cropland 

Cropped and 

pastoral 

villages 

Residential 

rangelands 
Urban 

Populated 

rangelands 

Rainfed 

villages 

24% 17% 14% 8% 7% 6% 

24 

Rainfed 

villages 
Urban 

Dense 

settlements 

Residential 

irrigated 

cropland 

Rainfed 

mosaic 

villages 

Rice villages 

20% 18% 12% 10% 10% 9% 

25 
Remote 

forests 

Populated 

forests 
Wild forests Sparse trees 

Residential 

rainfed 

Populated 

rainfed 
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mosaic cropland 

20% 19% 18% 12% 10% 7% 

26 

Remote 

forests 
Wild forests Sparse trees 

Populated 

forests 

Remote 

rangelands 
Barren 

37% 24% 17% 12% 5% 2% 

 

Table A.1. (continued) 

Aquifer 

ID 
DOMINANT ANTHROPOGENIC BIOME TYPES 

27 

Remote 

forests 

Populated 

forests 
Wild forests 

Residential 

rainfed 

mosaic 

Populated 

rainfed 

cropland 

Remote 

rangelands 

31% 23% 17% 10% 6% 5% 

28 
Wild forests 

Remote 

forests 

Populated 

forests 
Sparse trees 

Remote 

rangelands 

Residential 

rainfed 

mosaic 

37% 26% 20% 10% 3% 2% 

29 

Dense 

settlements 

Rainfed 

villages 

Irrigated 

villages 
Urban Rice villages 

Residential 

irrigated 

cropland 

25% 22% 10% 9% 7% 6% 

30 

Residential 

rainfed 

mosaic 

Pastoral 

villages 

Residential 

irrigated 

cropland 

Populated 

forests 

Populated 

rainfed 

cropland 

Dense 

settlements 

21% 14% 11% 8% 7% 6% 

31 

Remote 

rangelands 

Populated 

rangelands 

Residential 

rangelands 
Barren 

Cropped and 

pastoral 

villages 

Residential 

irrigated 

cropland 

32% 20% 16% 7% 7% 7% 

32 

Rainfed 

villages 

Rainfed 

mosaic 

villages 

Residential 

irrigated 

cropland 

Dense 

settlements 
Urban 

Residential 

rainfed 

mosaic 

27% 20% 14% 14% 5% 4% 

33 

Populated 

rainfed 

cropland 

Populated 

forests 

Residential 

rainfed 

mosaic 

Remote 

forests 
Wild forests 

Rainfed 

mosaic 

villages 

27% 18% 18% 17% 5% 3% 

34 

Populated 

rainfed 

cropland 

Residential 

rainfed 

mosaic 

Rainfed 

villages 

Residential 

rangelands 

Populated 

rangelands 

Residential 

irrigated 

cropland 

21% 15% 12% 8% 7% 6% 

35 

Remote 

forests 

Populated 

forests 
Wild forests Sparse trees 

Remote 

rangelands 

Residential 

rainfed 

mosaic 

44% 21% 16% 11% 3% 3% 

36 

Remote 

forests 

Remote 

rangelands 
Sparse trees 

Remote 

croplands 
Barren 

Populated 

rangelands 

22% 19% 16% 11% 11% 9% 

37 
Sparse trees 

Remote 

rangelands 

Remote 

forests 
Barren 

Populated 

rangelands 

Populated 

forests 

59% 12% 12% 11% 3% 2% 
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APPENDIX B 
Table B.1. Total storage estimates in cubic kilometers for the study aquifers.  

Aquifer 

ID 

Nace 

[1969] 

Korzoun 

[1978] 

MacDonald 

et al. [2012] 

- Minimum  

MacDonald 

et al. [2012] 

- Mean  

MacDonald 

et al. [2012] 

- 

Maximum 

Vrba & 

van der 

Gun 

[2004] - 

Minimum  

Vrba & 

van der 

Gun 

[2004] - 

Maximum  

1 430,000 980,000 87,000 90,000 94,000 150,000 460,000 

2 200,000 450,000 43,000 45,000 48,000 60,000 60,000 

3 100,000 230,000 20,000 22,000 24,000 4,800 4,800 

4 150,000 350,000 9,800 16,000 22,000 

  5 41,000 95,000 8,800 8,900 9,000 

  6 120,000 290,000 5,700 10,000 14,000 10,000 15,000 

7 300,000 700,000 29,000 44,000 59,000 

  8 100,000 230,000 10,000 16,000 21,000 

  9 220,000 520,000 12,000 20,000 27,000 

  10 300,000 700,000 25,000 40,000 54,000 

  11 210,000 470,000 10,000 18,000 25,000 

  12 88,000 200,000 7,500 12,000 16,000 

  13 120,000 280,000 4,600 8,300 12,000 

  14 310,000 1,900,000 

     15 28,000 170,000 

     16 16,000 99,000 

     17 100,000 650,000 

     18 230,000 1,500,000 

     19 470,000 1,500,000 

     20 110,000 360,000 

     21 370,000 1,200,000 

     22 350,000 1,400,000 

     23 64,000 260,000 

     24 130,000 530,000 

     25 530,000 2,200,000 

   

1,000,000 1,000,000 

26 250,000 1,000,000 

     27 120,000 510,000 

     28 170,000 720,000 

     29 87,000 360,000 

     30 54,000 220,000 

     31 95,000 390,000 

     32 33,000 140,000 

     33 560,000 1,400,000 

     34 53,000 130,000 

     35 40,000 97,000 

     36 350,000 980,000 

   

20,000 20,000 

37 79,000 220,000           
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Table B.1. Total storage estimates in cubic kilometers for the study aquifers. (continued) 

Aquifer 

ID 

Margat & 

van der Gun 

[2013] - 

Minimum  

Margat & 

van der Gun 

[2013] - 

Maximum  

Tujchneider 

et al. [2007] 

Swezey 

[1999] - 

Minimum 

Estimate 

Swezey 

[1999] - 

Maximum 

Estimate 

Llamas et al. 

[1992] 

Wallin et al. 

[2005] 

1 540,000 540,000 

     2 60,000 60,000 

 

28 70 60,000 

 3 4,800 4,800 

     4 18 18 

     5 1,500 1,500 

     6 10,000 15,000 

    

2,000 

7 1,000 1,000 

     8 110 110 

     9 

       10 

       11 

       12 

       13 3,000 5,000 

     14 

       15 

       16 1,100 1,100 

     17 15,000 15,000 

     18 

       19 32,000 32,000 

     20 18,000 18,000 

     21 57,000 57,000 40,000 

    22 2,200,000 2,200,000 

     23 

       24 

       25 1,000,000 1,000,000 

     26 

       27 

       28 

       29 18 18 

     30 

       31 

       32 500 1,000 

     33 

       34 

       35 

       36 8,700 20,000 

     37               
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Table B.1. Total storage estimates in cubic kilometers for the study aquifers. (continued) 

Aquifer 

ID 

Sahagian et 

al. [1994] 

Al-Ibrahim 

[1991] 

McGuire et 

al. [2000] 

Minimum 

Regional 

Estimate 

Equation (6): 

Minimum 

Sy, b = 200m 

Equation (6): 

Mean Sy, b = 

200m 

Equation (6): 

Maximum 

Sy, b = 200m 

1 

    

44,000 72,000 100,000 

2 600,000 

  

28 20,000 33,000 45,000 

3 

   

4,800 9,900 16,000 23,000 

4 

   

18 15,000 24,000 34,000 

5 

   

1,500 5,500 12,000 19,000 

6 

   

2,000 12,000 27,000 42,000 

7 

   

1,000 30,000 67,000 100,000 

8 

   

110 490 2,400 4,400 

9 

    

22,000 37,000 51,000 

10 

    

30,000 67,000 100,000 

11 

    

20,000 45,000 70,000 

12 

    

8,600 19,000 30,000 

13 

   

3,000 12,000 20,000 28,000 

14 

    

30,000 50,000 70,000 

15 

    

1,100 3,800 6,500 

16 10,000 

  

1,100 1,600 3,500 5,500 

17 4,000 

 

3,800 3,800 4,100 14,000 24,000 

18 

    

23,000 52,000 82,000 

19 

   

32,000 46,000 76,000 110,000 

20 

   

18,000 4,500 9,600 15,000 

21 

   

40,000 1,800 9,000 16,000 

22 500,000 500,000 

 

500,000 34,000 56,000 79,000 

23 

    

6,300 10,000 14,000 

24 

    

12,000 21,000 29,000 

25 

   

1,000,000 54,000 89,000 120,000 

26 

    

9,900 35,000 59,000 

27 

    

4,800 17,000 29,000 

28 

    

6,900 24,000 41,000 

29 

   

18 3,400 6,000 8,500 

30 

    

2,100 3,700 5,300 

31 

    

14,000 28,000 42,000 

32 

   

500 3,800 6,200 8,700 

33 

    

57,000 95,000 130,000 

34 

    

5,700 9,400 13,000 

35 

    

4,400 7,200 10,000 

36 

   

8,700 14,000 30,000 46,000 

37         8,300 19,000 29,000 
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Table B.1. Total storage estimates in cubic kilometers for the study aquifers. (continued) 

Aquifer 

ID 

Equation 

(7): b = 

20m 

Equation 

(7): b = 

50m 

Equation 

(7): b = 

100m 

Equation 

(7): b = 

200m 

Equation 

(7): b = 

500m 

Equation 

(7): b = 

1000m 

1 440 1,100 2,200 4,400 11,000 22,000 

2 200 490 990 2,000 4,900 9,900 

3 99 250 490 990 2,500 4,900 

4 150 370 740 1,500 3,700 7,400 

5 55 140 270 550 1,400 2,700 

6 120 300 610 1,200 3,000 6,100 

7 300 740 1,500 3,000 7,400 15,000 

8 98 240 490 980 2,400 4,900 

9 220 550 1,100 2,200 5,500 11,000 

10 300 740 1,500 3,000 7,400 15,000 

11 200 500 1,000 2,000 5,000 10,000 

12 86 210 430 860 2,100 4,300 

13 120 300 600 1,200 3,000 6,000 

14 300 760 1,500 3,000 7,600 15,000 

15 27 67 130 270 670 1,300 

16 16 39 78 160 390 780 

17 100 250 510 1,000 2,500 5,100 

18 230 580 1,200 2,300 5,800 12,000 

19 460 1,200 2,300 4,600 12,000 23,000 

20 110 280 570 1,100 2,800 5,700 

21 360 900 1,800 3,600 9,000 18,000 

22 340 860 1,700 3,400 8,600 17,000 

23 63 160 310 630 1,600 3,100 

24 120 310 620 1,200 3,100 6,200 

25 540 1,300 2,700 5,400 13,000 27,000 

26 250 620 1,200 2,500 6,200 12,000 

27 120 300 600 1,200 3,000 6,000 

28 170 430 860 1,700 4,300 8,600 

29 85 210 430 850 2,100 4,300 

30 53 130 270 530 1,300 2,700 

31 93 230 470 930 2,300 4,700 

32 38 94 190 380 940 1,900 

33 570 1,400 2,900 5,700 14,000 29,000 

34 57 140 290 570 1,400 2,900 

35 44 110 220 440 1,100 2,200 

36 350 880 1,800 3,500 8,800 18,000 

37 83 210 420 830 2,100 4,200 
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APPENDIX C 
Table C.1. Total Groundwater Stress as the number of years to 25% depletion (TGS25%) in the depleting 

aquifer systems, as indicated by the negative sign.   

Aquifer 

ID  

Nace 

[1969] 

Korzoun 

[1978] 

MacDonald 

et al. [2012] 

- Minimum  

MacDonald 

et al. [2012] 

- Mean  

MacDonald 

et al. [2012] 

- 

Maximum 

Vrba & 

van der 

Gun 

[2004] - 

Minimum  

Vrba & 

van der 

Gun 

[2004] - 

Maximum  

1 -29,000 -66,000 -5,900 -6,100 -6,300 -10,000 -31,000 

2 -19,000 -45,000 -4,300 -4,500 -4,700 -6,000 -6,000 

3 -14,000 -32,000 -2,800 -3,000 -3,200 -660 -660 

4 -59,000 -140,000 -3,800 -6,200 -8,600 

  7 -19,000 -44,000 -1,800 -2,800 -3,700 

  8 -58,000 -130,000 -6,000 -9,100 -12,000 

  10 -6,900 -16,000 -570 -900 -1,200 

  15 -20,000 -120,000 

     16 -7,000 -44,000 

     22 -7,300 -30,000 

     23 -9,600 -39,000 

     24 -3,200 -13,000 

     29 -14,000 -57,000 

     31 -160,000 -680,000 

     32 -5,800 -24,000 

     34 -4,600 -11,000 

     37 -5,600 -16,000           

        

Aquifer 

ID  

Margat & 

van der 

Gun 

[2013] - 

Minimum  

Margat & 

van der 

Gun 

[2013] - 

Maximum  

Tujchneider 

et al. [2007] 

Swezey 

[1999] - 

Minimum 

Estimate 

Swezey 

[1999] - 

Maximum 

Estimate 

Llamas et 

al. [1992] 

Wallin et 

al. [2005] 

1 -37,000 -37,000 

     2 -6,000 -6,000 

 

-3 -7 -6,000 

 3 -660 -660 

     4 -7 -7 

     7 -63 -63 

     8 -64 -64 

     10 

       15 

       16 -500 -500 

     22 -46,000 -46,000 

     23 

       24 

       29 -3 -3 

     31 

       32 -86 -170 

     34 

       37               
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Table C.1. TGS25%: Total Groundwater Stress as the number of years to 25% depletion (TGS25%) in the 

depleting aquifer systems, as indicated by the negative sign.  (continued) 

Aquifer 

ID  

Sahagian 

et al. 

[1994] 

Al-

Ibrahim 

[1991] 

McGuire 

et al. 

[2000] 

Minimum 

Regional 

Estimate 

Equation 

(6): 

Minimum 

Sy, b = 

200m 

Equation 

(6): Mean 

Sy, b = 

200m 

Equation 

(6): 

Maximum 

Sy, b = 

200m 

1 

    

-2,900 -4,800 -6,800 

2 -60,000 

  

-3 -2,000 -3,200 -4,500 

3 

   

-660 -1,400 -2,200 -3,100 

4 

   

-7 -5,800 -9,600 -13,000 

7 

   

-63 -1,900 -4,200 -6,500 

8 

   

-64 -280 -1,400 -2,500 

10 

    

-670 -1,500 -2,300 

15 

    

-780 -2,700 -4,700 

16 -4,400 

  

-500 -690 -1,500 -2,400 

22 -10,000 -10,000 

 

-10,000 -720 -1,200 -1,700 

23 

    

-930 -1,500 -2,100 

24 

    

-310 -510 -710 

29 

   

-3 -540 -950 -1,400 

31 

    

-24,000 -48,000 -72,000 

32 

   

-86 -650 -1,100 -1,500 

34 

    

-500 -820 -1,100 

37         -590 -1,300 -2,100 

        

Aquifer 

ID  

Equation 

(7): b = 

20m 

Equation 

(7): b = 

50m 

Equation 

(7): b = 

100m 

Equation 

(7): b = 

200m 

Equation 

(7): b = 

500m 

Equation 

(7): b = 

1000m 

 1 -29 -73 -150 -290 -730 -1,500 

 2 -20 -49 -98 -200 -490 -980 

 3 -14 -34 -68 -140 -340 -680 

 4 -58 -140 -290 -580 -1,400 -2,900 

 7 -19 -46 -93 -190 -460 -930 

 8 -57 -140 -280 -570 -1,400 -2,800 

 10 -7 -17 -33 -67 -170 -330 

 15 -20 -49 -98 -200 -490 -980 

 16 -7 -17 -34 -69 -170 -340 

 22 -7 -18 -36 -72 -180 -360 

 23 -9 -23 -47 -93 -230 -470 

 24 -3 -8 -15 -31 -77 -150 

 29 -14 -34 -68 -140 -340 -680 

 31 -160 -400 -800 -1,600 -4,000 -8,000 

 32 -7 -16 -32 -65 -160 -320 

 34 -5 -12 -25 -50 -120 -250 

 37 -6 -15 -30 -59 -150 -300 
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APPENDIX D 
Table D.1. Total Groundwater Stress as the number of years to 90% depletion (TGS90%) in the depleting 

aquifer systems, as indicated by the negative sign. 

Aquifer 

ID 
Nace [1969] 

Korzoun 

[1978] 

MacDonald 

et al. [2012] - 

Minimum  

MacDonald 

et al. [2012] - 

Mean  

MacDonald 

et al. [2012] - 

Maximum 

Vrba & van 

der Gun 

[2004] - 

Minimum  

Vrba & van 

der Gun 

[2004] - 

Maximum  

1 -100,000 -240,000 -21,000 -22,000 -23,000 -36,000 -110,000 

2 -70,000 -160,000 -15,000 -16,000 -17,000 -21,000 -21,000 

3 -50,000 -110,000 -10,000 -11,000 -12,000 -2,400 -2,400 

4 -210,000 -490,000 -14,000 -22,000 -31,000 

  7 -69,000 -160,000 -6,500 -9,900 -13,000 

  8 -210,000 -480,000 -22,000 -33,000 -44,000 

  10 -25,000 -57,000 -2,100 -3,200 -4,400 

  15 -72,000 -450,000 

     16 -25,000 -160,000 

     22 -26,000 -110,000 

     23 -34,000 -140,000 

     24 -11,000 -47,000 

     29 -50,000 -210,000 

     31 -590,000 -2,400,000 

     32 -21,000 -86,000 

     34 -17,000 -41,000 

     37 -20,000 -57,000 

     

Aquifer 

ID 

Margat & 

van der Gun 

[2013] - 

Minimum  

Margat & 

van der Gun 

[2013] - 

Maximum  

Tujchneider 

et al. [2007] 

Swezey 

[1999] - 

Minimum 

Estimate 

Swezey 

[1999] - 

Maximum 

Estimate 

Llamas et al. 

[1992] 

Wallin et al. 

[2005] 

1 -130,000 -130,000 

     2 -21,000 -21,000 

 

-10 -25 -21,000 

 3 -2,400 -2,400 

     4 -25 -25 

     7 -230 -230 

     8 -230 -230 

     10 

       15 

       16 -1,800 -1,800 

     22 -160,000 -160,000 

     23 

       24 

       29 -10 -10 

     31 

       32 -310 -620 

     34 

       37 
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Table D.1. Total Groundwater Stress as the number of years to 90% depletion (TGS90%) in the depleting 

aquifer systems, as indicated by the negative sign. (continued) 

Aquifer 

ID 

Sahagian 

et al. 

[1994] 

Al-

Ibrahim 

[1991] 

McGuire 

et al. 

[2000] 

Minimum 

Regional 

Estimate 

Equation 

(6): 

Minimum 

Sy, b = 

200m 

Equation 

(6): Mean 

Sy, b = 

200m 

Equation 

(6): 

Maximum 

Sy, b = 

200m 

1 

    

-11,000 -17,000 -24,000 

2 -210,000 

  

-10 -7,100 -12,000 -16,000 

3 

   

-2,400 -4,900 -8,100 -11,000 

4 

   

-25 -21,000 -34,000 -48,000 

7 

   

-230 -6,700 -15,000 -23,000 

8 

   

-230 -1,000 -5,100 -9,200 

10 

    

-2,400 -5,400 -8,400 

15 

    

-2,800 -9,900 -17,000 

16 -16,000 

  

-1,800 -2,500 -5,600 -8,700 

22 -38,000 -38,000 

 

-38,000 -2,600 -4,300 -5,900 

23 

    

-3,400 -5,500 -7,700 

24 

    

-1,100 -1,800 -2,500 

29 

   

-10 -2,000 -3,400 -4,900 

31 

    

-86,000 -170,000 -260,000 

32 

   

-310 -2,300 -3,900 -5,400 

34 

    

-1,800 -3,000 -4,100 

37 

    

-2,100 -4,800 -7,500 

 
       

Aquifer 

ID 

Equation 

(7): b = 

20m 

Equation 

(7): b = 

50m 

Equation 

(7): b = 

100m 

Equation 

(7): b = 

200m 

Equation 

(7): b = 

500m 

Equation 

(7): b = 

1000m 

 1 -110 -260 -530 -1,100 -2,600 -5,300 

 2 -71 -180 -350 -710 -1,800 -3,500 

 3 -49 -120 -240 -490 -1,200 -2,400 

 4 -210 -520 -1,000 -2,100 -5,200 -10,000 

 7 -67 -170 -330 -670 -1,700 -3,300 

 8 -200 -510 -1,000 -2,000 -5,100 -10,000 

 10 -24 -60 -120 -240 -600 -1,200 

 15 -71 -180 -350 -710 -1,800 -3,500 

 16 -25 -62 -120 -250 -620 -1,200 

 22 -26 -65 -130 -260 -650 -1,300 

 23 -34 -84 -170 -340 -840 -1,700 

 24 -11 -28 -55 -110 -280 -550 

 29 -49 -120 -240 -490 -1,200 -2,400 

 31 -580 -1,400 -2,900 -5,800 -14,000 -29,000 

 32 -23 -58 -120 -230 -580 -1,200 

 34 -18 -45 -89 -180 -450 -890 

 37 -21 -53 -110 -210 -530 -1,100 

  

 




