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Abstract Cold groundwater discharge to streams and rivers can provide critical thermal refuge for
threatened salmonids and other aquatic species during warm summer periods. Climate change may influ-
ence groundwater temperature and flow rates, which may in turn impact riverine ecosystems. This study
evaluates the potential impact of climate change on the timing, magnitude, and temperature of ground-
water discharge from small, unconfined aquifers that undergo seasonal freezing and thawing. Seven down-
scaled climate scenarios for 2046–2065 were utilized to drive surficial water and energy balance models
(HELP3 and ForHyM2) to obtain future projections for daily ground surface temperature and groundwater
recharge. These future surface conditions were then applied as boundary conditions to drive subsurface
simulations of variably saturated groundwater flow and energy transport. The subsurface simulations were
performed with the U.S. Geological Survey finite element model SUTRA that was recently modified to
include the dynamic freeze-thaw process. The SUTRA simulations indicate a potential rise in the magnitude
(up to 34%) and temperature (up to 3.6�C) of groundwater discharge to the adjacent river during the
summer months due to projected increases in air temperature and precipitation. The thermal response of
groundwater to climate change is shown to be strongly dependent on the aquifer dimensions. Thus, the
simulations demonstrate that the thermal sensitivity of aquifers and baseflow-dominated streams to deca-
dal climate change may be more complex than previously thought. Furthermore, the results indicate that
the probability of exceeding critical temperature thresholds within groundwater-sourced thermal refugia
may significantly increase under the most extreme climate scenarios.

1. Introduction

Spatially discrete groundwater discharge can induce riverine thermal heterogeneity and thereby create
microhabitats for cold water fishes during high-temperature events [e.g., Ebersole et al., 2003; Torgersen
et al., 1999; Goniea et al., 2006; Torgersen et al., 2012]. These cold water plumes, known as thermal refugia,
enable fish to survive in river reaches that would otherwise be thermally uninhabitable [Sutton et al., 2007].
Thermal refugia generated by groundwater discharge from adjacent/underlying aquifers have been
observed at geographically diverse locations and for various aquatic species [e.g., Bilby, 1984; Nielsen et al.,
1994; Biro, 1998; Olsen and Young, 2009; Befus et al., 2013; Briggs et al., 2013; Bunt et al., 2013; Dugdale et al.,
2013]. Furthermore, the thermal regimes of shallow, unconfined aquifers are of ecological importance
because diffuse groundwater discharge can buffer seasonal or diel variability in ambient river water temper-
atures [Hayashi and Rosenberry, 2002; Story et al., 2003; Caissie, 2006]. Buffering occurs because groundwater
temperature exhibits less seasonal variability than surface water temperature due to the heat capacity of
the overlying soil and the insulation from solar radiation [Bonan, 2008].

Global climate models (GCMs) project significant shifts in global and regional air temperature (AT) and pre-
cipitation regimes [Meehl et al., 2007a, 2007b]. These changing meteorological conditions will likely result in
rising surface water temperatures and a corresponding loss of habitat for cold water fish species [Chu et al.,
2005; Webb et al., 2008; Jonsson and Jonsson, 2009; van Vliet et al., 2011, 2013; Wu et al., 2012; Moore et al.,
2013; Jones et al., 2013]. The increased thermal stress on lotic ecosystems is expected to magnify salmonid
reliance on groundwater-sourced thermal refugia [Brewer, 2013], particularly at the lower elevational or lati-
tudinal limits of their distributions. Several researchers have acknowledged the need for further studies
investigating the influence of climate change on groundwater temperature and/or groundwater discharge
rates [e.g., Mohseni et al., 2003; Chu et al., 2008; Mayer, 2012]. Kanno et al. [2013] noted that the ‘‘spatial
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variability in resiliency of groundwater temperature in response to air temperature is the critical missing
piece to assess climate change impacts on headwater stream fish accurately.’’

Research examining relationships between climate change and groundwater temperature and flow rates is
limited, and knowledge gaps remain. First, previous studies investigating the effects of climate change on
groundwater were primarily focused on groundwater resources, largely ignoring subsurface thermal
response to climate change [see reviews by Green et al., 2011; Taylor et al., 2013; Kurylyk and MacQuarrie,
2013]. Second, most studies that have considered the thermal evolution of aquifers due to future climate
change employed simplified one-dimensional analytical solutions to conduction-advection heat transport
equations [e.g., Gunawardhana et al., 2011; Kurylyk and MacQuarrie, 2014]. One-dimensional solutions have
limited ability to simulate groundwater flow and heat transport in shallow aquifers, because both thermal
and hydraulic processes are typically multidimensional. Also, existing analytical solutions to the conduction-
advection equation that consider climate change influence on groundwater temperature ignore seasonal
changes in surface and subsurface temperature. Other analytical solution studies have assumed that con-
duction is the only significant heat transport process controlling the thermal response of groundwater to
climate change [e.g., Taylor and Stefan, 2009]; however, heat advection due to groundwater flow can signifi-
cantly perturb the conductive thermal regime in some subsurface environments [Woodbury and Smith,
1985]. Third, the few climate change-groundwater temperature studies that have utilized multidimensional
models were focused on relationships between permafrost degradation and aquifer reactivation [e.g., Bense
et al., 2009; Painter, 2011; Frampton et al., 2013; McKenzie and Voss, 2013]. These were conducted for high
latitude/altitude climates and did not detail effects of aquifer warming on riverine ecosystems. Finally, previ-
ous studies typically employed simplified climate change scenarios (e.g., a linear increase in surface temper-
ature) rather than downscaled GCM output. Simplified scenarios may overlook complex relationships
between atmospheric climate change and groundwater temperature, such as the subsurface thermal influ-
ence of changing groundwater recharge patterns and snowpack evolution.

The objective of this paper is to investigate the influence of climate change on the characteristics of
groundwater discharge from shallow, unconfined aquifers to streams or rivers. In particular, we consider
changes to the timing, magnitude, and temperature of groundwater discharge.

The investigations are conducted in the context of the climate, hydrology, and hydrogeology of central
New Brunswick, Canada. The hydraulic and thermal sensitivities of unconfined aquifers to climate change
are simulated by driving surface energy and water balance models with downscaled climate model output
and then applying the output from these surface models as boundary conditions for a groundwater flow
and heat transport model. Unlike most previous studies, the groundwater discharge and temperature pro-
jections are investigated on both a mean annual and seasonal basis. The ecological implications are eval-
uated by considering simulated changes to the timing, magnitude, and temperature of groundwater
discharge in the context of existing thermal refugia conditions and previously established salmonid thermal
tolerances. Particular emphasis is placed on the summer period when the existence of thermal refugia can
be critical for riverine ecosystem complexity.

To our knowledge, this is the first study to utilize daily downscaled climate projections to investigate cli-
mate change impacts to aquifer thermal and hydraulic regimes. The study of future climate change impacts
is becoming increasingly multidisciplinary [Meehl et al., 2007a], and it is important that groundwater hydrol-
ogists also progress toward the integration of GCM simulations with groundwater flow and energy transport
modeling. Thus, we improve on the conventional practice of driving subsurface energy transport models
with climate trends that are only loosely derived from GCM output and align our methodology with river
temperature analysts who utilize actual downscaled GCM output. This contribution, which employs a
process-oriented groundwater flow and energy transport model, expands on a recent study that utilized an
empirical groundwater temperature model to investigate shallow groundwater temperature response to cli-
mate change [Kurylyk et al., 2013].

2. Site Description and Conceptual Model

The present study is focused on groundwater-sourced thermal refugia within the Miramichi River system
in New Brunswick, Canada, which is the largest producer of wild Atlantic salmon (Salmo salar) in North
America [Caissie et al., 2007]. In New Brunswick, summer river temperatures are currently approaching the
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critical threshold for salmonids [Breau et al., 2007; Cunjak et al., 2013], and discrete cold water plumes
formed by groundwater-surface water interactions have been shown to provide critical thermal refuge for
salmonids in the Miramichi River system [Cunjak et al., 2005; Breau et al., 2007, 2011; Monk et al., 2013].
The Little Southwest Miramichi River (LSW) is a fifth-order branch of the Miramichi River located in central
New Brunswick, Canada (Figure 1) that experiences a humid-continental climate characterized by arid,
cold winters [Cunjak et al., 1993]. Annual precipitation is 1230 mm, with �33% falling as snow [Environ-
ment Canada (EC), 2013]. The LSW is a relatively wide, shallow river with a width to depth ratio of �150.
Thus, it responds rapidly to summer radiation, with water temperatures occasionally exceeding 30�C.

An airborne infrared thermal survey of the LSW [Wilbur and Curry, 2011] identified numerous thermal
anomalies, including one on the south side of the LSW at the mouth of a cold, baseflow-dominated tribu-
tary (Otter Brook, N46 52 W66 02) and one on the north side of the LSW at a lateral groundwater seep (Fig-
ure 1). A thermal infrared image of the LSW and the thermal refugia at the groundwater seep and the
mouth of Otter Brook is included in supporting information (Figure fs01). These identified refugia are bio-
logically important. For example, the refuge at the mouth of Otter Brook (Figure 1) accommodated �6000
to10,000 juvenile Atlantic salmon simultaneously in July 2010 when LSW temperatures exceeded 30�C (Lin-
nansaari, UNB, personal communication, 2013). These field observations of unconfined, alluvial aquifers
generating thermal refugia form the motivation and conceptual models for the present study.

The unconfined aquifers that provide groundwater discharge to Otter Brook and the lateral groundwater
seep were conceptualized as being two-dimensional (cross sections) and homogeneous. The thermal and
hydraulic properties of the aquifers were derived from field observations of surface and subsurface condi-
tions in these catchments. The Otter Brook and groundwater seep deposits are primarily composed of
highly permeable glaciofluvial outwash sediments, varying from cross-bedded sand to thick-bedded coarse
gravel [Allard, 2008]. Aquifer hydraulic properties were established from grain size analyses conducted by
Allard [2008] in conjunction with the methodology proposed by Hazen [1911]. More details are provided in
the supporting information (text01).

Otter Brook 
 

(b) Study Location 

(a) New Brunswick, Canada 

Groundwater  
seep 
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Figure 1. Study site. (b–d) The locations of the Little Southwest Miramichi River, Otter Brook, and the groundwater seep are shown with
respect to their location in (a) New Brunswick, Canada (map data from NBADW [2011]). The coordinates for Otter Brook are N46 52 W66 02.
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Dimensions of the aquifers contributing to the groundwater seep and Otter Brook were estimated from a
digital elevation model [New Brunswick Aquatic Data Warehouse (NBADW), 2011] and/or GPR surveys [Allard,
2008]. Although Otter Brook diverges into two branches �650 m upstream of its mouth (Figure 1b), the
brook was conceptualized as a single symmetrical branch with an outwash deposit on either side. Section
A-A’ (Figure 1b) was chosen as the simulation cross section for the Otter Brook deposit because surface
water thermal surveys indicated significant groundwater discharge in this region. Because the Otter Brook
catchment is a marshy environment (Figure 1d), the depth of groundwater discharge to Otter Brook is near
the ground surface. The aquifer discharging to the groundwater seep is underlain by a gray clay aquitard
(Figure 1c) that forces the groundwater seep to discharge at an elevation above the LSW water surface. Due
to the steep vertical bank on the north side of the LSW, the depth of the seep discharge is on average 7 m
below the ground surface. These two distinct aquifer configurations were selected to investigate the influ-
ence of an aquifer’s dimensions on its hydraulic and thermal response to atmospheric climate change. The
idealized aquifers representing the hydrogeological units discharging to Otter Brook and the groundwater
seep are hereafter referred to as ‘‘Configuration 1’’ and ‘‘Configuration 2,’’ respectively. Our intent is not to
make definitive predictions regarding the future states of these two particular aquifers, but rather to assess
the sensitivity of representative, thermal refugia-generating aquifers to external climatic forcing.

3. Numerical Simulation Approach

The physical processes that generate groundwater-sourced thermal refugia and the associated overall mod-
eling sequence employed in the present study are depicted in Figure 2. Atmospheric processes drive
hydraulic and thermal exchanges across the ground surface, and these surface processes in turn control
subsurface conditions. The combined effects of these physical processes can be simulated in a sequential
manner by linking physically based models for the lower atmosphere, ground surface, and shallow subsur-
face (Figure 2). In the present study, surface simulations were performed independently of subsurface simu-
lations. The modeling processes shown in steps 2a, 2b, and 2c of Figure 2 are described in subsequent
sections.

3.1. Climate Data
Daily observed climate data (AT and precipitation) for 1961–2000 were obtained for the LSW region from
the EC adjusted and homogenized daily climate database [Environment Canada (EC), 2011]. These observed
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Figure 2. (left) The physical processes generating groundwater-sourced thermal refugia and (right) the associated modeling sequence. Cli-
mate data are utilized to drive surface simulations of the energy and water budget, and the results from the surface simulations form the
boundary conditions for the variably saturated groundwater flow and heat transport model.
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climate data were utilized to drive reference period simulations of surface processes to form a datum from
which to evaluate the sensitivity to future climate change (Figures 2a and 2b).

Coarse-resolution GCM projections are often statistically downscaled [Chen et al., 2012; Jeong et al., 2012b]
or dynamically downscaled with regional climate models (RCMs) [Boe et al., 2007; de Elia et al., 2008] and fur-
ther debiased [Teutschbein and Seibert, 2012] to produce projections of local climate data and hydrology.
For the present study, seven projected climate scenarios (Table 1) were produced for the period of 2046–
2065 using six GCMs, two downscaling methods, and three emission scenarios. Two downscaled climate
scenarios were obtained via hybrid multiple regression statistical downscaling approaches (HMR) [Jeong
et al., 2012a, 2012b]. These climate series were contributed by the Universit�e du Qu�ebec Institut National de
la Recherche Scientifique (INRS) (D. Jeong, personal communication, 2011). The other climate data series
were produced from the third Coupled Model Intercomparison Project database of GCM output (CMIP3)
[Meehl et al., 2007b] and statistically downscaled with the daily translation (DT) method or dynamically
downscaled using the Canadian Regional Climate Model (CRCM4.2.3) [de Elia et al., 2008] and further proc-
essed [Huard, 2011]. The ‘‘ID’’ in Table 1 refers to a particular RCM simulation and GCM driver. These climate
series are further described in Kurylyk and MacQuarrie [2013].

The climate series span the range of plausible projected changes in local mean annual AT (range among cli-
mate scenarios of 10.4 to 13.9�C, mean 12.1�C) and precipitation (range of 212% to 149%, mean 18%)
for 2046-2065 compared to the 1961–2000 observed climate data (Figure 3a).

3.2. Surface and Near-Surface Modeling of Recharge and Ground Surface Temperature
The observed climate data from 1961 to 2000 [EC, 2011] and the climate scenarios given in Table 1 were uti-
lized to drive simulations within the hydrological model HELP3 (Hydrologic Evaluation of Landfill Perform-
ance) [Schroeder et al., 1994] to obtain future projections of daily groundwater recharge (Step 2a, Figure 2).
HELP3 is a quasi-two-dimensional daily soil water balance model capable of simulating the influence of
changing climatic conditions on surface and shallow subsurface hydrological processes, including snowpack
accumulation and melt [e.g., Allen et al., 2010; Crosbie et al., 2011]. In HELP3, precipitation accumulates as
snowpack during the winter months when AT is low causing a seasonal cessation of recharge. HELP3 also
simulates a decrease in late fall and early spring recharge by increasing the runoff curve number during
periods when air temperatures are low and soil is presumed to be frozen. Additional information describing
the HELP3 modeling process can be found in Kurylyk and MacQuarrie [2013]. The HELP3 simulations indicate
that projected changes to future mean annual groundwater recharge for each climate series vary signifi-
cantly (range of 26% to 158%, mean 118% for 2046–2065 compared to the recharge simulation using
observed climate data, Figure 3b). These simulations also indicate that spring snowmelt and the consequent
major recharge event will likely occur earlier in the year due to increases in winter and early spring AT [Kury-
lyk and MacQuarrie, 2013].

The observed and projected climate series (Table 1) were also utilized to drive simulations within the sur-
face energy flux balance model ForHyM2 (Forest Hydrology Model) [Yin and Arp, 1993] to obtain future pro-
jections of daily ground surface temperature (GST, Step 2b, Figure 2). ForHyM2 is a water and energy
transport model that simulates surficial energy fluxes (e.g., shortwave and longwave radiation and convec-
tive exchanges) and near-surface heat transport via conduction through multiple layers (forest canopy,
snowpack, forest floor, soil, and subsoil) [Yin and Arp, 1993; Balland et al., 2006]. ForHyM2 was only applied
to obtain GST for the present study, as the model is one-dimensional and does not accommodate subsur-
face advective heat transport. ForHyM2-simulated daily GST agree closely (mean error 5 0.02�C) with field

Table 1. Details for the Climate Scenarios Utilized in This Study

Emission Scenario Model Type Model Name GCM Driver ID Postprocessing Method Contributor Organization

A2 GCM CGCM3 Statistical-HMR INRS [Jeong et al., 2012a]
A2 RCM CRCM 4.2.3 CGCM3 Aev Dynamical Ouranos [Huard, 2011]
A2 RCM CRCM 4.2.3 Echam5 Agx Dynamical Ouranos [Huard, 2011]
B1 GCM CSIRO Mk3.0 Statistical-DT Ouranos [Huard, 2011]
B1 GCM CSIRO Mk3.5 Statistical-DT Ouranos [Huard, 2011]
A1B GCM Miroc3.2Hires Statistical-DT Ouranos [Huard, 2011]
A1B GCM CGCM3 Statistical-HMR INRS [Jeong et al., 2012a]
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observations of GST during both snow-covered and snow-free periods [Kurylyk et al., 2013, Figure 4]. For-
HyM2 simulations for the projected climate scenarios suggest that changes to average summer GST (mean
among climate scenarios of 11.49�C compared to the 1961–2000 simulation) will generally follow average
summer AT changes. However, projected increases in winter AT (mean 13.04�C) will result in decreased
winter GST (mean 20.53�C) due to a reduction in the winter snowpack and its insulating capabilities. As Fig-
ure 3b illustrates, the decrease in simulated winter GST results in simulated average annual GST changes
(mean 11.06�C) that are damped compared to the projected increases in average annual AT (mean
12.1�C). Further details related to the ForHyM2 modeling process and results can be found in Kurylyk et al.
[2013].

Note that the details given by Kurylyk et al. [2013] relate to simulations performed for the Catamaran Brook
catchment, which is a small catchment adjacent to Otter Brook. Because of the geographical proximity and
similar surface and shallow subsurface conditions, the GST simulations performed for the Catamaran Brook
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catchment were assumed to also represent current and projected GST trends in the Otter Brook catchment
and the lateral groundwater seep catchment (Figure 1). Similarly, the current and projected recharge simu-
lated for the Otter Brook catchment [Kurylyk and MacQuarrie, 2013] are also assumed to be representative
of the current and future recharge regimes in the groundwater seep catchment due to the similar surface
and shallow subsurface conditions [Allard, 2008].

3.3. Groundwater Flow and Heat Transport Model
3.3.1. Model Selection
Due to the noted limitations inherent in analytical solutions, a numerical model was employed to simu-
late the impacts of atmospheric and surficial climate change on the timing, magnitude, and temperature
of groundwater discharge from shallow, unconfined aquifers. Pore ice formation can impact ground-
water discharge conditions where significant seasonal freezing occurs. For example, the latent heat
released or absorbed during pore water freeze-thaw usually dominates conductive and advective heat
transport in the zone of freezing and significantly retards the propagation of surface temperature signals
during the early winter freeze and spring thaw [Woo, 2012]. Furthermore, pore ice formation reduces
hydraulic conductivity and impedes groundwater flow [Watanabe and Wake, 2008; Kurylyk and Wata-
nabe, 2013]. The model selected for the present study, SUTRA, is a multidimensional finite element
model of coupled groundwater flow and heat transport [Voss and Provost, 2002] that has been modified
by McKenzie et al. [2007] to accommodate freezing and thawing processes for saturated conditions, and
then recently enhanced to allow for variably saturated conditions during freezing and thawing. In addi-
tion to accommodating the dynamic freeze-thaw process, SUTRA simulates subsurface heat transport via
conduction, advection, and thermal dispersion, allowing pore water flow due to gradients in pressure,
elevation, and water density [Voss and Provost, 2002]. The governing water flow and heat transport
equations, model parameterization (thermal and hydraulic properties, relative permeability function, soil
drying curve, and soil freezing curve) and model controls (mesh density, time step size, and solver set-
tings) are given in supporting information (text01).

3.3.2. SUTRA Boundary Conditions and Run Information
Figure 4 depicts the boundary conditions and domains for the SUTRA simulations. Both aquifers were
assigned no-flow hydraulic boundaries and perfectly insulating thermal boundaries at the groundwater
divide (left vertical boundaries, Figure 4). The bottom boundary was specified as a no-flow boundary
condition for both configurations. A specified heat flux (0.060 W�m22) was also assigned to this bound-
ary to represent the geothermal heat flux from greater depths [e.g., Bense et al., 2009]. The discharge
location for both configurations was represented as a specified pressure boundary condition. For Config-
uration 1, this pressure increased linearly with depth (1 m) to represent hydrostatic pressure within Otter
Brook.

The surface boundaries for both aquifers were assigned specified temperature (GST) and specified fluid
flux (groundwater recharge) boundary conditions, with recharging water having the same temperature
as the ground surface. By directly specifying the GST output from ForHyM2, it was possible to simulate
subsurface responses to complex atmosphere-surface interactions (e.g., snowpack accumulation, insula-
tion, and ablation). A specified groundwater recharge boundary condition is preferred to a specified-
pressure boundary condition if, as in this case, the recharge is climate-controlled [Sanford, 2002]. This
approach allows for a natural groundwater table and unsaturated zone to develop. Recharge, rather
than infiltration, was specified along the ground surface boundary because this version of SUTRA does
not include evapotranspiration.

SUTRA simulations were performed with fine temporal and spatial scales (constant time step 5 4.8 h (0.2
days), minimum element height 5 0.03 m). The model predicts the volumetric liquid and ice saturations,
temperature, and pore water pressure at every time step for each node in the model domain (85,170 and
62,300 nodes for Configurations 1 and 2, respectively) and groundwater velocity for every element. Table 2
lists the details of each simulation performed. Reference period simulations (runs R.1 and R.2) were per-
formed to establish a baseline from which to measure projected future changes in the timing, magnitude,
and temperature of groundwater discharge (runs 1.1–7.2). Runs 8.1–9.2 were performed to investigate the
thermal influence of advection and pore water phase change and thereby determine the suitability of
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employing simplified models (i.e.,
conduction-only) to predict the
response of shallow groundwater to
climate change.

4. Results

4.1. Seasonal and Long-Term
Changes to Groundwater Dis-
charge Temperature
Figure 5 shows measured AT and
simulated GST and groundwater dis-
charge temperature for both aquifer
configurations averaged for each cal-
endar day over the 20 year reference
period (1981–2000, SUTRA runs R.1
and R.2 in Table 2). The presence of
the insulating snowpack clearly
decouples winter AT and GST trends.
The groundwater discharge temper-
atures presented in Figure 5 and
subsequent figures were obtained

from the bottom node of the discharge boundary (specified pressure boundary, Figure 4). Temperatures at
the discharge boundary were shown to be relatively uniform due to high groundwater flows (advection)
and concomitant high dispersion.

The groundwater discharge temperatures for Configuration 2 are characterized by more damping and lag-
ging than the groundwater discharge temperatures for Configuration 1 due to the increased depth of the
discharge point in Configuration 2 (Figure 4). A groundwater discharge thermal damping factor can be
defined as the ratio of the amplitude of the annual groundwater discharge temperature cycle to the ampli-
tude of the annual GST cycle. For the reference period simulation, the average amplitudes of the annual
groundwater discharge temperature cycles are 8.3�C and 2.1�C for Configurations 1 and 2, respectively,
whereas the amplitude of the annual GST cycle is 11.6�C (Figure 5). Thus, the attenuation of the seasonal
GST cycle for the discharge point of Configuration 2 (damping factor 5 0.18) is approximately four times
that of Configuration 1 (damping factor 5 0.72). Figures 5 and 6 also indicate that the maximum ground-

water discharge temperature for the
reference period simulations occurs
on days of the year (DOY) 223 and
303 for Configurations 1 and 2,
respectively. This indicates that the
groundwater discharge temperature
signal is lagged an additional 80
days for Configuration 2.

Figure 6 depicts the simulated
groundwater discharge tempera-
tures for the reference period
(SUTRA runs R.1 and R.2, Table 2)
and the future period (SUTRA runs
1.1–7.2). The future period simula-
tions shown in Figure 6 are generally
characterized by higher groundwater
discharge temperatures that are
shifted slightly earlier in the year. For
example, the warmest climate sce-
nario (MIROC-HIRES-A1B) results in a

Table 2. Details for Each Simulation Performed in SUTRA

Run IDa Climate Scenario Advection On? Freezing On?b

Init. Cond.c Ref. (1961–1981) Yes Yes
R.1 and R.2 Ref. (1981–2000) Yes Yes
1.1 and 1.2 CGCM3-A2d Yes Yes
2.1 and 2.2 CRCM4.2.3-aev Yes Yes
3.1 and 3.2 CRCM4.2.3-agx Yes Yes
4.1 and 4.2 CSIRO Mk3.0 Yes Yes
5.1 and 5.2 CSIRO Mk3.5 Yes Yes
6.1 and 6.2 Miroc3.2Hires Yes Yes
7.1 and 7.2 CGCM3-A1B Yes Yes
8.1 and 8.2 Ref. (1981–2000) No Yes
9.1 and 9.2 Ref. (1981–2000) Yes No

aThe number following the decimal point in the Run ID refers to the aquifer
configuration. For example, Run 1.1 is Run 1 (i.e., the CGCM3-A2 climate sce-
nario with advection and freezing on) for Configuration 1.

b‘‘Freezing’’ refers to the subroutine in SUTRA to accommodate pore water
freezing.

c‘‘Init. Cond.’’ refers to initial conditions, which were generated by first run-
ning simulations for 40 years with observed climate data (1961–2000) and then
using those conditions to start a subsequent run driven by 1961–1980 climate
data. The 1961–1980 simulation results formed the initial conditions for each of
the other runs indicated in Table 2.

dThe period for each of the future climate scenarios was 2046–2065 (see
Table 1).
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Although not depicted in these results, the AT and GST exhibit considerable diel
variability, whereas the groundwater discharge temperature, even for Configura-
tion 1, is constant throughout the day.
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maximum groundwater discharge temperature for Configuration 1 that is 3.3�C higher than that simulated
for the reference period simulation.

The climate change-induced increases in groundwater discharge temperature simulated for each calendar
day for Configuration 2 are relatively constant and approximate the increase in mean annual GST for each
climate scenario (see supporting information Figure fs02). However, the simulated changes in daily ground-
water discharge temperatures for Configuration 1 are characterized by considerable daily variability.

4.2. Influence of Advection and Pore Water Phase Change
Heat advection via groundwater flow can significantly perturb subsurface thermal environments [McKenzie
and Voss, 2013; Kurylyk and MacQuarrie, 2014]. Also the latent heat released or absorbed during freezing or
thawing greatly increases the subsurface effective heat capacity and thereby attenuates high-frequency
GST signals. In addition to releasing/absorbing latent heat and impeding heat advection, the dynamic
freeze-thaw process can also influence subsurface thermal regimes by altering the bulk thermal diffusivity
(thermal conductivity/heat capacity) of the porous medium, as the thermal diffusivity of ice is �8 times that
of water [Bonan, 2008]. To test the subsurface thermal influence of groundwater flow and pore water phase
change, separate reference period simulations were performed for both aquifer configurations without con-
sidering the effects of advection (SUTRA runs 8.1 and 8.2, Table 2) or the dynamic freeze-thaw process
(SUTRA runs 9.1 and 9.2).

Figure 7 demonstrates the thermal influence of groundwater flow in Configuration 1 for the reference
period. The temperatures at the specified pressure boundary condition (i.e., the location of groundwater dis-
charge when flow is activated) were compared for the simulations including (run R.1) and neglecting (run
8.1) the thermal influence of advection. Because groundwater flow primarily occurs during the warmer
months and abates during the winter months, the outlet temperatures for the simulation neglecting advec-
tion are generally colder (maximum difference 5 3.1�C) than the groundwater discharge temperatures for
the simulation with advection considered.
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Figure 8 shows the results for the ref-
erence period Configuration 1 simula-
tions performed with (run R.1) and
without (run 9.1) the influence of pore
water phase change considered. The
results demonstrate that the inclusion
of the freeze-thaw process can signifi-
cantly impact the groundwater dis-
charge temperature in a given year,
but that its influence is reduced in this
aquifer when the results are averaged
over the 20 year simulation. For exam-
ple, the maximum difference between
the two series representing the mini-
mum groundwater discharge temper-
ature for each calendar day is 2.71�C,
but this difference decreases to 0.81�C
when the results are averaged for
each calendar day of the simulation.

Temperature profiles were also ana-
lyzed halfway up the hillslope in Con-
figuration 1 (i.e., 500 m from the
outlet, Figure 4a) to investigate the
impact of the dynamic freeze-thaw
process at locations other than the
discharge location. The results, which
are shown in Figure fs03 of the sup-
porting information, indicate that the
maximum difference between the
simulated groundwater temperatures
at 1 m depth with and without the
effects of freeze-thaw considered (i.e.,
runs R.1 and 9.1) was 4.03�C. This dif-
ference is significant, given that this
value is �50% of the amplitude of the
annual groundwater temperature
cycle at this depth. However, the ther-
mal influence of freeze-thaw is quickly
attenuated with depth and is barely
discernible at depths greater than 4 m
in this aquifer. In general, the results
presented in Figures 7 and 8 and the
supporting information indicate that
properly accounting for the thermal
influence of advection and pore water
phase change is most important in the
shallow subsurface of the LSW
catchment.

4.3. Simulated Groundwater
Discharge Magnitude and Timing
Figure 9 presents simulated reference
period daily groundwater recharge
and discharge for both aquifer
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configurations. In general, the ground-
water discharge per unit width from
Configuration 1 exceeds the ground-
water discharge per unit width from
Configuration 2 due to their differing
aquifer lengths (1000 and 600 m, Figure
4). Figure 9 indicates that the magni-
tude and timing of groundwater dis-
charge from these highly permeable
aquifers is strongly controlled by intra-
annual groundwater recharge. For
example, the timing of the maximum
groundwater discharge rate for the ref-
erence period simulation lags the tim-
ing of the maximum recharge rate by
only 13 and 14 days for Configurations
1 and 2, respectively. The average
annual total recharge masses (534,000
kg and 320,000 kg for Configurations 1
and 2 per meter aquifer width) are
approximately equal to the average
annual total discharge masses (538,000
kg and 322,000 kg for Configurations 1

and 2 per meter aquifer width). There are, however, discernible differences between the seasonal recharge
and discharge rates shown in Figure 9. Due to subsurface hydraulic storage properties, the temporal vari-
ability of groundwater discharge is damped in comparison to the temporal variability of groundwater
recharge. For example, groundwater recharge exceeds discharge during the spring months. This accumu-
lated water is slowly released from the aquifers during the summer months when discharge typically
exceeds recharge (Figure 9). Similarly, late fall recharge exceeds discharge, and this water is released during
the winter when recharge ceases during snowpack accumulation [Kurylyk and MacQuarrie, 2013].

Figure 10 shows the simulated groundwater discharge rates for both aquifer configurations for the refer-
ence period and future climate series. In general, the future period simulations exhibit increases or
decreases in average groundwater discharge rates that correspond to the simulated increases or decreases
in average annual recharge (Figure 3b). Some similarities exist between reference period and future period
simulations. For example, Figure 10 shows that a major discharge event occurs in the spring as a result of
snowmelt. These peak daily discharges range from 3855 kg (MIROC-HIRES-A1B) to 6846 kg (CGCM3-A1B)
per meter width for Configuration 1, and 2843 kg (CRCM-AEV-A2) to 4668 kg (CGCM3-A1B) for Configura-
tion 2. Each series in Figure 10 exhibits a distinct decreasing trend in discharge during the summer months
(June–August) arising from the abatement of summer recharge due to reduced precipitation and increased
evapotranspiration [Kurylyk and MacQuarrie, 2013]. Each simulation also includes a smaller groundwater dis-
charge event corresponding to the late-fall rainy season and a reduction in groundwater discharge during
the winter months due to recharge cessation.

5. Discussion

5.1. Changes to the Mean and Amplitude of the Groundwater Discharge Temperature Cycle
The simulated mean annual groundwater discharge temperature trends for each climate scenario generally
follow the trends in projected mean annual GST (Figures 3 and 6). For example, the MIROC3.2-HIRES-A1B cli-
mate series simulations (run 6.1) are characterized by the largest increases in mean annual AT (13.96�C, Fig-
ure 3a) and mean annual GST (12.65�C, Figure 3b) compared to the reference period, and this climate
scenario is also characterized by the most pronounced increases in mean annual groundwater discharge
temperature (12.85�C and 12.70�C for Configurations 1 and 2, respectively). The SUTRA simulation results
for the CSIRO Mk3-B1 scenario exhibit slight decreases in both the mean annual groundwater discharge
temperature (20.45�C and 20.33�C for Configurations 1 and 2, respectively) and summer groundwater
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discharge temperature (20.73�C and 20.53�C for Configurations 1 and 2, respectively), but all other climate
scenarios result in an increase in mean annual and summer groundwater discharge temperature (Figure 6).
It should be noted that actual trends in global CO2 emissions and concentrations have exceeded emission
scenario B1 projections [Raupach et al., 2007], thus the CSIRO Mk3-B1 climate scenario likely underestimates
future changes in climate.

The simulations also suggest that the amplitude of the seasonal groundwater temperature cycle may
increase in shallow aquifers. For example, the increase in average winter groundwater discharge tempera-
ture (December–February, 11.41�C) for the MIROC3.2-HIRES-A1B scenario (Configuration 1, Figure 6a) was
not as pronounced as the simulated increase in average summer groundwater discharge temperature
(June–August, 13.37�C). This amplitude increase arises from the projected changes in seasonal GST, which
were typically positive in the summer and negative in the winter [Kurylyk et al., 2013]. These results differ
from those of Taylor and Stefan [2009], who found that the minimum and maximum groundwater tempera-
ture would increase by approximately the same amount.

5.2. Aquifer Summer Thermal Sensitivities
Changes to the temperature of summer groundwater discharge are of particular interest to stream ecolo-
gists as this is the period most critical for the generation of thermal refugia. Figure 11 presents the simu-
lated changes in mean annual and mean summer groundwater discharge temperature versus the changes
in mean annual and mean summer AT. This information can be utilized to generally assess the thermal
response of each aquifer to decadal climate change. The groundwater discharge temperature data in Figure
11 display a relatively consistent trend amongst climate scenarios (relatively high R2 for trend lines) for each
aquifer configuration; however, the slopes of the best fit lines indicate that the thermal regime of Configura-
tion 1 is more sensitive to summer AT increases than the thermal regime of Configuration 2. This difference
arises because the summer thermal regime of Configuration 1 is driven by summer GST trends, which
closely follow summer AT increases. Conversely, the summer thermal regime of Configuration 2 is primarily
driven by changes in mean annual GST, which were damped compared to mean annual or seasonal AT
changes due to snowpack thinning or removal [Kurylyk et al., 2013]. The decrease in mean annual GST
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Figure 10. Simulated groundwater discharge per meter aquifer width for (a) Configuration 1 and (b) Configuration 2. Results are shown
for the reference period climate (SUTRA runs R.1 and R.2) and the last 10 years of simulation (2056–2065) for SUTRA runs 1.1–7.2 (Table 2).
The results are the averaged over the simulation period for each day of the year.
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changes compared to mean annual AT changes also accounts for the higher slope through the mean
summer data compared to the mean annual data (Figure 11). Configuration 2 exhibits less sensitivity to sea-
sonal GST variability than Configuration 1 (Figure 5), thus the difference between the slopes representing
mean annual and mean summer data in Figure 11 is not as pronounced for Configuration 2 (0.60–
0.5150.09) as it is for Configuration 1 (0.95–0.5750.38). Figure 11 also indicates that, contrary to the
assumptions made in other approaches [e.g., Meisner et al., 1988; Deitchman and Loheide, 2012; MacDonald
et al., 2013], climate-induced changes to groundwater discharge temperature will not necessarily follow AT
changes on a mean annual or seasonal basis.

Several recent studies have investigated the sensitivity of stream and river temperature to AT variations
[e.g., Bogan et al., 2003; Kelleher et al., 2012; Mayer, 2012]. Kelleher et al. [2012] and Mayer [2012] specifically
defined the thermal sensitivity of surface water as the slope of the surface water temperature-AT plot. These
plots are typically derived from high-frequency (e.g., weekly or seasonal) AT and surface water temperature
data, but can be employed to estimate the thermal response of rivers to decadal climate change [e.g.,
Mayer, 2012; Kelleher et al., 2012]. The summer aquifer thermal sensitivity is herein defined as the simulated
change in average summer groundwater discharge temperature for a particular climate scenario divided by
the driving change in average summer AT. Note that this is a low-frequency (decadal climate change) sensi-
tivity definition rather than the high-frequency sensitivity definition employed by surface water tempera-
ture analysts.

Table 3 indicates that the mean aquifer thermal sensitivity for Configuration 1 (1.00) is significantly higher
than the mean sensitivity for Configuration 2 (0.55). The aquifer thermal sensitivities in Table 3 exceed some
previously reported values for the response of stream or river temperature to climate change. For example,
Wu et al. [2012, Table 3] simulated an average 1.37�C summer stream temperature rise in response to an
average 2.81�C summer AT rise (1.37/2.81 5 0.49) for Pacific Northwest streams. Others have simulated sur-
face water sensitivities that exceed the summer thermal sensitivity of Configuration 2 but are less than that
of Configuration 1. For instance, Morrill et al. [2005] modeled future stream temperatures in geographically
diverse locations and demonstrated that the majority of streams will exhibit increases in stream tempera-
ture of 0.6–0.8�C for each 1�C increase in AT. Thus, the site specific results shown in Table 3 suggest that
the thermal regimes of certain aquifers (and thus groundwater-sourced refugia) may actually be more
responsive to decadal climate change than the thermal regimes of streams and rivers. The high aquifer ther-
mal sensitivities reported in Table 3 arise in part because aquifers do not experience free water surface

Figure 11. Simulated changes in mean annual and mean summer (1 June–31 August) groundwater discharge temperature for the last 10
years of each future period simulation (2056–2065, runs 1.1–7.2, Table 2) compared to the reference period simulation (1981–2000, runs
R.1 and R.2) versus the change in mean annual and mean summer air temperature for (a) Configuration 1 and (b) Configuration 2. The
mean annual results are depicted by the symbols with fill. The mean summer results are represented by symbols with the same shape and
color (see legend) but with no fill. The best fit lines were constrained to have a zero intercept.
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evaporation, which cools the thermal regimes of surface water bodies during high-temperature events and
thereby reduces their thermal sensitivity [Mohseni and Stefan, 1999].

Groundwater discharge temperature does not typically respond to high-frequency (e.g., weekly) AT variabili-
ty, and thus baseflow-dominated streams tend to be characterized by lower sensitivity to weekly or daily cli-
mate variability compared to direct-flow dominated streams [Hayashi and Rosenberry, 2002; Bogan et al.,
2003; Tague et al., 2007; Risley et al., 2010]. However, one should not infer from this that baseflow-
dominated streams and rivers will also be less responsive to decadal climate change. We have demon-
strated that aquifer thermal regimes can exhibit considerable sensitivity to low-frequency AT variations (Fig-
ure 11).

The results portrayed in Figure 11 and Table 3 indicate that there is significant variability in how climate
change may influence aquifer thermal regimes. Consequently, the response of aquifers, groundwater-
sourced thermal refugia, and baseflow-dominated streams to climate change may be more complex than
previously thought. This merits further analysis, as the temperature of future groundwater discharge is only
one of the factors controlling the future thermal regimes of baseflow-dominated streams.

5.3. Lag Between Climate Change and Groundwater Temperature Rise
Previous researchers [e.g., Gunawardhana et al., 2011; Kurylyk and MacQuarrie, 2014] have demonstrated
that there is a lag between a GST increase due to climate change and its thermal impact on deeper subsur-
face environments. However, the thermal regime of the shallow subsurface (e.g., depth< 10 m) exhibits a
very short lag in response to surficial climate change. For example, Figure 12a demonstrates that the simu-
lated future groundwater discharge temperatures for Configurations 1 and 2 respond very quickly (<5
years) to a step change in GST due to atmospheric climate change. Furthermore, the lag would be even
shorter if the boundary condition represented gradual climate change rather than the step change simu-
lated in the present study. Configuration 2 takes �2 years longer than Configuration 1 to achieve thermal
equilibrium with the new GST due to its deeper discharge point (Figure 12a). Similarly short lags for the
response of groundwater temperature to surficial climate changes were obtained from the statistical analy-
ses conducted by Menberg et al. [2014].

The thermal response of groundwater to climate change is often assumed to be a consideration limited to
the distant future. For example, Chu et al. [2008] state that ‘‘the potential changes in groundwater tempera-
tures and fish habitat may take decades or centuries to be realized.’’ This proposition was used to justify a
modeling approach that did not explicitly consider changes to groundwater conditions. The short lags
shown in Figure 12a strongly demonstrate that assessments of future surface water temperature should
consider relatively imminent increases in the temperature of groundwater discharge from shallow aquifers,
at least in the cases where surface water thermal regimes are strongly influenced by groundwater
discharge.

Table 3. Summer Thermal Sensitivities (STS) for Both Aquifer Configurations for 2056–2065

Climate Scenario
D Summer

AT (�C)a
Configuration 1
DGWDT (�C)b

Configuration 1
STSc

Configuration 2
DGWDT (�C)b

Configuration 2
STSc

CGCM3-A2 1.67 1.85 1.11 0.85 0.51
CRCM AEV-A2 2.29 2.21 0.96 1.29 0.56
CRCM AGX-A2 1.83 1.74 0.95 0.70 0.38
CSIRO Mk 3.0-B1 20.35 20.51 1.45 20.42 1.18
CSIRO Mk 3.5-B1 0.36 0.56 1.55 0.47 1.31
MIROC-HIRES 4.04 3.59 0.89 2.63 0.65
CGCM3-A1B 1.59 1.73 1.09 1.05 0.66
Average 1.00d 0.55d

aThe change in summer AT values are with respect to the reference period (1981–2000). These deviate slightly from those reported
by Kurylyk et al. [2013, Table 2] because the present study only considers the last 10 years of the climate scenario simulations (2056–
2065).

bDGWDT 5 the change in summer (June–August) groundwater discharge temperature compared to the reference period (1981–
2000) summer groundwater discharge temperature.

cSTS 5 summer thermal sensitivity for each aquifer due to low-frequency climate variations 5 DGWDT/DAT.
dAverage STS values were calculated without including the anomalous CSIRO Mk 3.0-B1 and CSIRO Mk 3.5-B1 data, as the very low

summer AT changes for these two scenarios yielded unreasonably high sensitivity values.
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5.4. Subsurface Thermal Influence of Advection and Pore Water Phase Change
The reference period simulations performed with and without groundwater flow (Figure 7) indicate that
advective influences can be significant (max difference between series 5 3.1�C). In general, models ignoring
advection can underpredict summer groundwater discharge temperature and thus overpredict the ability
of that discharge point to provide thermal refuge. This illustrates the limitations of employing a simple
conduction-only model to investigate the response of groundwater discharge to climate change or seasonal
temperature variation. A more detailed investigation of the internal aquifer energy balance and the relative
roles of conduction and advection is included in supporting information (text02 and fs04).

Figure 8 indicates that the influence of pore water phase change on groundwater discharge temperature
can be significant in a given year, but it tends to be minimal in this catchment when averaged over the 20
year simulation period. The thermal influence of the dynamic freeze-thaw process is more apparent in shal-
low subsurface temperature profiles (e.g., 1 or 2 m depth) recorded halfway up the hillslope (supporting
information Figure fs03). In general, not accounting for the latent energy released during freezing yields
shallow subsurface temperatures that are too low during the onset of freezing in the late fall-early winter.
Conversely, not accounting for the latent heat absorbed during thawing will typically yield shallow subsur-
face temperatures that are too high during the late winter-early spring thaw. At higher latitudes or altitudes,
the frost penetration depth increases, and latent heat effects influence thermal regimes at greater depths
[Zhang et al., 2008; Woo, 2012]. Latent energy effects due to pore water phase change are also more appa-
rent in soils with higher porosity and moisture retention properties, such as peat [McKenzie et al., 2007].
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Thus, the influence of pore water phase change on the temperature of groundwater discharge would be
even more evident in colder climates or for different soils than those considered in the present study. The
simulations presented in this study help elucidate the complex thermal dynamic of shallow aquifers and
thereby inform researchers of the limitations arising from employing simplified models.

5.5. Impact of Climate Change on Groundwater Discharge Rates
5.5.1. Impact of Climate Change on the Magnitude and Timing of Mean Annual and Maximum
Groundwater Discharge
The hydraulic conditions of shallow aquifers may also respond rapidly to atmospheric climate change. Fig-
ure 12b presents the annual total discharge and recharge rates for the reference period and the climate sce-
nario exhibiting the greatest increase in recharge and discharge. Clearly, both aquifer configurations adjust
quickly to the surface hydraulic perturbations. The step increase in groundwater recharge due to climate
change results in an approximately corresponding step increase in groundwater discharge within 1 year.
This rapid response in annual groundwater discharge due to changes in annual groundwater recharge is
expected given that these shallow unconfined aquifers also responded quickly to intra-annual recharge var-
iability (Figure 9). Figure 12b also indicates that total groundwater discharge will not exactly equal total
groundwater recharge in a given year due to aquifer storage capabilities.

Figure 10 presents the simulated changes in groundwater discharge for each climate scenario throughout
the year. Despite similarities noted in the results, there are also discernible differences between the simu-
lated groundwater discharge series for each climate scenario. For example, average annual discharge rates
increase significantly for the CGCM3-A2 and CGCM3-A1B scenarios compared to the reference period simu-
lation (increase of mean annual groundwater discharge �60% for both configurations). These increases in
discharge are not surprising given the significant projected increases in precipitation (50%, Figure 3a) and
recharge (58%, Figure 3b) for these two climate scenarios. Changes to groundwater discharge on this order
can significantly alter the total river discharge of baseflow-dominated rivers, and total river discharge has
been shown to influence the thermal response of rivers to warming climates [see van Vliet et al., 2011; Dei-
tchman and Loheide, 2012]. Thus, changes to groundwater discharge may need to be accounted for when
modeling future riverine thermal regimes. Figure 10 also indicates that the peak discharge rates for the
CGCM3-A1B simulation increase by 53% for Configuration 1 and only 35% for Configuration 2. These differ-
ences arise because Configuration 2, which has a deeper discharge point than Configuration 1, attenuates
the temporal variability in recharge and consequent discharge more than Configuration 1.

As Figure 10 illustrates, the average timing of the maximum discharge rate is shifted earlier in the year for
most of the climate scenarios due to the earlier snowmelt simulated in HELP3 [Kurylyk and MacQuarrie,
2013]. These shifts are similar for Configuration 1 (range 5 217 to 11 days, negative implies earlier dis-
charge event) and Configuration 2 (range 5 217 to 14 days). As indicated by the MIROC3.2-HIRES-A1B sim-
ulation (Figure 10), a shift in the timing of the major discharge event may cause shallow, unconfined
aquifers to be more fully drained by early summer and thereby reduce early summer groundwater dis-
charge rates.

5.5.2. Impact of Climate Change on the Magnitude of Summer Groundwater Discharge
Figure 10 indicates that future summer groundwater discharge rates simulated for Configuration 1 deviate
more from the reference period simulation than summer groundwater discharge rates simulated for Config-
uration 2. For example, simulated changes in average summer groundwater discharge rates for Configura-
tion 1 range from 26% to 131% with a mean of 18.4%, while simulated changes in average summer
discharge for Configuration 2 range from 212% to 119% with a mean of 12.1%. The maximum simulated
increases in summer groundwater discharge for both aquifers are significant (131% and 119% for Configu-
rations 1 and 2), but they are damped with respect to the increase in annual precipitation for this climate
scenario (150%, Figure 3A). This damping arises because much of the simulated increase in annual precipi-
tation for this particular climate scenario (CGCM3-A1B) occurs during the winter months. This precipitation
temporarily accumulates in the form of snow and recharges the aquifer in the spring. The extra aquifer stor-
age is predominantly discharged from the aquifer prior to the summer months. Additionally, due to the pro-
jected increases in summer AT for the CGCM3-A1B scenario, simulated evapotranspiration rates increase
and reduce the soil moisture available for recharge [Kurylyk and MacQuarrie, 2013]. In general, the physical
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dimensions of Configuration 2 cause it to be less hydraulically sensitive to increases in summer precipitation
than Configuration 1.

5.6. Implications for Groundwater-Sourced Salmonid Refugia
The relationship between climate change, rising river water temperatures, and the loss of future cold water
fish habitat has been well studied [e.g., Chu et al., 2005; Isaak et al., 2012; Jonsson and Jonsson, 2009; Wu
et al., 2012, and references therein]. Given the importance of groundwater-sourced thermal refugia in warm-
ing riverine ecosystems, there remains a surprising paucity of studies investigating physical processes that
generate refugia and their vulnerability to climate change. The results from the present study can be uti-
lized to perform a preliminary analysis of the ecological implications of changes to the thermal and hydrau-
lic regimes of unconfined, alluvial aquifers.

The results presented in Figure 10 indicate that summer groundwater discharge rates will increase or be rel-
atively constant for most of the climate scenarios. However, for the MIROC3.2-HIRES-A1B climate scenario,
the average magnitude of the simulated summer discharge for Configuration 2 decreases 12% relative to
the reference period simulation (Figure 10b). Such a reduction in groundwater flow at concentrated points
of discharge (Figure 1c) could reduce the spatial extent of groundwater-sourced thermal refugia, which can
already be overpopulated during high-temperature events.

A simple probabilistic approach can yield a first-order estimate of the ecological impacts of the aquifer
warming depicted in Figure 11. Juvenile Atlantic salmon do not typically aggregate within thermal refugia
in the Little Southwest Miramichi River (LSW) and surrounding river systems until ambient river tempera-
tures exceed 22�C [Cunjak et al., 2005]. Surface water surveys conducted in the cold water tributary consid-
ered in the present study (Otter Brook, Figure 1 and Configuration 1, Figure 4a) indicate that once
groundwater discharges into the tributary it will experience significant downstream warming due to ther-
mal mixing with warmer surface water and exposure to solar radiation. This warming can be on the order of
4�C in regions of significant groundwater discharge to the tributary. In the case of 4�C intermediate warm-
ing, groundwater discharge temperature to the tributary should not exceed 18�C (22�C–4�C), or the refuge
at the confluence with the LSW will not provide optimal thermal conditions for stressed salmonids. This tar-
get temperature (18�C) was selected to examine the probability that the aquifer discharging to the tributary
(Configuration 1) could continue to provide suitable thermal habitat under the most extreme warming sce-
nario (MIROC3.2-HIRES-A1B, Figure 3).

The simulated mean daily summer
groundwater discharge temperatures for
the reference period (run R.1) and the
warmest climate scenario (run 6.1) were
ranked and assigned a probability in
accordance with the Weibull ranking
method [McCuen, 1993]. Figure 13 indi-
cates that the reference period probability
of exceeding the 18�C target temperature
on any given day in the summer is 9%,
but this probability increases to 66% in
the warming climate. Thus, this shallow,
unconfined aquifer may not continue to
provide optimal thermal refuge for the
majority of the summer under the most
extreme warming scenario. Note that this
simplistic approach assumes that the
future change in the water temperature of
Otter Brook, which is baseflow-
dominated, will correspond to the change
in the groundwater discharge tempera-
ture. The actual future water temperature
increases in Otter Brook may also be
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Figure 13. Summer (1 June–31 August) groundwater discharge temperature
from Configuration 1 for the recent reference period (1991–2000, run R.1,
Table 2) and MIROC3.2-HIRES-A1B (2056–2065, run 6.1) simulations versus the
probability that the temperature would be exceeded on any given day in the
summer. The daily exceedance probabilities for a groundwater discharge tem-
perature of 18�C are shown.
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influenced by other factors, including changes to future air temperature and precipitation regimes and land
cover changes. A similar analysis conducted for Configuration 2 (results not shown), which discharges
directly into the LSW and thus experiences no intermediate warming, indicates that the aquifer will con-
tinue to consistently provide a small thermal refuge under each of the climate scenarios considered in this
study. These analyses should not be used to make definitive predictions regarding the future state of the
Otter Brook or seep thermal refugia (Figure 1), but they do provide insight into how varying aquifer mor-
phologies and refugia characteristics (e.g., direct or indirect groundwater discharge) may influence their
thermal response to climate change.

5.7. Limitations
The modeling approach used in the present study (Figures 2 and 4) employed several simplifying assump-
tions. First, the recharge output from HELP3 and the GST output from ForHyM2 were expressed as point
conditions. Thus, the surface conditions were assumed to be thermally and hydraulically uniform, which is a
reasonable assumption given the small size (<10 km2) and low topographic relief of the catchments stud-
ied. Second, the recharging water was assumed to be in thermal equilibrium with GST. The temperature of
precipitation and infiltration is influenced by the thermal regime of the lower atmosphere and may deviate
from GST. Third, the aquifer thermal and hydraulic conductivities were assumed to depend only on the
moisture conditions or direction of groundwater flow, but saturated subsurface environments are character-
ized by heterogeneity in their thermal and hydraulic properties [Domenico and Schwartz, 1990]. Despite
these limitations, the simulation results provide valuable insights into the hydraulic and thermal sensitivities
of unconfined aquifers to climate change and the associated impacts to groundwater-sourced fish habitat.

6. Conclusions

The sensitivity of groundwater discharge to climate change was investigated by utilizing downscaled cli-
mate scenarios to drive surface and subsurface simulations in idealized catchments/aquifers whose proper-
ties were derived from field observations of aquifers generating thermal refugia. To our knowledge, this
research is the first to utilize downscaled climate scenarios to form the boundary conditions for
multidimensional simulations of groundwater flow and heat transport.

Five main conclusions can be extracted from the results and discussion.

1. The thermal regimes of thin, shallow aquifers are not resilient to decadal climate change. In certain
instances, the simulated aquifer thermal sensitivities to climate change (average values of 1.0 for Configura-
tion 1 and 0.55 for Configuration 2) exceed those previously reported for rivers and streams. Thus, high
groundwater discharge rates should not necessarily be presumed to provide a buffer to future climate
change. Furthermore, changes to groundwater discharge temperature will not necessarily closely track
changes to AT in seasonally snow-covered catchments due to the complex dynamics of snowpack
evolution.

2. The lag between a rise in AT and the thermal response of shallow groundwater may be overestimated in
previous studies. Groundwater discharge from the aquifers simulated in the present study reached thermal
equilibrium with changing climatic conditions in <5 years. Therefore, groundwater temperature evolution
due to climate change may need to be considered in deterministic models of surface water thermal
regimes.

3. In catchments experiencing seasonal freeze-thaw, daily groundwater discharge temperature can be
impacted by advection, conduction, and the dynamic freeze-thaw process. Thus, future research investigat-
ing the sensitivity of shallow groundwater temperature to climate change should not employ simplified
conduction models unless they have been shown to perform well for the aquifer being considered.

4. The timing and magnitude of groundwater discharge may also respond quickly to changes in precipita-
tion and groundwater recharge. Projected changes in the magnitude of mean annual recharge and dis-
charge range from �26% to 160% compared to the reference period recharge. The peak groundwater
discharge event associated with snowmelt is generally shifted earlier in the year (up to 17 days). Discharge
from these aquifers is sensitive to changes in groundwater recharge on temporal scales ranging from

Water Resources Research 10.1002/2013WR014588

KURYLYK ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 3270



weekly to decadal. These changes to groundwater discharge magnitude and timing will influence the ther-
mal regimes of baseflow-dominated streams.

5. The ability of groundwater discharge to continue to produce biologically significant thermal refugia in a
warming climate depends strongly on the aquifer configuration, refuge characteristics (indirect or direct
groundwater discharge), and the particular climate scenario employed. Furthermore, we have demon-
strated that the probability of exceeding critical temperature thresholds within certain thermal refugia will
likely increase in the coming decades. This is alarming given the presumed increased reliance on thermal
refugia in a warming climate. Although these results are site specific, they should challenge researchers to
reconsider their preconceptions regarding the future thermal states of groundwater dependent
ecosystems.

Although shallow groundwater temperature will respond to a gradually warming climate, groundwater dis-
charge will continue to buffer river temperatures throughout the summer months, particularly during
extreme events. Consequently, the ecological significance of groundwater-surface water interactions should
be considered in future comprehensive land use management strategies [e.g., Saltveit and Braband, 2013;
Nichols et al., 2013]. Catchments overlying unconfined aquifers generating thermal refugia should be pro-
tected from anthropogenic activity such as deforestation and groundwater and aggregate extraction, as
these processes have been shown to increase shallow groundwater temperature [Alexander et al., 2003;
Moore et al., 2005; Markle and Schincariol, 2007; Risley et al., 2010; Barlow and Leake, 2012]. The results from
the present study further indicate that the thermal regimes of certain unconfined aquifers will be more resil-
ient to climate change than others. Thus, our results suggest that knowledge of local hydrogeology will
assist in prioritizing appropriate catchments for the preservation of future thermal refugia. Further research
is required to provide additional information on the preservation and enhancement of groundwater-
sourced thermal refugia.
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