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a b s t r a c t

Six review articles published between 2011 and 2016 on groundwater and climate change are briefly
summarized. This synopsis focuses on aspects related to predicting changes to groundwater recharge
conditions, with several common conclusions between the review articles being noted. The uncertainty
of distribution and trend in future precipitation from General Circulation Models (GCMs) results in vary-
ing predictions of recharge, so much so that modelling studies are often not able to predict the magnitude
and direction (increase or decrease) of future recharge conditions. Evolution of modelling approaches has
led to the use of multiple GCMs and hydrologic models to create an envelope of future conditions that
reflects the probability distribution. The choice of hydrologic model structure and complexity, and the
choice of emissions scenario, has been investigated and somewhat resolved; however, recharge results
remain sensitive to downscaling methods. To overcome uncertainty and provide practical use in water
management, the research community indicates that modelling at a mesoscale, somewhere between
watersheds and continents, is likely ideal. Improvements are also suggested for incorporating groundwa-
ter processes within GCMs.
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1. Background

Groundwater recharge is the result of an intricate relationship
between energy and moisture occurring in the critical zone
between the atmosphere and subsurface. The recharge process
governs downward fluid flux across the water table, and relates

the climate, vegetation, and subsurface characteristics for a given
area. Thus, an understanding of the recharge process, including
rates, timing and location, is important for hydrogeological charac-
terization and groundwater resource assessment. However,
recharge is challenging to measure directly (Scanlon et al., 2002),
leading to an inherent uncertainty when trying to develop aquifer
budgets, investigate groundwater vulnerability and migration of
nutrients, and determine the impact of changes in land cover and
climate.
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Global climate change – the alteration of long-term climate pat-
terns – will have an impact on ecosystems, economies and commu-
nities. The Intergovernmental Panel on Climate Change (IPCC)
acknowledged that groundwater use will increase as a result of
the declining availability of surface water and increased global
water consumption (IPCC, 2007). Arguably, uncertainty of the
recharge process will be compounded with uncertainty associated
with predicting future climate scenarios. The IPCC Fourth Assess-
ment Report identified a gap in the knowledge of the impact of cli-
mate change on groundwater resources (Kundzewicz et al., 2007)
that triggered new work on climate change and groundwater.
The results of several studies emerged in peer-reviewed hydrologic
journals beginning in about 2009, with scientific reviews on the
topic published between 2011 and 2016. The paucity of groundwa-
ter and climate change research drove a significant increase in
publications following the IPCC Fourth Assessment Report.

The aim of this short paper is to provide a synopsis of recent
review articles pertaining to groundwater and climate change,
with a focus on predicting changes to recharge conditions. Six arti-
cles are identified, which provide a comprehensive coverage of
groundwater and climate change. Each of these articles has a thor-
ough review of the science, processes and case studies related to
climate change and groundwater recharge. This synopsis does
not aim to replicate these excellent review articles, but rather to
provide an overview and context for the Special Issue on Aquifers
Recharge. The articles identified in this synopsis contain extensive
reference lists on groundwater and climate change.

2. Reviews of groundwater and climate change

2.1. Green et al. (2011)

The first comprehensive review of processes relating climate
change and groundwater was by Green et al. (2011), who described
the challenge of understanding and predicting a number of inter-
related variables in space and time. This review provided an
account of growing interest in the subject following the IPCC
Fourth Assessment Report, an examination of General Circulation
Models (GCMs) and future projections, and a very thorough
description of groundwater processes. The review also docu-
mented many observational techniques spanning isotopic, geo-
chemical, geophysical and remote sensing methods that could be
useful in observing large-scale changes in groundwater.

Green et al. (2011) described several of the first studies that
attempted to quantitatively link climate (or weather) models with
hydrologic models. The authors noted that numerical models are
essential to develop an understanding of system dynamics and
simulate realistic responses of groundwater conditions. From
approximately 2000–2009, the complexity of modelling increased
to represent coupled processes and the growing realization that
multiple GCMs were needed due to their varying predictions. Argu-
ably, this trend of increasing complexity has continued to the pre-
sent day. The review identified that different modelling approaches
required further investigation for applicability to climate change.
Semi-distributed or lumped models provide efficiency for large
regions aligned with the same scale as GCMs, while deterministic
distributed models might better honour localized features. The
authors noted that future projections of climate and interaction
with groundwater are required at the scale of application, some-
where between global and local scales.

2.2. Taylor et al. (2013)

The global review by Taylor et al. (2013) integrated the under-
standing of direct and indirect impacts of climate on groundwater,

and examined specifically how future climate scenarios are repre-
sented using GCMs. This review confirms that the relationship
between climate and groundwater is complex, with different feed-
back mechanisms occurring in different parts of the world. The role
of vegetation is shown to be paramount for the recharge process,
where change in precipitation could be accommodated by natural
adjustment in evapotranspiration in some cases. Another example
of intricate feedback is the anticipated shift in mountain hydro-
logic cycles, where changes in the timing of snowpack melt will
result in potentially longer and lower low-flow periods for streams
and rivers. In-turn, change in mountain hydrologic cycles will have
an effect on adjacent valley aquifer systems.

Taylor et al. (2013) found that groundwater studies utilizing
GCMs have heeded the advice of Holman et al. (2012), whereby
multiple GCMs are used to develop an envelope of future climate
conditions. However, the review also noted that the land surface
modelling component of climate modelling typically neglected
groundwater. In this regard, the climate modelling community
has not connected the atmosphere dynamically with the subsur-
face, especially to account for lateral movement of groundwater.
Taylor et al. (2013) described that many studies show a strong con-
nection between the atmosphere and groundwater where water
table depths are less than 7 m, which has opened up research in
this ‘critical zone’ where groundwater may have influence on
land-energy fluxes. The review echoes the common opinion that
when used for future climate scenarios, the dominant source of
uncertainty was found to be the projections of derived from GCMs.

In looking forward, Taylor et al. (2013) reiterate the expected
future demand for groundwater since it can enhance resilience of
water supplies under a changing climate. The authors noted that
attaining sustainable goals will rely on innovative management
approaches and groundwater observations. Generally, the lack of
groundwater observations not only makes it difficult to inform
management decisions, but also limits the scientific understanding
and evaluation of climate and hydrologic simulation models. The
review identified groundwater storage as a global knowledge
gap, which varies regionally and underpins local response to cli-
mate change.

2.3. Meixner et al. (2016)

One of the most recent reviews about groundwater and climate
change is the assessment of eight representative aquifer systems
across the western United States by Meixner et al. (2016). This sig-
nificant body of work brought together the conceptual understand-
ing and estimation of future recharge conditions by considering
how changes in temperature and precipitation would likely change
recharge. By reviewing recharge mechanisms and structuring a
systematic approach to present future scenarios, Meixner et al.
(2016) offer a way to bridge the spatial gap between the global
process of climate change and more localized impact to specific
aquifer systems. This review found that there were limited studies
where climate projections have been quantitatively coupled with
recharge estimation (e.g. using numerical models), and that
model-based projections were only available for four of the eight
aquifer systems for the western United States. The review identi-
fied that the most significant change will be decreasing snowpack
and the long-term (transient) response of mountain system
recharge, which will have an impact on lower elevation valley
aquifer systems. Using the eight regional aquifer systems,
Meixner et al. (2016) demonstrated that the greatest challenge in
estimating future recharge is associated with the difficulty predict-
ing changes to the frequency and intensity of precipitation. The
authors concluded that there is a need for climate models that
quantitatively integrate future climate with recharge mechanisms
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