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Potential impacts of climate change on groundwater

resources – a global review

Sam Earman and Michael Dettinger
ABSTRACT
Groundwater is a vital resource for sustaining life. Changes in the Earth’s climate have the potential to

affect both the quality and quantity of available groundwater, primarily through impacts on recharge,

evapotranspiration and (indirectly) on pumpage and abstraction. Groundwater is a major contributor to

streamflow in areas with relatively shallow water tables, so changes in groundwater systems may also

impact surface-water systems. As a result, understanding how climate change could affect

groundwater systems is a vital component of sound long-term management of our water supplies.

However, predicting how climate change could impact groundwater systems is difficult. Part of the

difficulty is rooted in uncertainties in the predictions of future climate. However, even if we were

certain regarding future climate, forecasting future groundwater conditions would still be difficult

because of the complex combinations of processes that affect groundwater recharge, discharge and

quality. Better observations, increased understanding of processes and modeling capabilities will be

needed to assess the future of this vital resource in the face of projected climate changes.
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BACKGROUND
Groundwater is a vital resource for sustaining life. Ground-

water is the Earth’s largest reservoir of fresh, liquid water,

accounting for nearly 70 times more water than is present

as surface water (Fetter ), and it accounts for approxi-

mately 20% of total water use worldwide (Zektser &

Everett ). Groundwater supplies 21% of total water

use in the USA (Hutson et al. ) and more than 70% of

consumption in most European nations (Zektser & Everett

). In many parts of the developing world, where surface

water is either scarce or contaminated, groundwater is vital

for sustaining human life. Some major metropolitan areas,

such as Las Vegas, NV (USA), that have recently relied pri-

marily on surface-water supplies are turning towards

groundwater to cope with combinations of population

growth and less-certain surface-water supplies (Eckstein &

Eckstein ).

Groundwater is also a major contributor to stream and

river flows, especially in areas with shallow water tables,
during both low-flow periods and high flows (Genereux &

Hooper ). As a result, the status of groundwater systems

not only impacts their usefulness as water-supply sources

but also may impact the availability of surface-water

supplies. Furthermore, groundwater systems and the

surface-water systems that depend on them play important

roles in many ecosystems. For example, groundwater

inflows to many wetlands are crucial to the health, abun-

dance and diversity of species.

Changes in Earth’s climate have the potential to affect

both the quality and quantity of groundwater. Scientific con-

sensus holds that the Earth’s climate has been changing, and

that changewill continue in the future, in response to increas-

ing greenhouse-gas concentrations in the global atmosphere.

Currentmodels of climate change over the next∼50 years are

unanimous in projecting that air temperatures will rise. Most

projections involve increases of 3–5 �C on global average,

with warming in all parts of the world, but with more
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warming projected in polar regions and less in the tropics

(Intergovernmental Panel on Climate Change ). Projec-

tions of future precipitation are not as unanimous or

certain, but generally yield drier dry areas and wetter wet

areas (Intergovernmental Panel on Climate Change ).

Predictions of future rates of evaporation and transpiration

(water use by plants) are also relatively uncertain, although

historically evapotranspiration (ET, the combination of evap-

oration and transpiration) has tended to vary less than

precipitation in most settings. General warming, in combi-

nation with uncertain precipitation changes, is expected to

yield less fresh water availability in most settings than

would occur in response to the precipitation changes alone.

That is, even if precipitation remains constant (or increases

marginally), under warming conditions less runoff and

recharge will likely result. Where precipitation declines,

warmingwill likely magnify the resulting runoff and recharge

reductions. Increasing carbon dioxide concentrations in the

atmosphere may produce fertilization effects that could

change the transpiration efficiencies of plants, potentially

decreasing water demands and effectively restoring some of

the water availability for runoff and recharge lost to warming

conditions (Betts et al. ). However, consensus on the net

effect of carbon dioxide fertilization effects remains elusive

(e.g. Cruz et al. ).

This review will discuss some of the ways in which

groundwater systems might be vulnerable to projected cli-

mate changes. The literature regarding interactions between

climate and groundwater is not as extensive as that dealing

with surface water. Because groundwater systems often

storemuch larger volumes of water than do surface-water sys-

tems, and because groundwater systems are often the primary

supply options when others fail during droughts, an implicit

assumption that groundwater supplies are less vulnerable to

climate and climate change than are surface waters underlies

manymodels and studies (Dettinger & Earman ). Conse-

quently, thus far, studies and models of climate change

impacts on hydrologic systems have tended to focus on sur-

face water systems (McCarthy et al. ). In many cases,

studies of climate change impacts on surface-water systems

make little or no mention of groundwater, and do not

appear to make a realistic accounting of groundwater contri-

butions to streamflows. In part, this approach has proceeded

from observations that climatic influences on surface water
are commonly more rapid than influences on groundwater,

thus driving assumptions that climate-change influences on

groundwater are less pressing.

However, the potential for changes in the water bal-

ances of small aquifers and shallow mountain aquifers, the

potential for immediate influences on surface-water supplies

and the potential for long- and short-term influences on

groundwater quality should all motivate more attention to

potential interactions between climate change and ground-

water. What has limited such understanding in the past

has been a long history of groundwater concepts and

models that underplay climatic influences and a lack of

the observations needed to fuel improvements in models

and understanding. We hope that this review will serve to

draw greater attention to the vulnerabilities of groundwater

quantities and qualities, and their contributions to surface

waters and even ocean waters, in the face of projected cli-

mate changes. This review will survey potential impacts of

climate change on groundwater quantity, on groundwater

– surface-water interactions and on groundwater quality, in

turn. Then some of the modeling and monitoring needs

that must be addressed to accommodate possible climate-

change influences will be reviewed.
POTENTIAL IMPACTS OF CLIMATE CHANGE ON
GROUNDWATER QUANTITY

Overview and theoretical concepts

Projections of climate-change impacts on groundwater sys-

tems are inherently uncertain because estimates of future

climate are uncertain. An additional source of uncertainty

is that the interactions of climatewith groundwater are gener-

ally poorly understood and modeled. Some climate-change

impacts are likely to be direct responses to changes in temp-

erature, precipitation and increased CO2 concentrations.

Other impacts on groundwater systems will be indirect, aris-

ing from changes in land use, in availability of other (surface)

water supplies, in human water demands, in the areal distri-

bution of native and farmed plant communities, and/or

changes in the water consumption of current crops and

native plants in response to climate and carbon dioxide

concentrations. Land use and vegetation types affect
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groundwater systems significantly because they exert con-

trols over both the infiltration of precipitation or irrigation

waters into the ground and the extraction of that water

from unsaturated zones before it has a chance to become

groundwater recharge (Eckhardt & Ulbrich ; Scanlon

et al. , ; Thomson et al. ; Green et al. ). At

present, even the responses of groundwater resources to

short-term (year-to-year, decade-to-decade) climate variabil-

ity are poorly monitored, understood, and quantified.

We consider here four broad avenues by which climate

change may affect groundwater systems: changes in precipi-

tation amounts, changes in the temporal distribution of

precipitation; changes in the form of precipitation (rain vs.

snow) and changes in evaporation, transpiration and,

indirectly, groundwater pumpage rates (Figure 1). Changes

in precipitation may directly impact recharge to ground-

water systems, while changes in several other climatic

variables (Figure 1) may, separately or together, impact the

various mechanisms of groundwater (and soil moisture) dis-

charge. Because climate change may potentially yield

disparate impacts on the environment, there are a number

of other, mostly indirect, ways that groundwater may be

impacted. For instance, a warming climate may lead to

increased frequency of forest fires (Westerling et al. ),
Figure 1 | Conceptual diagram illustrating relationships between climate factors and recharge.

to be a complete or exhaustive representation.
which can change groundwater recharge in the burned

areas by changing soil permeability and overland runoff.

Land-use change, whether associated with climate change

or not, is likely to result in changes to infiltration and thus

groundwater recharge.

Changes in precipitation amounts, ET and pumpage

The most basic continuity expression for groundwater systems

is that the mass of water input to a system minus the mass of

water removed from the system is equal to the change in mass

of the water stored in the system. An increase in total precipi-

tation at any given location increases the amount of water that

is available to become groundwater recharge and, in the

absence of other influences, may drive increased recharge.

Conversely, less precipitation is expected to result in less

recharge. Changes in ET driven by any of several potential cli-

mate changes can affect the amount of groundwater recharge

by changing the consumption of water at the land surface,

from the unsaturated zone, and – in the case of phreatophytes

(plants that obtain a significant part of their water from the

saturated zone) – from below the water table. Many studies

support the intuitive concept that changes in the rates of pre-

cipitation and/or ET would lead to changes, of the same sign,
This diagram is meant to suggest some major factors and relationships and is not intended



216 S. Earman & M. Dettinger | Potential impacts of climate change on groundwater resources Journal of Water and Climate Change | 02.4 | 2011
in groundwater recharge (e.g. Sandström ; Tanco & Kruse

; Fleming & Quilty ).

ET rates reflect energy balances at the surface and water

availability at the surface and in root zones. The surface-

energy fluxes that are most important for ET typically

include net radiation at the surface and the evaporative

(latent heat) fluxes from the surface and root zones. Surface

latent heat fluxes depend on the partitioning of surface heat

imbalances between sensible and latent heat fluxes, as

indexed by the Bowen ratio (Dow & DeWalle ). Most

climate-change impact assessments published to date have

focused on changes in precipitation and air temperatures

while changes in other variables, such as solar radiation

fluxes (and cloudiness), longwave radiation fluxes, surface

winds, and humidity (Figure 1), may contribute equally to

changes in evaporative demands and actual ET rates.

Although CO2-induced changes in temperature have

been the most frequently invoked driver of changes in tran-

spiration rates in climate-change impact assessments, the

rising CO2 concentrations themselves may directly impact

transpiration rates (Bazzaz & Sombroek ). Changes in

atmospheric CO2 concentrations can cause a number of

changes in plants, often termed ‘CO2 fertilization’, including

increased leaf area index (the ratio of leaf area to soil surface

area), changes in the density of stomata (the pores through

which plants exchange gases with the atmosphere) and

changes in stomatal opening and closing (Bazzaz & Som-

broek ). There are three mechanisms by which plants

photosynthesize, known as the C3, C4 and Crassulacean

acid metabolism (CAM) processes (Sternberg & Deniro

). Because different plant species use these different

photosynthesis processes (e.g. wheat uses the C3 process,

corn uses the C4 process, and pineapple uses the CAM pro-

cess), different plant species are likely to respond differently

to changes in atmospheric CO2 concentration (Ward et al.

). It is possible that, in some regions, increased CO2

may change transpiration demand enough (Figure 1) to at

least partially offset decreased precipitation, or enough to

greatly increase recharge in wetter locales (Green et al.

). For instance, detailed modeling of subtropical soil–

water–vegetation systems indicated that CO2 fertilization,

together with a ∼40% increase in precipitation, might

increase groundwater recharge by as much as 500% in

some settings (Green et al. ).
In many parts of the world, groundwater is pumped from

aquifers for human uses, including domestic supply, irriga-

tion and industrial applications. Changes in temperature or

precipitation may ultimately lead to changes in water

demand. For instance, in Calgary, Alberta (Canada), histori-

cal urban water demands (mostly for domestic outdoor and

indoor uses) have been fairly constant when precipitation is

at or above average and temperatures are low. However,

when temperatures have risen above 10 �C or when precipi-

tation declines to less than about 20 mm/week, historical

demands for water increased exponentially with the changes

in climate (Akuoko-Asibey et al. ). Thus changes in cli-

mate may be expected to affect the timing and amounts of

demand for water. If climate change causes human demands

for water to increase and if surface-water supplies are either

not available or not adequate to meet increasing demands,

groundwater pumpage may be expected to increase. In

addition to directly removing water from storage, increased

pumping could reduce the storage capacity of the aquifer

and affect hydraulic conductivity if the additional pumping

causes or accelerates aquifer compaction; structural

damage resulting from land subsidence could also be a conse-

quence (Freeze & Cherry ).

Changes in timing of precipitation

Changes in the timing of precipitation on scales from hours

to years also have the potential to affect groundwater

recharge (Figure 1). In general, for recharge to occur,

enough water must infiltrate the unsaturated zone to over-

come evapotranspirative and tensive demands between

land surface and water table (Flint et al. ). In many set-

tings, a single storm may not provide enough water to

overcome these demands, but that demand threshold

might be exceeded by the amounts of water accumulated

from several storms. However, if a long dry period elapses

between the storms, much of the water from the first

storm might already be extracted from the unsaturated

zone as ET before the second storm occurs. Because of

such requirements on both precipitation amounts and

timing, changes in the distributions of arrival times of

storms or lengths of interstorm periods are likely to affect

recharge rates. Shifts of precipitation into warmer seasons

with higher evaporative demands, or tendencies towards



Figure 2 | Fractions of long-term average precipitation totals that historically fell during months with average daily minimum temperatures between �5 �C and 0 �C, based on the

WorldClim 5-arcminute interpolated climatological (1,950–2,000 means) precipitation and temperatures data set (Hijmans et al. 2005; www.worldclim.org).
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more frequent or drier drought years, could similarly affect

recharge rates.

An example of this phenomenon has been observed in

Barbados, where groundwater recharge is more dependent

on the timing of precipitation than on the total amount of

precipitation in a year (Jones & Banner ). In that set-

ting, years in which precipitation was largely limited to the

monsoon season tended to yield more recharge than years

when precipitation was more evenly distributed throughout

the year, even if total precipitation amounts were similar

(Jones & Banner ). In this kind of system, a climate

change favoring more storms or a more-even seasonal distri-

bution of storms could reduce groundwater recharge, while

a change towards higher fractions of annual precipitation

during a single season could increase recharge.

Changes in the form of precipitation

In snow-dominated regions, the seasonal timing (and, thus,

form) of precipitation may also be important. Precipitation

type is important because snowmelt can contribute dispro-

portionately high percentages of groundwater recharge in
snow-dominated regions (Earman et al. ). In this sec-

tion, we will focus on the western USA as an example

because more research is currently available from that

region, but the findings and concepts are likely to apply in

other parts of the world (Figure 2) where snowpacks are sig-

nificant (Barnett et al. ).

In the semi-arid western USA, snowmelt is a much more

likely source of groundwater recharge than is rain (Simpson

et al. ; Winograd et al. ; Earman et al. ).

Because evapotranspirative potential in the western USA

is high, the amount of water in individual rain events is

often insufficient to produce recharge. Snowmelt has several

advantages over rain with respect to generating recharge.

Snowpacks form large reservoirs of water during the

winter months that are then available for prolonged infiltra-

tion during the local snowmelt season. Because snowpacks

generally contain water from a number of storms, the sus-

tained snowmelt in the spring typically yields significantly

more water than any single storm and is much more likely

to become recharge. Snowmelt is also typically a fairly

gentle process, yielding relatively steady flows of water

that are available to percolate downward, in contrast to

http://www.worldclim.org
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summer rains in the West, which are often intense events

that yield more overland runoff and less infiltration. Snow-

melt generally occurs when temperatures are still locally

cool and vegetation is relatively inactive, and thus when

transpiration demand is relatively low. In addition to the

low transpiration demands, snowpack’s high albedo (reflec-

tivity) prevents significant fractions of solar energy from

being absorbed at the land surface, resulting in much

lower evaporative demands than would occur if no snow-

pack were present.

In the western USA, warming temperatures over the last

∼50 years have already caused declines in snowpack

accumulations (Mote ; Mote et al. ) and trends

that favor rainfall over snowfall (Mote ; Mote et al.

; Knowles et al. ). Continued warming is expected

to further decrease the amounts of snow that fall, even if pre-

cipitation volumes do not change significantly. Because

snow-to-rain shifts replace a more efficient recharge agent

(snowmelt) with a less efficient recharge agent (rainfall),

such shifts have the potential to drive declines in the effi-

ciency of groundwater recharge in snow-dominated areas.

With additional warming, ET is generally expected to

increase, so overall outflows of water, including recharge,

may be expected to decline in many settings while also

making the unsaturated-zone barrier to recharge even stee-

per. However, whether these increased potentials for ET

will directly sap the outflows most crucial to recharge

remains uncertain because the greatest increases in evapora-

tive demands will likely be in the warm season, while most

(snowfed) recharge probably happens in the spring season

before the warmest temperatures of summer.

Globally, a number of mountainous regions receive

large parts of their precipitation as snow (Barnett et al.

). Where large fractions of that snowfall occur at temp-

eratures near and below freezing, modest warming may

yield large changes in precipitation form that, in turn, may

affect recharge totals. Such regions may be more susceptible

to early effects of global-scale warming because only minor

warming would be necessary to yield storms that histori-

cally might have been mostly below freezing (allowing

snow to fall) but that now might be mostly above freezing

(making rain more likely to fall). Such areas have been

mapped at reconnaissance levels in North America by

Dettinger & Culberson () (see also Bales et al. )
using gridded daily historical temperatures and precipitation

data from Maurer et al. (). The delineations of these

regions has been confirmed over North America, with the

same data sets and analyses as in the global analysis that fol-

lows, using monthly precipitation and temperature fields

from the PRISM gridded climate data sets (Daly et al. 

and updates thereto). A global reconnaissance analysis to

identify regions that might be most susceptible to snow-to-

rain transitions of significant fractions of overall precipitation

with a hypothetical uniform þ5 �C warming is shown in

Figure 2. Regions with the largest fractions of historical pre-

cipitation in the vulnerable temperature range (shaded with

the warmest colors in Figure 2) include broad areas around

the Himalayan Plateau, the Sierra Nevada and Cascade

Range of the western USA, the central and southern

Andes of South America, the South Island of New Zealand,

Patagonia, and mountainous regions of Turkey, Iran and

Afghanistan. These are regions in which historically snow-

melt-fed groundwater recharge may be most vulnerable to

warming trends in the 21st century.

However, even under these circumstances, it is not cer-

tain that total recharge will decline. In the western USA,

most snow falls in mountainous areas, and water that does

not recharge the mountain aquifers beneath the snowfields

can run into adjacent basins, where seepage from streambeds

can be an important recharge mechanism. If the ‘in-place’

recharge beneath the snowfield in the mountains declines

due to a snow-to-rain shift, some of the water not recharged

might instead become increased streamflow out of the moun-

tains and onto adjacent basins. Under these circumstances,

recharge through streambeds in basins might be increased.

In such a scenario, although mountain recharge might

decline and the recharge locations change, the recharge

totals (to the combination of mountain and basin aquifers)

might not change or might change in ways that are difficult

to predict. Alternatively, in many mountain settings, water

not recharged may remain in thick unsaturated zones until

it is evaporated or transpired at some later date, which

would result in overall recharge declines.

General considerations

The vulnerability of specific groundwater systems to these

various climatic influences will depend on non climatic
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factors. Less extensive, volumetrically smaller aquifers may

show climate-change influences more quickly than larger

aquifers. Aquifers in arid to semi-arid settings may be

more vulnerable to changes than aquifers in more humid

environs. As indicated, snowfed aquifers may be more

prone to warming influences than other aquifers.

There is no single answer to the question of how climate

change will influence groundwater flow systems. Different

systems, and even different components and locations

within a single groundwater system, will respond to climate

changes in distinct ways. As a consequence, more obser-

vation and research into the historical linkages between

climate and groundwater hydrology, in many different set-

tings, is needed. No single groundwater model is likely to

be well suited for all geographic and hydrologic settings,

and consequently a variety of modeling and predictive

approaches may be needed to synthesize the observations

and research into actionable predictions of climate-change

impacts on groundwater systems.
IMPACTS OF GROUNDWATER CHANGE ON
SURFACE WATER

Contributions of groundwater to surface-water flows may

prove to be among the most vulnerable to climate change

in many settings. It is widely recognized that stream base-

flow (the water still flowing in a stream during the low-

flow period of the year) results from groundwater inflows

to the stream channel (Viessman et al. ). Less well

known thus far, though, is the fact that studies using chemi-

cal and/or isotopic hydrograph separation methods have

shown that, in many systems, groundwater inflow is a

major contributor (on the order of 25–75%) to streamflow

even during peak flow periods like storms and snowmelt

seasons (Genereux & Hooper ). Major contributions

of groundwater to peak flows occur even in mountain catch-

ments composed of crystalline rock (Genereux & Hooper

; Soulsby et al. ), although such drainages have

often been assumed to be impermeable in streamflow

models.

Because of the nonlinear nature of groundwater-stream

interactions, the impact of changes in groundwater systems

on streamflow is rarely a simple 1:1 relationship (Figure 3).
Most streams that receive groundwater inflow are shallow

compared to the thickness of the aquifers that supply the

inflow. As a result, streams typically receive their inflows

only from the uppermost parts of the contributing aquifers.

When declines in groundwater recharge or storage cause

water tables to drop, those declines most immediately

affect the water table or uppermost limits of the aquifers,

which are the parts of the aquifer that contribute to stream-

flow. As a result, relatively small reductions in recharge and

groundwater storage, resulting in relatively modest declines

in water-table altitudes, can translate into significant

declines in groundwater contributions to streamflow. Con-

versely, increased recharge can lead rapidly to increased

streamflows.

An example of the disproportionate relationship

between changes in groundwater storage and resulting

changes in streamflow comes from the Republican River

basin in the central Great Plains of Kansas and Nebraska

(USA). By comparing flows in that basin from 1950–1964

with those in 1986–2000, Knox () has shown that

declines in groundwater storage (caused primarily by

pumping for irrigation) of about 3–5% (Alley ) have

led to declines in stream baseflow of approximately 31%

and declines in total streamflow of approximately 35%.

Monthly mean values for precipitation and temperature

in southwestern Nebraska (a major part of the Republican

River basin) during the two periods considered showed no

significant difference (using Kruskal–Wallis tests), verifying

that differences in temperature and/or precipitation were

not responsible for the decline in streamflow.

In terms of overall water supplies, declines in stream-

flow due to climate change (Figure 4) may force changes

in reservoir management that might, in turn, affect the

amounts of water supplied for direct consumption or irriga-

tion. Such changes in surface-water supplies may result in

more pumpage and reliance on groundwater supplies. In set-

tings where mountain recharge declines as a result of being

effectively shunted into streams flowing from mountains

(e.g. the previous section), the additional streamflow is

likely to occur during the seasons (and intervals) when

water is already plentiful. As a result, such streams may

become more prone to brief, high peak flows, than they

were under the historically moderating influences of ground-

water inflow. Where surface-water storage is plentiful, this



Figure 3 | When groundwater contributes to streamflow, the relationship between change in aquifer storage and inflow to the stream is not necessarily straightforward. Aquifers

that contribute to streams are often shown in conceptual diagrams as being only moderately thicker than the stream depth (A). In such a system, a change in aquifer

storage may yield a change in the groundwater contribution to streamflow of similar proportion (e.g. a 10% decrease in groundwater storage would lead to a change in

groundwater contribution to a streamflow of ∼10%). If the ‘textbook’ (thin relative to stream thickness) aquifer shown in (A) had its saturated thickness reduced by 5% (B), the

aquifer could still contribute a significant amount of water to the stream (C). In reality, many aquifers that contribute to streamflow have saturated thicknesses far

greater than the stream depth (D). In these systems, relatively small changes in groundwater storage can lead to relatively large changes in groundwater contribution to

streamflow because the changes will be manifested in the uppermost portion of the aquifer, where the stream-aquifer interface is present. In this conceptual

system, a decrease in saturated thickness of 5% (E) is enough to lower the water table below the streambed (F), causing a total loss of groundwater contribution to

streamflow.
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situation may not be too problematic but, in general, ten-

dencies for briefer high flows would be expected to make

management of surface-water supplies more difficult.

Finally, many ecosystems may be vulnerable to changes

in the groundwater – surface-water relations that support

them. Spring, wetland, riparian and estuary ecosystems are

all quite responsive to natural fluctuations in flows to and

through them, on time scales from hours to decades (e.g.

Sada et al. ; Kimmerer ). If, in response to climate

change, the partitioning of streamflow sources between

faster, shorter duration surface-runoff sources and slower,

longer duration groundwater-baseflow sources changes, the

impacts on ecosystems may be profound.
CLIMATE CHANGE AND WATER QUALITY

Climate change may also impact groundwater quality. In

addition, even if no changes in groundwater quality occurs

under a changed climate, changes in the amounts of ground-

water entering other water systems may change the quality

of those receiving waters (Figure 4).

Because precipitation is chemically dilute, the majority

of the dissolved material in most aquifers used for human

water supplies derives from water-rock interactions in the

subsurface. Mixing with high-salinity water from other

sources and evaporative concentration of dilute waters are

other mechanisms for increasing salinity. If climate change



Figure 4 | Conceptual diagram illustrating major relationships between climate factors and various aspects of the water cycle.
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alters the amount of time for, or the chemical conditions

during, water-rock interaction, it could cause degradation

in groundwater quality. Similarly, changes in the rates of

evaporation or saline-water inflows into less-salty aquifers

could also cause groundwater quality to suffer. Reduced

hydraulic gradients resulting from reductions in ground-

water recharge could lead to longer residence times in

aquifers; increased residence time allows greater water-

rock interaction and typically leads to increased levels of sal-

inity (Hem ; Kayane ).

Because reduced recharge could lead to increased

groundwater salinity, it might seem that increased recharge

would necessarily yield higher-quality groundwater. How-

ever, increased recharge can also result in increased

salinity, albeit for different reasons. Increased recharge

could cause increased flushing of salts from the unsaturated

zone (Sugita & Nakane ), which in turn might increase

groundwater salinity. Of particular concern in this regard is

nitrate, the consumption of which can cause methemoglobi-

nemia. While nitrate is susceptible to increased leaching in

many different climate zones (Sugita & Nakane ),

nitrate leaching may prove to be especially problematic in

arid areas where large reservoirs of nitrate accumulate in

unsaturated zones by natural processes (Walvoord et al.

; Graham et al. ).
Declines in groundwater storage (and the associated fall-

ing groundwater levels) resulting from reductions in recharge

and/or increases in pumpage would be expected to result

in smaller groundwater contributions to streamflow. A

common impact of decreased baseflow in streams is

increased streamwater temperature, because groundwater

in many settings is cooler than water than has traveled over

land to (and through) stream channels.Warmer stream temp-

eratures may have significant impacts on species viability

(Coutant ; Wissmar et al. ). In contrast, where

recharge increases, greater groundwater contributions to

streams are unlikely to cause temperature stress among exist-

ing biota. Streamwater chemical quality may also be changed

if groundwater contributions to streams change in response

to climate, although the overall effect will depend on the rela-

tive qualities of groundwater and stream water.

Globally, sea levels have risen by about 22 cm in the

20th century. Sea levels are expected to continue to rise,

probably increasingly rapidly, in response to global warm-

ing, as ocean waters warm and expand and major

icesheets melt into the seas (Rahmstorf ). In coastal

areas, these higher sea levels are likely to increase the poten-

tial for intrusion of ocean water into freshwater aquifers,

thus threatening to increase groundwater salinity (Sherif &

Singh ; Ranjan et al. ). Such sea-level-driven threats
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to groundwater salinity may either be exacerbated by cli-

mate-driven declines in recharge rates elsewhere in the

basins, or ameliorated by increases in recharge. Even sali-

nities in aquifers far removed from oceans may be affected

by climate change if reductions in recharge or increases in

pumpage of freshwater aquifers causes upwelling of saline

water from surrounding formations (Chen et al. ).

Conversely, changes in groundwater quantity and qual-

ity also influence ocean chemistry, especially near coasts

(Loaiciga ). Although the volume of groundwater dis-

charge to the oceans is only about 6% of streamflow

discharge into the oceans, groundwater’s annual salt input

to the oceans is about 30% of the amount contributed by

streamflow (Loaiciga ). Changes in the quality of

groundwater could thus alter near-coast ocean chemistry

and nutrient cycling (Loaiciga ). Changes in sea level

and groundwater levels could change the volume of ground-

water discharging to the oceans by altering the magnitude

and/or direction of the hydraulic gradient between aquifers

and oceans.
PREDICTING CLIMATE-CHANGE IMPACTS ON
GROUNDWATER SYSTEMS

Methods for prediction and associated strengths/

weaknesses

The few available predictions of the impacts of climate

change on groundwater systems have relied on numerical

models, which are typically calibrated to historical data and

then run using climate projections as input (e.g. Croley &

Luukkonen ; Brouyère et al. ). In other cases, his-

torical data are used in conjunction with climate records to

determine how past changes in climate have affected ground-

water systems (e.g. Chen et al. ; Piggott et al. ;

Ferguson & St. George ; Gurdak et al. ; Person

et al. ). Another approach involves adding spatially dis-

tributed information about water scarcity and degree of

dependence on groundwater to a model of climate-recharge

relations, yielding areal estimates of vulnerability to climate

change impacts on groundwater systems (Döll ).

To parameterize future climate, some studies

have imposed specific and, usually, uniform changes in
temperature and precipitation to the groundwater-system

models (e.g. Loáiciga ) so that, for example, historical

temperatures are increased by 2 �C and precipitation by

10% for a given simulation experiment. Other studies use

more temporally and spatially detailed downscaled climate

simulations from general circulation models (GCMs) of

climate responses to increasing greenhouse-gas concen-

trations in the atmosphere (e.g. Rosenberg et al. ;

Thomson et al. ; Scibek & Allen ; Scibek et al.

). Although use of GCM-based climate projections

appears more rigorous on the surface, imposed-change simu-

lations can be designed to reflect mean annual changes from

the same GCM outputs.

In addition, significant differences exist between climate-

change scenarios derived from different GCMs, or from the

same model’s responses to the various possible scenarios of

future greenhouse-gas emissions (e.g. Herrera-Pantoja &

Hiscock ). Thus, the particular combination of GCM

used and emissions scenario assumed has a major impact

on the changes simulated by a groundwater model (Rosen-

berg et al. ; Malcom & Soulsby ; Croley &

Luukkonen ). Consequently, impact studies (especially

for surface-water systems) generally analyze impacts simu-

lated from several GCMs and a range of emissions

scenarios. One example of these issues is a study that used

output from two GCMs to evaluate possible changes in

groundwater recharge in Lansing, MI (USA). Using one

GCM, a 20% decrease in recharge was predicted, but the

results using the second GCM suggested recharge would

increase by 4% (Croley & Luukkonen ). In studies of sur-

face-water impacts, such differences are increasingly being

accommodated by analyzing larger collections of climate-

change projections in order to provide bases for identifying

the responses that are most commonly suggested regardless

of the climate-change projections used (e.g. Chiew et al.

). Such assessment strategies can provide groundwater

managers with a better understanding of the full range of pos-

sibilities that they may face. Notably, though, among current

GCMs, the contributions or feedbacks of groundwater sys-

tems into climate are only cursorily represented. Ideally,

future generations of GCMs will be improved with better

representations of the slowly evolving influences that ground-

water systems and, especially, groundwater discharges may

have on the surface hydrology and surface-energy fluxes
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that affect climates over land surfaces (Committee on

Hydrologic Science ).

Even if GCM projections of future climate were unani-

mous and certain, major hurdles will still need to be

overcome with regard to using climate projections to accu-

rately estimate changes in groundwater systems. Current

groundwater models typically estimate distributed (as

opposed to stream-channel bottom) groundwater recharge

as a specified, calibrated fraction of total precipitation

(Anderson & Woessner b), without regard for the

myriad factors that can influence recharge. Accurate

models of groundwater conditions under climate change

will generally need to be run in transient mode, as the chan-

ging inputs and outputs will be the focus of most

assessments. Specific yield of an aquifer can be difficult to

quantify accurately, but it is a property that has a tremen-

dous impact on transient aquifer responses to changing

stresses (Howard & Griffith ). Indeed, little modeling

or monitoring experience exists that could be used to dictate

how the cascades of change that will be brought about by

warming (e.g. changes in transpiration, changes in pumping

because of increased water demand) will influence ground-

water recharge in a simulation model.

Until very recently, groundwater models have typically

been designed and run as standalone systems, uncoupled

with surface phenomena. Thus, changes in groundwater

recharge, flow and discharge have typically been modeled

without much consideration of changing climatic or

vadose zone conditions (Markstrom et al. ). The

recent development of coupled groundwater – surface-

water models (e.g. GSFLOW (Markstrom et al. )) incor-

porating interactions between surface runoff, flow in the

unsaturated zone, ET and groundwater offers avenues

through which this weakness may be addressed.

Another difficulty in simulating climate-change impacts

on groundwater systems is that GCMs and groundwater

models tend to operate on significantly different spatial

and temporal scales (Hanson & Dettinger ). As a

result of all of these issues, coupling GCMs and groundwater

models remains difficult and largely experimental.

Given the fact that the relations between climate and

groundwater recharge are poorly understood (Heppner

et al. ), there is significant potential for groundwater

models, which typically are based on small, short-term
data sets, to yield misleading results. Post-audits of ground-

water models (comparison of the prediction made by a

model to the actual outcome) show that many apparently

well-calibrated models have not provided good predictions

of future conditions (Konikow ; Anderson & Woessner

a), even in the absence of rapid climate change.

There are many reasons for these failures, but we will

focus on two of the major causes: use of an inappropriate

conceptual model and the lack of an appropriate cali-

bration data set. Conceptual models that are

inappropriate to the system being modeled may be

chosen for two main reasons. First, even where a large

observational data set is available for use in conceptual

model development, historical data can often be inter-

preted to support more than one conceptual model, even

though the different conceptual models will yield different

predictions of future conditions (Bredehoeft ). Second,

if existing data are insufficient, a seemingly valid concep-

tual model can be developed. Data collected after a

conceptual model has been formulated often discredits

the original conceptual model, a phenomenon referred to

by Bredehoeft () as ‘surprise’. Given that long-term

observations of recharge are extremely rare, accurate fram-

ing of a conceptual model for a groundwater system and,

more specifically, how recharge will respond to climatic

change is difficult.

The shortness of most existing groundwater data sets

also introduces uncertainty and errors into predictive

models. In hydrologic modeling, a numerical model is con-

sidered to be ‘calibrated’ if its predictions match historical

observations and, once calibrated, a model is typically

assumed to be useful for predictions of future behavior,

regardless of the time scale. In petroleum reservoir engineer-

ing, the term ‘history matching’ is used rather than

calibration, and the ability of a model to predict future be-

havior without significant uncertainty is considered to be

limited to the length of the history being matched (i.e. a

5-year history match allows good predictions no longer

than 5 years into the future) (Bredehoeft ). Under this

rule of thumb, given the typically short-term data sets used

for groundwater-model calibrations, most models would

not be considered adequate for predictions on the multi-

decade and centennial time scales of climate change

(Konikow & Person ).
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Predictions

Nonetheless, modeling of future impacts, including ground-

water impacts, is becoming more common as concerns

increase regarding climate-change impacts on hydrologic

systems. Predictions of climate-change impacts on ground-

water systems differ from place to place, and model to

model, depending on a number of factors. In some settings,

increases in groundwater recharge are projected (e.g. van

Roosmalen et al. ) while, in others, declines are pro-

jected (e.g. Younger et al. ; Brouyère et al. ).

Recharge cannot be expected to change in the same way

everywhere, but do these differing projections reflect only

geographic differences? As discussed above, some of the

differences may result from geographic differences or uncer-

tainties regarding future climate conditions. As importantly,

differences between predictions of future groundwater con-

ditions may also reflect differences in the kinds of climatic

variables and other processes and variables that the ground-

water models incorporate or simulate. For instance, even

under uniform changes in precipitation, areas with different

soil characteristics can yield different groundwater

responses (van Roosmalen et al. ).

Because of the importance of snowmelt to recharge in

many parts of the world, a prediction of future recharge

based solely on changes in precipitation amount without

examining precipitation type could very poorly predict

future recharge rates. Another potential source of projection

error may be the highly nonlinear relations between pre-

cipitation and recharge, which ensure that changes in

precipitation can cause disproportionate changes in

recharge. Large geographic and scenario-to-scenario differ-

ences are to be expected. Two examples that allow such

comparisons are a study by Sandström () in which a

model for a site in semi-arid Tanzania yielded a 50% decline

in groundwater recharge in response to a 15% decline in pre-

cipitation, while a study by Green et al. () for a range of

climatic zones predicted increases in recharge ranging from

74 to 509% resulting from a 37% increase in precipitation.

Thus it is vital that evaluations of climate-change vulnerabil-

ities among groundwater systems be judged in the context of

the particular processes and settings being modeled. Not all

models, nor all scenario descriptions, will be equally valid

or intercomparable for a given groundwater system.
MONITORING

Given these uncertainties and challenges concerning model-

ing approaches, monitoring of nearly all aspects of

groundwater systems has become all the more necessary.

Only by extending the lengths of records of groundwater

levels, storage and quality can we begin to develop valid

conceptual and numerical models, and to truly evaluate

those models and concepts on time scales relevant to the cli-

mate-change problem. Only by availing ourselves of new

monitoring methodologies that allow us to track variations

in recharge and discharge on a full range of time scales

can we improve and eventually validate the ways that we

represent those variations in groundwater models and bud-

gets. New hydraulic, geophysical, geochemical and even

biological approaches have been developed in the past few

decades that allow us to directly and indirectly measure

time-varying recharge and discharge in ways that were not

previously possible (Earman & Dettinger ). These meth-

odologies should be considered for widespread and long-

term deployment as monitoring networks that allow us to

track changes that will impact groundwater storage and

quality, whereas nearly all existing monitoring networks

(based solely on observations of groundwater levels and

chemical variations, e.g. Weider & Boutt ()) only

measure changes in groundwater storage and quality that

have already happened. Under a rapidly changing climate,

the existing approach leaves our resources and management

strategies vulnerable to being outstripped by changing times.

In many developing nations with populations highly depen-

dent on groundwater, there are even fewer data on water

resources, making the need particularly dire (Taylor et al.

).

Historically most groundwater monitoring networks

have focused on aquifers (and sections within aquifers)

that have been most immediately impacted by pumpage.

In order to prepare for potential climate-change influences

on groundwater systems, a greater attention to conditions

nearer recharge and natural discharge areas may be war-

ranted (e.g. as in http://groundwaterwatch.usgs.gov/Net/

OGWNetwork.asp?ncd=crn). Much of our lack of quanti-

tative understanding of how climate influences recharge

stems from our too-common lack of observational attention

to recharge areas and to aquifers under natural conditions.

http://groundwaterwatch.usgs.gov/Net/OGWNetwork.asp?ncd=crn
http://groundwaterwatch.usgs.gov/Net/OGWNetwork.asp?ncd=crn
http://groundwaterwatch.usgs.gov/Net/OGWNetwork.asp?ncd=crn


Figure 5 | Conceptual diagram illustrating various methods that can be used to estimate recharge magnitude (left circle) and recharge change (right circle).

225 S. Earman & M. Dettinger | Potential impacts of climate change on groundwater resources Journal of Water and Climate Change | 02.4 | 2011
Estimation of natural recharge rates has always been a

difficult task because of its frequently dispersed and subter-

ranean occurrence (Hogan et al. ). Most basin-scale

recharge estimates have been derived by calibration of var-

ious local- to basin-scale water budgets or flow models,

which is to say that recharge estimates are frequently

derived as residuals obtained once other, more readily

measured water budget elements have been determined.

Uncertainties are thus typically large (de Vries & Simmers,

; Sophocleous ). However, in the context of poten-

tial climate-change impacts on recharge, the question may

be different. In this context, the most pressing question is

not necessarily ‘how much overall recharge has occurred’

but rather ‘to what extent are recharge rates changing?’.

Depending on the methods used, some estimates of recharge

variability and trends can be obtained and couched as per-

centages of the long-term averages, even if those long-term

averages are not known. The distinction between estimating

absolute recharge volumes and relative recharge changes is

important because, although options for measuring recharge

in absolute terms are limited, a number of different strategies

for measuring frequencies, magnitudes and percentage con-

tributions of recharge events, mechanisms and changes have

been developed in recent decades (Figure 5).

A recent review of options for detecting recharge change

in California and Nevada (USA) discussed and compared

widely differing hydraulic, geophysical, geochemical and

biological methods for monitoring recharge variability and

change (Earman & Dettinger ). Because accurate depic-

tions of the influences of climate variability and change on

recharge rates are absent or limited in many groundwater
models, monitoring is the only immediate option for recog-

nizing such changes if they occur. As we have more

methods and options for monitoring recharge variability

than directly measuring absolute recharge rates at basin or

aquifer scales, the immediate focus may best be placed on

monitoring recharge variation (Figure 5).
SUMMARY

Groundwater resources in different regions and aquiferswill be

affected by climate change in many different and differing

ways. Even at the scale of a particular aquifer, major uncertain-

ties exist regarding how climate may affect recharge, storage

and discharge. These uncertainties result from uncertainties

in projections of future climate, as well as from difficulties

inherent in modeling the complex string of processes that can

affect groundwater recharge, storage and discharge, and the

fact that it is difficult to estimate groundwater recharge on a

regional scale, even assuming unchanged climate conditions.

Although difficulties and uncertainties exist with regard

to predictions, groundwater is a resource of vital impor-

tance, so a deeper understanding of how regional and

local climate changes could affect groundwater systems is

essential to proper water-resources management. This situ-

ation will require long-term observations of the interaction

between climate and groundwater recharge, storage and dis-

charge, as well as the development and testing of models

that more completely represent both the long- and short-

term connections between climate and groundwater, both

in terms of water balances and water quality. Under
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changing climate conditions, sustained and regular monitor-

ing targeted at the responses of groundwater systems to

climate is becoming all the more crucial. The resulting

improvements in understanding the potential impacts of cli-

mate change on groundwater should help groundwater

managers to identify and design adaptation options, includ-

ing managed aquifer recharge and conjunctive use

programs, appropriate for their particular systems. Beyond

this factor, groundwater and groundwater vulnerabilities

need to be included in water-resources management and

in climate-change assessments more generally.
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