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Abstract. Global climate models project significant changes constant and approximately equivalent to the change in the

to air temperature and precipitation regimes in many regionsnean annual surface temperature at deeper depths (8.75m).

of the Northern Hemisphere. These meteorological change¥he simulated increases in future groundwater temperature

will have associated impacts to surface and shallow subsuggest that the thermal sensitivity of baseflow-dominated

surface thermal regimes, which are of interest to practition-streams to decadal climate change may be greater than pre-

ers and researchers in many disciplines of the natural scivious studies have indicated.

ences. For example, groundwater temperature is critical for

providing and sustaining suitable thermal habitat for cold-

water salmonids. To investigate the surface and subsurface |ntroduction

thermal effects of atmospheric climate change, seven down-

scaled climate scenarios (2046-2065) for a small forested.1 Drivers and importance of ground surface

catchment in New Brunswick, Canada were employed to temperature

drive the surface energy and moisture flux model, ForHyM2.

Results from these seven simulations indicate that climatelhe impact of climate change on ground surface tempera-

change-induced increases in air temperature and changdégre (GST) is of interest to a diversity of scientific disci-

in snow cover could increase summer surface temperatureglines. For example, hydrologists are concerned with the in-

(range —0.30 to +3.49°C, mean+1.49°C), but decrease fluence of surface freezing and thawing on infiltration and

winter surface temperatures (rang#.12 to+0.08°C, mean  runoff rates (Williams and Smith, 1989), agricultural scien-

—0.53°C) compared to the reference period simulation. tists have shown that seed germination is affected by surface

Thus, changes to the timing and duration of snow coverand near-surface temperature (Mondoni et al., 2012), and

will likely decouple changes in mean annual air temperaturegeotechnical engineers have linked soil strength properties

(mean+2.11°C) and mean annual ground surface tempera-to surface/subsurface temperature (Andersland and Ladanyi,

ture (meant+1.06°C). 1994). Increased GST could also enhance decay rates and
Projected surface temperature data were then used to driveO; release from soils and thereby act as a positive feedback

an empirical surface to groundwater temperature transfemechanism to climate change (Eliasson et al., 2005). Poten-

function developed from measured surface and groundwatial effects of changes in winter GST include: altered nutrient

ter temperature. Results from the empirical transfer functionconcentrations in soil water, enhanced winter root mortality,

suggest that changes in groundwater temperature will exand decreased runoff quality (Mellander et al., 2007).

hibit seasonality at shallow depths (1.5 m), but be seasonally
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Increases in mean annual air temperature will not nec-and winter months (Caissie, 2006; Hayashi and Rosen-
essarily result in equivalent changes in mean annual GSberry, 2002; Webb et al., 2008). In eastern Canada, sum-
(Mann and Schmidt, 2003; Mellander et al., 2007; Zhang etmer river temperatures are approaching the critical threshold
al., 2005). Other physical processes must be considered tfior salmonids (Breau et al., 2007, 2011; Swansburg et al.,
predict the associated increase in mean annual GST. For ex2004). Discrete cold-water plumes formed by groundwater—
ample, the duration of the snow-covered period is expected tgurface water interactions have been shown to provide criti-
decrease in northern latitudes due to increases in late fall andal thermal relief for stressed cold-water fishes during high-
early spring air temperature (AT), which will reduce the insu- temperature events (Breau et al., 2011; Cunjak et al., 2005;
lating effect of the snowpack (Zhang, 2005) and alter the dy-Ebersole et al., 2003; Torgersen et al., 2012). As the climate
namics of atmosphere—surface heat exchange. A reduction iwarms, cold-water fishes may become increasingly depen-
the snow-covered period would also lead to an increase in theent on these groundwater-sourced thermal refugia.
amount of radiation absorbed by the ground (Bonan, 2008). Recently, there have been a number of publications investi-
Futhermore, the length of the growing season is expected tgating the thermal sensitivity of rivers to environmental con-
increase with an upward shift in the AT regime. Under a de-ditions (e.g. Kelleher et al., 2012; Mayer, 2012; O’'Driscoll
ciduous canopy, an increase in early-spring and late-fall foli-and DeWalle, 2006; Tague et al., 2007). Many of these stud-
ation/defoliation could affect both thermal and hydrological ies have demonstrated that groundwater-dominated streams
processes by altering the amount of net radiation and evapaare less sensitive to AT variability on a seasonal basis; how-
transpiration at the land surface (Bonan, 2008). The net effecéver, the response of groundwater temperature (and conse-
of these positive and negative climate change feedback sigquently the temperature of baseflow-dominated streams) to
nals can be studied with a process-oriented model capable afecadal climate change has not been well-studied. For exam-
simulating surficial thermal and hydrological processes. ple, Chu et al. (2008) stated “climate change induced differ-

Very few local-scale studies have investigated the im-ences in precipitation and temperature that may influence the
pact of future climate change on GST regimes. Mellander eimagnitude and timing of groundwater discharge should be
al. (2007) used two climate scenarios for 2091-2100, genaddressed in future analyses [of stream temperature and fish
erated with the Hadley global climate model (GCM) and habitat]”. Mayer (2012) acknowledged the dearth of infor-
downscaled with a regional climate model (RCM), to predict mation regarding the response of groundwater temperature
changes in soil temperature in northern Sweden. They simuto climate change and suggested that it posed a challenge for
lated a decrease in the period of persistent snowpack of 73modelling future river temperatures.

93 days, an increase in annual soil temperatures of 0.9€1.5  Several researchers have attempted to address the impact
at 10 cm depth, and an advance in spring soil warming of 15-of climate change on groundwater temperature. Taylor and
19 days. Salzmann et al. (2007) used the data from ten RCMStefan (2009) employed an analytical solution to a sim-
generated and two incremental climate scenarios to drive thele conduction equation with a sinusoidal boundary condi-
surface energy balance model TEBAL and predicted a potion to infer that the change in the mean annual ground-
tential range of increased GST (me#B.5°C) for a moun-  water temperature would be equivalent to the change in
tainous permafrost region in Switzerland. Each of their RCMmean annual GST for Minnesota, USA. They suggested
simulations were driven with the HadAm3H GCM forced by that the current seasonal amplitude of the groundwater tem-
the A2 or B2 emission scenarios. They suggested that theiperature cycle would be relatively unchanged in a warmer

study should be expanded by using multiple GCMs. climate. Gunawardhana et al. (2011), Gunawardhana and
Kazama (2011), and Kurylyk and MacQuarrie (2013a) em-
1.2 Drivers and importance of shallow groundwater ployed analytical solutions to a one-dimensional conduction-
temperature advection equation with an increasing GST to investigate the

subsurface response to climate change in the Sendai Plain,
The subsurface thermal regime is driven by water and energyapan. This type of boundary condition does not allow for
fluxes across the ground surface and the geothermal flux froman investigation of seasonal trends in groundwater temper-
the Earth’s interior. Seasonal and decadal variations in GSTture. Gunawardhana and Kazama (2012) also used down-
can be propagated downwards via conduction and advectioscaled data from 15 GCMs for the Sendai Plain to drive
and thereby perturb the temperature of shallow &&0 m) a numerical model (VS2DH) of groundwater flow and heat
groundwater (Taylor and Stefan, 2009). Thus, atmospherid¢ransport to investigate subsurface thermal perturbations due
climate change may result in changes to seasonal and meda climate change. These simulations were performed on a
annual GST (as previously discussed), which could translateoarse temporal resolution (1yr) and also did not address
to shifts in the timing and magnitude of the seasonal groundseasonal effects. Others (e.g. Bense et al., 2009; Ge et al.,
water temperature cycle. 2011) have simulated the impact of rising surface tempera-
Because groundwater temperature is less variable thatures on permafrost degradation, but the focus of these con-
surface water temperature, groundwater discharge providesibutions was primarily the hydraulic evolution of supraper-
a thermal buffer for riverine systems during the summermafrost aquifers, rather than the thermal evolution.
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Fig. 1. Location of the Catamaran Brook watershed in New Brunswick, Canada. Catamaran Brook is located in the Valley Lowlands eco-
region of New Brunswick (data from NBADW, 2012).

1.3 Research objectives 2 Study site

The objective of this contribution is to provide answers to the
following scientific questions: The geographic location selected for this study is the Cata-

1. will changes in mean annual and seasonal GST closelynaran Brook catchment~(53 kn?) in -east-central NB,
mimic climate change-induced changes in mean annuafanada (482 N latitude, 6606 W longitude). Catamaran
and seasonal AT? Brook is a third-order tributary of the Little Southwest Mi-

- . ramichi River (Fig. 1). The Catamaran Brook catchment has

2. can monthly GST data be utilised to predict monthly 53 mixed coniferous (65 %) and deciduous (35 %) Acadian

groundwater temperature in shallow aquifers by adopt-forest cover (Cunjak et al., 1990). Portions of the catchment

ing an empirical approach? were clear-cut in 1996 (Alexander, 2006). The annual av-
erage precipitation in the region is 1140 mm, with approxi-
mately 33% falling as snow (Cunjak et al., 1993). The re-
gion experiences a humid continental climate with arid, cold
winters and warm, humid summers (Cunjak et al., 1990).
These questions will be answered in reference to a small As indicated in Fig. 2, the Catamaran Brook catchment
forested catchment with available field data (AT, GST, andis covered with a thin blanket of coarse sandy till, which
groundwater temperature), and in which cold groundwateris underlain by a dense clay till and Silurian and Devonian
discharge has been observed to provide thermal refugia fopedrock (Alexander, 2006). The water table is shallow and
salmonids. Thus, the answers to these scientific questionges within the surficial sand and gravel deposit (Alexander,
will primarily be valid for our particular study site. This work = 2006).
differs from previous future GST studies (question 1) by em- Discharge in Catamaran Brook remains primarily
ploying multiple GCMs and by investigating climate change groundwater-sourced throughout the year (Caissie et al.,
impacts on surface processes in a warmer climate, albeit stilf 996). Thus, the summer water temperature of Catamaran
with seasonal snow cover. The answer to the second equatioBrook is generally considerably lower than that of the main
will provide a simplistic alternative to implementing analyti- stem of the Little Southwest Miramichi River, which has a
cal solutions, which are replete with restrictions, particularly high width to depth ratio and responds rapidly to solar radia-
for the GST boundary condition. Finally, the answer to thetjon (Caissie et al., 2007). Juvenile Atlantic salm&ano
third question should provide surface water hydrologists andsalar) have been documented seeking thermal refuge in the
ecologists with valuable information Concerning the thermal cold-water p|ume at the mouth of Catamaran Brook during
sensitivity of shallow aquifers and baseflow-dominated rivershigh temperature events (Breau et al., 2007). During a heat
and the resilience or sensitivity of cold-water fish habitat towayve in 2010, very dense fish aggregationsL( 000 fish)
a warming climate. were observed in nearby thermal refugia within the Little

3. how will shallow groundwater temperature respond to
climate change on a monthly basis and what are the im
plications for salmonid thermal refugia?
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2704 B. L. Kurylyk et al.: Surface and groundwater temperature response to climate change

~ North
- E—
Monitoring
well 0 50 m
—_
Surface Temp.
Regrowth zone

Forested Buffer

&+ Catamaran
Brook

Dense grey clay Surficial aquifer
with groundwater
flow

Depth below ground surface (m)

Bedrock

Fig. 2. Cross-sectional view of the portion of the Catamaran Brook catchment containing the monitoring well and temperature loggers
(adapted from Alexander, 2006).

Southwest Miramichi River (T. Linnansaari, UNB, personal In this method, the local climate variables are obtained

communication, 2012). from the GCM simulations using multiple regression func-
tions determined from reference period simulations. Because
regression-based methods often have difficulty producing the

3 Methods observed variability in local climate predictands, a stochas-
tic generator is used to increase the variance in the datasets.

3.1 Reference period and projected climate data These two methods (i.e. DT and HMLR) were employed in
this study.

Future climate scenarios are generated by GCMs driven Output from GCMs can also be dynamically downscaled
by emission scenarios that invoke assumptions about fuwith RCMs. RCMs produce results on a finer computational
ture population growth, technology, and economic develop-grid than GCMs, using GCM output as boundary values.
ment (Nakicenovic and Swart, 2000). GCM simulations areHowever, RCMs tend to introduce additional biases (Wilby
performed on coarse computational grids (e.g. 250km byet al., 2000). For this reason, results from RCMs are of-
250 km), thus their results should be downscaled to transien bias-corrected. This can be accomplished through tech-
late the data from the coarse grid to local climate conditions.niques similar to those used for downscaling. In the present
Downscaling approaches have been thoroughly reviewed istudy, both of the dynamically downscaled climate series
past contributions (e.g. Wilby and Wigley, 1997; Xu, 1999). (CRCM 4.2.3 aev-A2 and CRCM 4.2.3 agx-A2, Table 1)
A simple downscaling approach is the daily translation (DT) were bias-corrected using the DT method addressed earlier.
method, which is in the family of “statistical” or “quantile- This present study is part of a multi-disciplinary initia-
quantile mapping” downscaling techniques (Teutschbein andive investigating salmonid thermal refugia and their sensitiv-
Seibert, 2012). Statistical downscaling is predicated on théty to climate change. The climate scenarios utilized in this
assumption that local climate conditions can be determinedtudy (Table 1) were provided by collaborating climatolo-
from large-scale climate variables using linear or non-lineargists. The HMLR-downscaled data were contributed by the
transfer functions (Jeong et al., 2012a). In the DT methodUniversié du Qebec Institut National de la Recherche Sci-
a GCM is initially run for a reference period containing lo- entifique (D. Jeong, INRS, personal communication, 2011),
cal observations. Scaling factors for precipitation and AT arewhile the other climate data series were produced from the
then determined from the reference period simulations andhird Coupled Model Inter-comparison Project database of
local observations using empirical cumulative distribution GCM output (CMIP3, Meehl et al., 2007) and dynamically
functions. GCM simulations for a future time period (emis- downscaled using the Canadian Regional Climate Model
sion scenario) are then downscaled by applying the dailfCRCM4.2.3, de Elia et al., 2008; Huard, 2011) or statis-
scaling factors. tically downscaled with the DT method (Huard, 2011). In

Many more complex statistical downscaling methods havetotal, seven projected climate scenarios (Table 1) were pro-
been developed; one of these is the hybrid multivariateduced for the period of 2046—-2065 using six GCMs and one
linear regression (HMLR) method (Jeong et al., 2012a,b).
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Table 1. Details for each of the seven climate scenarios employed in the current study.

2705

GCM GCM (RCM) Run Emission Downscaling Contributor
(RCM) resolution ID scenario approach (Reference)
CGCM3 3.78 x 3.7 - A2 StatisticalFHMLR  INRS

(Jeong et al. 2012a)
CGCM3 3.78 x3.71° Aev A2 Dynamical Ouranos
(CRCM4.2.3)  (45kmx 45km) (Huard, 2011)
ECHAM5 1.88 x1.87 Agx A2 Dynamical Ouranos
(CRCM4.2.3)  (45kmx 45km) (Huard, 2011)
CSIROMk3.0 19x1.9 - B1 Statistical-DT Ouranos

(Huard, 2011)
CSIROMk3.5 19x1.9 - B1 Statistical-DT Ouranos

(Huard, 2011)
MIROC 3.2 1.Px1.1° - AlB Statistical-DT Ouranos
HIRES (Huard, 2011)
CGCM3 3.78 x3.71° - Al1B StatisticalFHMLR  INRS

(Jeong et al., 2012a)

B CGCM3-A2

RCM, two downscaling methods, and three emission scenar-
ios. This period was selected for the present study due to
the number of available downscaled climate scenarios. These

A Observed (1961-2000)
OCRCM 4.2.3 aev-A2
+CSIRO MK 3.0-B1
¥MIROC 3.2 HIRES-A1B

=CRCM 4.2.3 agx-A2
#+CSIRO MK 3.5-B1
®CGCM3-A1B

particular climate scenarios were selected because they span
the range of plausible future climatic conditions for east-
central New Brunswick. These climate data provide the basis
for predicting future GST and groundwater temperature. The
term “Run ID” (Table 1) refers to a particular simulation per-
formed within the RCM. In this case, the primary difference
between the two RCM runs (Agx and Aev) is the GCM driver
(CGCMS3 and Echamb).

Figure 3 provides the projected changes in mean annual
precipitation and mean annual AT for each of the seven sce-
narios listed in Table 1. The observed/reference climate data
(1961-2000) were taken from the Environment Canada (EC}:_ _ . I
database of adjusted and homogenised Canadian climate dats: 3. PrOJeCteq changes in average annual precipitation vs. pro-

. . o jected changes in mean annual AT for east-central New Brunswick.
(EC, 2011). All of the scenarios predict a rise in mean an-

g The climate data from the observed period (1961-2000) were cho-
nual AT (with range 0f+0.4-3.9°C for the 20462065 pe-  gen for a baseline for which to compare the future period (2046—

riod compared to the 1961-2000 period), but the projectionogs) period simulations. The 1961-2000 observed data series and
for annual precipitation vary significantly in magnitude and each projected climate series (2046—2065) have their own distinct
direction (12 to 449 %). It should be noted that the intent set of statistics (e.g. annual mean and standard deviation).

of this contribution is not to provide an in-depth analysis of

the climate data but rather to drive the surface and subsurface

models with multiple plausible climate scenarios producedyin and Arp, 1993) was selected to simulate daily GST
with a variety of established methods. Thus, the intent is tofrom the reference and projected climate data. This phys-
examine the sensitivity of GST and groundwater temperaturgcally based model is capable of simulating the complex
to external forcing rather than to make an assessment of thge|ationship between future climate change and the lower
accuracy of predictions regarding the future state of surface&xtmosphere—surface energy exchange. ForHyM was origi-
and subsurface thermal regimes. nally developed for simulating water fluxes through shal-
low forest soils; this model successfully reproduced data
from a deciduous forest in Ontario, Canada, and a conifer-
ous forest in Quebec, Canada (Arp and Yin, 1992). Yin and
The physically based surface energy balance modeArp (1993) later developed ForSTeM, to simulate soil tem-
ForHyM2 (Forest Hydrology Model v.2, Arp and Yin, 1992; perature. ForSTeM was created to be coupled to ForHyM,
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and these two models with subsequent revisions are collec- ——Measured GST ~——ForHyM2 Simulation  ===Snowpack
tively referred to as ForHyM2. ForHyM2 has been applied 30 500 =
at many other sites (e.g. Balland et al., 2006; Bhatti et al., 25 { R2value L 450 3
2000; Houle et al., 2002; Meng et al., 1995; Oja et al., 1995)  ,, | " ©57=093 oo 2
to simulate hydrologic fluxes and/or soil temperatures; at all _ .
of these sites, model simulations closely agreed with field £ o tsso g
observations. ForHyM2 has also performed well at simulat- g 10 r 300 E
ing snowpack depths under various forest canopies (Balland§ 5 | 250 E
et al., 2006; Houle et al., 2002). 2 , - L 200 &
ForHyM2 requires daily AT, precipitation, and relatively 5 v 150 %
few site characteristics for input conditions. Thus, simula- @
tions can be performed without extensive field work or site  ° 103
parameterisation. GST simulations can be started without -15 ‘ 50 2
initial conditions, provided that the first time step is not dur- 5 | WY I @

r r ! ' T ~ 0
Oct-01 Jan-02 Apr-02 Jul-02 Oct-02 Dec-02 Mar-03 Jun-03 Sep-03

ing a period with snow on the ground. ForHyM2 simulations Date

were conducted in a simplified manner (one-dimensional)
with the entire catchment represented as a point; thus surFig. 4. Measured and ForHyM2-simulated GST and ForHyM2-
face heterogeneities were ignored. The observed climate dagimulated snowpack for the Catamaran Brook catchment for the Oc-
and downscaled projected climate data were utilised to drivdober 2001-September 2003 period. Measured and simulated GST
the ForHyM2 simulations on a daily time step. The GST Wasdata are relatively constant during the snow-covered period.
taken as the temperature of the forest floor surface. A more
detailed description of the ForHyM2 model mechanics and
input parameters is included in the supplementary material. @n analytical solution to the following governing equation

for one-dimensional heat transport in regions of significant
3.3 Comparison of uncalibrated ForHyM2 simulations ~ groundwater flow (Domenico and Schwartz, 1990):

with measured GST
8T aT aT

To test the accuracy of performing uncalibrated GST sim—)‘a_z2 Tatwa = ¢ T @
ulations in ForHyM2, simulated GST results were gener-
ated for a reference period containing GST measurementsvhere A is the thermal conductivity of the subsurface
Alexander (2006) installed temperature loggers (VEMCO (MLt=3T-1), T is the spatiotemporally varying groundwa-
Minilog) in the Catamaran Brook catchment to record hourly ter temperaturey is the vertical Darcy flux (L tY), C and
AT, GST, and groundwater temperature (see temperature logc, are the volumetric heat capacities of the medium and
gers, Fig. 2). AT observations were recorded in shelters at avater, respectively (ME1t=2T-1), z is depth (L), andr
height of 1.5 m above the ground surface. Groundwater temis time. Analytical solutions to Eq. (1) have been derived
perature data were recorded in the monitoring well indicatedfor GST that is linearly or exponentially increasing on a
in Fig. 1 at four depths: 1.5, 2.75, 5.25, and 8.75m (Fig. 2).decadal basis (Taniguchi et al., 1999; Kurylyk and MacQuar-
GST data were recorded near the monitoring well. The tem+ie, 2013a) or periodically varying on a seasonal basis (Goto
perature data utilised in the present study were collectect al., 2005; Stallman, 1965). However, these boundary con-
during 1 October 2001-30 September 2003. Additionally,ditions are inappropriate for the present study. A linearly
measured precipitation data from the EC historical weatheior exponentially increasing GST boundary condition ignores
database for the Miramichi weather station (EC, 2010) wereseasonal variations in temperature. Furthermore, a periodi-
used as input for the ForHyM2 simulations. In general, thecally varying (i.e. sinusoidal) GST boundary condition is a
ForHyM2-simulated GST time series were in agreement withpoor approximation of the annual GST cycle in seasonally
the GST observations (Fig. 4). The associated coefficient obnow-covered catchments due to the insulating effect of the
determination g?) was 0.98, thus ForHyM2 was judged to winter snowpack (Lapham, 1989; Zhang, 2005). There are
have performed favourably for these site conditions and memany other limitations associated with Eq. (1), including spa-
teorological data considering that no model calibration wastiotemporally constant groundwater flux and thermally ho-

undertaken. mogeneous subsurface properties. Taylor and Stefan (2009)
utilised a solution to a simplified form of Eq. (1) that ignored
3.4 Empirically based estimation of groundwater advective heat transport due to groundwater flow. However,
temperature advective heat transport could be significant in the Catamaran

Brook basin, particularly in the shallow aquifer. The subsur-
Several previous studies investigating the impact of cli-face heat transport modelling capabilities in ForHyM2 (Sup-
mate change on groundwater temperature have employeplement) were also not utilised for the present study because

Hydrol. Earth Syst. Sci., 17, 27012716 2013 www.hydrol-earth-syst-sci.net/17/2701/2013/
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4. Surface and
Subsurface Data
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model | TTe~________o--="77
Fig. 5. Translation of GCM-simulated data into daily GST-simulations. Daily GST were then averaged on a monthly basis and entered as
input to the empirical GST-groundwater temperature (GWT) transfer function.

the model equations ignore advective heat transport due ttemperature, whereas AT is merely used as a surrogate for
groundwater flow. radiation, the primary driver of river temperature (Allen
In light of the limitations associated with the ForHyM2 and Castillo, 2007). Thus, the application of this GST-
model and previously published analytical solutions, an em-groundwater temperature transfer function should be at least
pirical GST-to-groundwater temperature transfer functionas insightful as its surface water counterparts.
was adopted for simulating the monthly groundwater tem- The measured groundwater temperature and GST col-
perature response to rising GST: lected by Alexander (2006) were used to estimate the depth-
dependent values ab, L, and B by minimising the root
GWT; = MAGST + D {GST;-1) — MAGST} + B, (2)  mean square error (RMSE) between the measured and sim-
ulated monthly groundwater temperatures for each depth. It

where GWT s the groundwat‘er temperature for morth should be noted that two of the data loggers were installed
GST;—1) is the GST for monthi(— L), andD, L, andB are . . - .
in the sand and gravel aquifer, while the other two were in-

empirical parameters that are temporally constant, bUtdepthétalled in the clay aquitard (Fig. 2). Future projections of

dependent. Although this equation is empirically based, the roundwater temperature at each depth were obtained by

equapon parameters _relate to physmal PrOCESSES. AnalytlC‘%riving the GST-groundwater temperature transfer function
solutions to the transient conduction equation have demon-

with the future projections of GST obtained from ForHyM2.

strated that the seasonal groundwater temperature cycle Bhe flow of data from the GCMSs to the GST-aroundwater
damped and lagged with respect to the seasonal GST cy- L > -0

] . . . temperature transfer function is illustrated in Fig. 5.
cle. These damping and lagging effects increase with depth
(Bonan, 2008, p. 134; Taylor and Stefan, 2009). The unitless
D parameter produces the damping effect of the subsurfacg Results
thermal diffusivity, while theL parameter (units of months)
produces the lagging effect between a GST change and it8.1  Projected climate change impacts on GST and snow
subsurface realisation. Theterm (C) accounts for shallow cover
heat transfer phenomena that may not be included in the other
two parameters, which are conduction based. These phenonThe most pronounced increase (226} in mean annual
ena include: latent heat effects due to freezing and thawingGST, compared to the reference period simulated GST
vadose zone heat transfer processes in the vapour phase, afi®61-2000), was for the MIROC 3.2 HIRES-A1B climate
groundwater advection. data, while the only projected decrease in the mean annual

There are admittedly limitations to adopting an empiri- GST (—0.15°C) was obtained for the CSIRO Mk3.0-B1 cli-

cal approach for relating GST and groundwater temperamate data (Fig. 6). It should be noted that changes in mean
ture. However, linear and non-linear regression-based ATannual AT for these particular scenarios wer8.96 and
stream temperature transfer functions have been developed0.39°C, respectively (Fig. 3). Thus, it appears that the pro-
for examining the response of surface water temperaturgected increases in mean annual AT are damped at the ground
to future warming climates (Kelleher et al., 2012; Mayer, surface.
2012; Mohseni et al., 2003, and references therein). Fur- Inaddition to the projected variations in mean annual GST,
thermore, GST is the actual driver for shallow groundwaterthe ForHyM2 results also suggest that changes will occur to
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Table 2. Changes in seasoriaAT and ForHyM2-simulated GST for each climate scenario.

Climate Winter £C) Spring ¢C) Summer {C) Fall (°C)
Scenario AAT  AGST AAT  AGST AAT  AGST AAT  AGST
CGCM3-A2 3.31 -0.33 2.07 1.21 1.48 1.47 2.14 2.03
CRCM 4.2.3 aev-A2 434 -0.63 2.40 1.65 191 191 2.17 2.00
CRCM 4.2.3 agx-A2 2.05 -0.77 1.19 0.86 1.54 1.53 1.99 1.86
CSIRO MK3.0-B1 137 -0.71 0.32 0.28 -0.3 -0.30 0.18 0.13
CSIRO MK3.5-B1 181 -1.12 1.73 1.19 0.79 0.80 1.27 1.13
MIROC 3.2-HIRES-A1B  4.58 0.08 4.16 3.54 3.49 3.49 3.61 3.43
CGCM3-A1B 3.80 -0.21 2.05 1.29 1.54 1.54 2.36 2.14

* Winter = December—February, spring = March—May, summer = June—August, and fall = September—November.

A Reference (1961-2000) mCGCM3-A2 Table 3. Depth-dependent parameter values for the GST-
OCRCM 4.2.3 aev-A2 =CRCM 4.2.3 agx-A2 groundwater temperature transfer function.
# CSIRO MK3.0 -B1 +CSIRO MK3.5-B1

XMIROC 3.2-HIRES-A1B © CGCM3-Al1B

1 Depth LagL Damping Empirical

o (m) (months)  TernD B (°C)
s 11
U:) 1 * 1.50 1.29 0.467 1.575
o 2.75 1.81 0.308 1.237
R ﬁ q:' é 5.25 3.30 0.127 0.571
E e i '} s _I_ 8.75 5.70 0.045 0.274
c 7
]
2 &6
> 4.2 GST to groundwater temperature transfer function
4

Fig. 6. ForHyM2-simulated mean annual GST for each climate sce-The bSSt fits for theL, D, and Bf pa][ame_tersfln the hGSfT_h
nario (2046-2065). Simulated mean annual GST based on the higdroundwater temperature tr_ans er unCt'Qn or each o the
torical climate data (1961—-2000) is indicated by the data point to thefoUr depths are presented in Table 3. Figure 9 gives plots

far left. Error bars indicate one standard deviation in mean annuafor the measured and simulated monthly groundwater tem-
GST. perature at each of the four depths. The resultant correlation

coefficient R value) and RMSE between the measured and
simulated data are also indicated.
seasonal GST. As indicated in Figs. 6 and 7, the trends in According to the analytical solution employed by Taylor
seasonal GST do not necessarily reflect the trends in meagnq stefan (2009), the lag terni)(and the natural loga-
annual GST. For example, the projected changes in mean aithm of the damping termi) should be linearly related to
nual GST are generally positive, whereas the trends in seane depth. Figure 10 indicates that the relationship between
sonal GST are typically positive for the spring, summer, andipe depth and thé& term or the natural logarithm of th®

cates that the changes in seasonal GST will not necessariltercept.

closely follow the changes in seasonal AT, although this ap-

pears to be the case in the summer. 4.3 Projected climate change impacts on groundwater
Figure 8 indicates that the snow-covered period is ex- temperature

pected to decrease under the various climate scenarios.

The predicted reduction in the average snow-covered peror the sake of clarity, only the groundwater temperature

riod could potentially range from 13 (CSIRO Mk3.0-B1) resuilts from the reference period simulation (1961-2000)

to 49 days (CRCM 4.2.3 aev-A2). Additionally, Fig. 8 and the maximum (MIROC 3.2 HIRES-A1B) and minimum

suggests that the mean annual snowpack depth will alsecs|RO-Mk3.0-B1) simulated groundwater temperature are

likely decrease. Estimated reductions in mean annual snoWshown in Fig. 11. The monthly groundwater temperatures

pack depth range from 35% (CSIRO Mk3.0-B1) to 77% simulated from the MIROC 3.2 HIRES-A1B climate data

(CRCM 4.2.3 aev-A2). The simulated snowpack depths forexceed the reference period groundwater temperature by ap-

the other five climate scenarios are within the range of theproximately 1-3.3C depending on the month and depth,

CSIRO Mk3.0-B1 and CRCM 4.2.3 aev-A2 results. whereas the groundwater temperature simulated from the
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AReference (1961-2000) mCGCM3-A2 OCRCM 4.2.3 aev-A2 =CRCM 4.2.3 agx-A2
¢ CSIRO MK3.0 -B1 +CSIRO MK3.5-B1 XMIROC 3.2-HIRES-A1B @ CGCM3-Al1B
2 8 X
Range of A winter GST = Range of A spring GST =
1 -1.12 to +0.08°C 7 +0.28 to +3.54°C
0 6 (]
A X n + ®
1 [ ] ° 5 -
G O = o *
< o + 2| A
=
9]
% -3 | Range of A winter AT = 3 [ Range of A spring AT =
< +1.37 to +4.58°C +0.32 to +4.16°C
4 2
§ (A) Average Winter GST (°C) (B) Average Spring GST (°C)
7]
[
® 22 12
o Range of A summer GST = X Range of A fall GST =
< 21 | -0.29to0 +3.48°C 11 +0.12 to +3.42°C b4
20 10
(m] °
- - o "0 -
19 9
+ +
18 8
4 * A ¢
1 Range of A summer AT = 7 Range of A fall AT =
16 -0.30 to +3.49°C 6 +0.18 to +3.61°C
(C) Average Summer GST (°C) (D) Average Fall GST (°C)

Fig. 7. ForHyM2-simulated average seasonal GST for each climate scenario (2046—2065) and the reference period (1961-2886% The
show various ranges in GST but are drawn to the same scale. Winter = December—February, spring = March—-May, summer = June—-August
and fall = September—November.

Reference (1961-2000) = = CRCM 4.2.3 aev-A2 5 Discussion

CSIRO MK3.0-B1

160 5.1 Relationship between climate-induced changes in
L S0 AT and GST
§§ 120 _ _ _
25 100 Figures 3 and 6 demonstrate that the magnitude of the in-
59 g creases in projected mean annual AT for the seven climate
2 2 60 scenarios for this study sitet-0.4 to +3.9°C) are larger
‘—;‘é 20 than the simulated changes in mean annual GSI.15 to
(% £ 20 +2.64°C). Thus, the findings of the present study concur

g 4] with Mann and Schmidt (2003), who proposed the debated

F & FE P @ W@ S PR notion that decadal mean annual GST changes will not nec-
essarily track mean annual AT changes (see Chapman et al.,
2004; Schmidt and Mann, 2004). Decadal snow-cover evo-
Fig. 8. ForHyM2-simulated snowpack depth (averaged over the du-lution can decouple mean annual GST and mean annual AT
ration of the simulation period) vs. the date. Simulated snowpacktrends by altering the winter thermal resistance between the
depths for the other five climate scenarios are within the range sefower atmosphere and the ground surface. Figure 4 indicates
by the CSIRO Mk3.0-B1 and CRCM 4.2.3 aev-A2 results. that the variability in simulated and measured GST is con-
siderably less in winter than in the other seasons due to the
) . _ insulating effect of the snowpack. This effect is simulated in
CSIRO'Mk3'O'Bl, climate data is relatively unchanged from ForHyM2 by the inclusion of a thermal resistance layer dur-
the reference period. ing snow-covered periods (Supplement). Figure 8 suggests

Figure 12 shows thg change in average mqnthly ground'that the snowpack insulating effect will likely be reduced in
water temperature projected for each of the climate scenarg,, coming decades due to a reduction in the snow-covered
ios. As expected, the variability in the changes of monthly

q q th deoth f h eriod and the average snowpack depth. Thus, even when
groun water temp_erature ecreases with depth for each Qfy, gy cover exists in awarmer climate, the equivalent thermal
the climate scenarios.

resistance will be limited by snowpack thinning. This will in-
crease the winter heat transfer between the lower atmosphere

Months in Hydrologic Year
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be damped at the ground surface (average spring ratio,
AGST/AAT =72 %). The spring damping effect is caused by
a lingering snowpack. Thus, changes in seasonal GST will
likely follow changes in seasonal AT during the warmer pe-
riod, but not during the colder period.

5.2 The empirical GST to groundwater temperature
function

The results presented in Fig. 9 indicate that an empirical rela-
tionship of the form of Eq. (2) is flexible enough to reproduce
groundwater temperature at coarse spatia2 (n) and tem-
poral (monthly) resolutions. As expected, the RMSE values
were higher at shallow depths where the seasonal variabil-

Fig. 10. The lag factor L) and natural logarithm of the damping
factor (D) plotted vs. depthz). The L and D parameters were ob-
tained from fitting Eq. (2) to measured groundwater temperature.

ity in groundwater temperature is greater. However, the rel-
atively constant correlation coefficient® (values) suggest
that the function is consistent in addressing the variability
in measured groundwater temperature to depths of approxi-
mately 9 m. Figure 9 suggests that the function has a prob-
and the ground surface and result in colder winter GST as infem with simulating groundwater temperature in April. We
dicated in Fig. 7a. This decrease in simulated winter GSTexpect that this error arises due to advective heat transport as-
limits increases in mean annual GST and may be an imsociated with the spring snowmelt and major recharge event
portant negative climate change feedback mechanism for thduring this period and/or with latent heat absorbed during the
subsurface thermal regime. thawing of the upper few cm of soail.

Table 2 indicates that changes in average summer GST The coefficients of determinatiorkf) in Fig. 10 illus-
(—0.30 to +3.49°C) will closely replicate changes in av- trate that the lag termZ( and the damping factor))
erage summer AT +0.30 to +3.49°C) for this location.  generally varied with depth as expected. The slope of the
Table 2 also suggests that increases in fall GST will benatural logarithm of the damping factor vs. depth rela-
slightly less than increases in fall AT (average fall ratio, tionship can be used to infer a soil thermal diffusivity of
AGST/IAAT=93%) and that increases in spring AT will 7.1x 10'm?s! (see Eq. 4 in Taylor and Stefan, 2009),
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A1B climate scenarios consistently produced the lowest and highest monthly groundwater temperature data, respectively.
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Fig. 12. Changes in monthly groundwater temperature produced by driving the GST-groundwater temperature transfer function with the
projected GST data simulated for each of the seven climate scenarios (change =the simulated average monthly groundwater temperature fc

the 2046—2065 period minus the simulated average monthly groundwater temperature for the 1961-2000 period).
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which is in agreement with the typical saturated soil thermalTable 4. Simulated summer subsurface thermal sensitivities for
diffusivity (7.0 x 10-' m?s~1) reported by Bonan (2008). each depth, averaged for the seven climate scenarios.
Thus, the behaviour of thB andL terms concurred with our

expectations based on classic heat conduction theory. As dis- Depth  Average Average
cussed,B is an encompassing parameter to account for any (m) AGWT  STS
heat transfer process other than satu_rated zone cpnduction. 15 1.31°C 0.88
Near-surface phenomena (e.g. freezing, evaporative losses 275 1.26C 0.81

to the atmosphere, thermal conductivity heterogeneities due 5.25 1.07C 0.72

to variable saturation) and groundwater flow can signifi- 8.75 0.98C 0.66
cantly perturb a temperature-depth profile. These phenom- | AW refere 0 —
ena exhibit seasonality, which would contribute to the er- Summer groundwater temperatutep
rors in the estimated groundwater temperature for particu- 2 STS refers to the summer subsurface
lar months. Table 3 indicates that the valuesBaflecreased thermal sensitivity:

L . . . . STS=AGWTs/AATs; AATs refers to the
with increasing depth, which we expected given our proposi- average change in summer ATATs

tion that B accounts for near-surface phenomena and advec- CC)=149°C.
tive heat transport. Clearly, the effects of near-surface phe-
nomenon would decrease with depth. Advective heat trans:.
port would also decrease with depth given the presence og
the clay aquitard (Fig. 2). In general, the behaviour of the
equation parameters (i.B, L, andB) is suggestive that they
produce the physical effects that we postulated.

ndings contrast with those of Taylor and Stefan (2009) who
roposed that the amplitude of shallow groundwater tem-
perature would not be significantly affected by a warming
climate.

One motivation for this contribution was to examine the
effect of rising groundwater temperature on groundwater-
sourced salmonid thermal refugia. Stream temperature re-
searchers have defined the thermal sensitivity of a stream
as the slope of the AT-stream temperature relationship

Z?élres dllcg?goliml(r;dgégi tk;_at tthe dM:ROC eﬁde_lRiS' (e.g. Mayer, 2012). Following this approach, we define the
an 0-bl climale data resulted In Me g ¢ rface thermal sensitivity as the ratio of the climate

highest and lowest groundwater temperatures, reSpeCtiveI¥:hange-induced increase in summer (June—August) ground-

Thgsg results were con_S|stent for each month. and deF’tWNater temperature to the increase in summer AT. We are pri-
This is not surprising given that these two climate sce-

narios also resulted in the highest and lowest mean anmarily concerned with summer temperatures as groundwater
. : " discharge is most critical for the preservation of salmonid
nual AT (Fig. 3) and mean annual GST (Fig. 6). Thus in g P

: : o opulations during this time of the year (Breau et al., 2007;
general, increased mean annual AT will result in mcreasecg

| GST and I dwater t unjak et al., 2005). Table 4 presents the simulated subsur-
mean annua and mean annual grounawater temperg; .o 1harmg| sensitivities for each climate scenario at each
ture; however, the response of monthly groundwater tem

. L ‘of the four depths. The sensitivity values are negatively
perature to rising AT (and consequently rising GST) MAY correlated with depth because simulated summer GST in-
be complex. For example, Fig. 12 indicates that at 1.5m

depth the maximum changes in the groundwater teml{)t:}ragreases closely followed summer AT increases (Table 2), but
. Simulated changes in mean annual GST were significantl
ture for the MIROC 3.2 HIRES-A1B scenaria-8.43°C) g 9 y

il in M d the mini h . dwat damped compared to changes in mean annual AT. With in-
will occurin May, and the minimum changes In grounawater .o 5qq depth, the subsurface thermal effects of seasonal
temperature{1.26°C) will occur in March. Thus, climate

. . . GST are reduced, and the mean annual GST becomes the pri-
change-induced increases in shallow groundwater tempere},hary driver of groundwater temperature. The mean summer
ture in the Catamaran Brook catchment will likely exhibit

litv. Fi 12.d trates that thi lity wi ubsurface thermal sensitivity values for Catamaran Brook
seasonaily. Figure emonstrates that this seasonality W'EO.66—0.88, Table 4) are somewhat higher than stream tem-

decrease with depth. At a depth of 8.75m, the increase i
monthly groundwater temperature is approximately constanrf)
and equivalent to the rise in mean annual GST.

This study has also demonstrated that, due to increase

5.3 Shallow groundwater temperature respond to
climate change

erature sensitivities obtained by previous researchers exam-
ning AT—surface water temperature relationships for shorter
%eriods (Kelleher et al., 2012; Mayer, 2012; O’Driscoll and

. ) eWalle, 2006). For example, Kelleher et al. (2012) found
summer GST and decreased winter GST (Fig. 7), the rangéhat the average thermal sensitivity of smaller streams (0.52)

in the annual cycle.of groundwater temperatur_e will increaseWas less than that of larger (stream orded) streams (0.83)
For exampl'e,.the difference between the maximum (Septemfor stream systems in Pennsylvania, USA. Mayer (2012)
ber) and minimum (February) average monthly groundwaterused weekly AT and stream temperature data and found that
temperat_ure gt a d‘?pth of 1.5m was T&sfor the refer- the summer thermal sensitivities varied from 0.25 to 0.58 for
ence period simulation, and the differences projected for th

%ix streams in Oregon, USA.
seven climate scenarios ranged from 14.0 to 1€.ZThese gon,
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Kelleher et al. (2012, and references therein) proposed tharansport due to increased groundwater flow. Increases in ex-
thermal sensitivities of stream water temperature to AT varia-treme precipitation events could potentially alter thepa-
tions derived from high-frequency temperature data (e.g. searameter due to changes in hydrological processes such as in-
sonal, monthly, weekly, or daily) could be employed to tensified subsurface lateral flow (horizontal advection) and
estimate stream temperature sensitivity to climate changeheterogeneous surface ponding. Furthermore, at the latitude
This approach may not be valid in groundwater-dominatedconsidered for this study, latent heat effects arising from
streams, because it is fundamentally based on the premigeore-water phase changes may actually increase in a warmer
that groundwater temperature will respond in the same manelimate, as winter GST are projected to decrease. As previ-
ner to both high-frequency and low-frequency AT varia- ously discussed, the importance Bfdecreases with depth,
tions. Groundwater temperature may be insensitive to dailythus the results for deeper depths (e.g. 8.75 m) may be more
or even seasonal AT variations, but it is sensitive to decadateliable. Also, this empirical function assumes that the sub-
AT variations, as we have demonstrated by the subsurfaceurface is in dynamic thermal equilibrium with the surface;
thermal sensitivity values in Table 4. Thus extrapolated seahowever, it could potentially take years for the rise in mean
sonally derived thermal sensitivities obtained for baseflow-annual GST to be fully realised in deeper 10 m) aquifer
dominated streams may underestimate their true thermal sersystems. These complex subsurface climate change feed-
sitivity to decadal climate change. backs could be simulated with physically based groundwater

The changes in shallow (1.5 or 2.75m) summer ground-flow and heat transport models that can accommodate freez-
water temperature projected for the MIROC 3.2 HIRES-A1B ing and thawing effects. We anticipate that this research will
data are approximately°® (Fig. 12). Changes to the tem- motivate others to perform additional studies in other aquifer-
perature of groundwater discharge on this order would negriver systems.
atively impact riverine ecosystems by increasing the tem-
perature of groundwater-sourced thermal refugia and in-
creasing local surface water temperature in groundwater6 Conclusions
dominated streams and rivers by increasing the heat flux
at the river bed (see Caissie et al.,, 2007; Hebert et al.Jo investigate the relationships between climate change and
2011). Although groundwater temperature will respond toGST in the Catamaran Brook catchment, simulations were
decadal climate change, groundwater-dominated tributariesonducted using the physically based surface flux balance
will generally continue to remain colder than the main stemsmodel ForHyM2. In general, the ForHyM2 results indicate
and thereby induce riverine thermal heterogeneity. Catchthat the changes in summer GST will mimic changes in sum-
ments for tributaries that provide thermal refugia should mer AT for this catchment. However, the model results also
be protected from deforestation (Alexander, 2006; Bourquendicate that, due to complex snow-cover evolution effects,
and Pomeroy, 2001) and aggregate extraction (Markle anavinter GST will likely decrease-{1.12 t0+0.08°C). This
Schincariol, 2007), which have been shown to increase shalwill resultin mean annual GST changes].15 to+2.64°C)

low groundwater and river temperatures. that are significantly damped with respect to mean annual AT
changes-£0.39 to+3.96°C).
5.4 Limitations of the approach Measured groundwater temperature and GST were utilised

to develop an empirical relationship between the surface and
Our modelling approach for estimating future groundwatersubsurface thermal regimes for this catchment. This empiri-
temperature from GST assumes that the empirical parameal function was then driven with ForHyM2-produced GST
eters B, D, and L) will be unaffected by a warming cli- projections to estimate the impact of atmospheric climate
mate. It seems reasonable to assume that this will be thehange on groundwater temperature. Results from these sim-
case forD and L based on the physical processes they rep-ulations indicated that shallow (1.5m) groundwater temper-
resent. The subsurface damping and lagging effects are prature in this catchment is very sensitive to increases in sum-
marily controlled by the period of the seasonal GST cycle,mer AT. High-frequency GST signals, such as seasonal vari-
the soil diffusivity, and depth (Bonan, 2008), and none of ations in GST, are damped at greater depths; however, low-
those controls will likely be significantly affected by atmo- frequency GST signals, such as decadal climate change, are
spheric or surficial climate change in this catchment. Cli- retained at these depths. Thus, even groundwater temperature
mate change-induced variations in the timing or magnitudeat deeper depths will respond to increasing AT and GST. The
of precipitation may impact soil moisture and consequentlyresults presented in this contribution are site-specific; how-
thermal diffusivity; however, these effects would be more ever, our approach could be employed to investigate surface
noticeable in a catchment with a deeper water table. It isand subsurface thermal processes in other catchments with
more likely that theB parameter would be affected by a seasonal snow cover.
warming climate. For example, increased precipitation and This study has also demonstrated the limitations inher-
recharge rates in this catchment (Kurylyk and MacQuarrie,ent in predicting future climate change impacts using a sin-
2013b) could potentially lead to accelerated advective heagle projected climate series based on one emission scenario,
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simulated with one GCM, and downscaled using only one ap-Balland, V., Bhatti, J., Errington, R., Castonguay, M., and Arp, P.
proach. Climate modelling involves many assumptions and, A.: Modeling snowpack and soil temperature and moisture con-
as such, an array of climate scenarios should be considered. ditions in a jack pine, black spruce and aspen forest stand in cen-

We have also demonstrated that baseflow-dominated tral Saskatchewan (BOREAS SSA), Can. J. Soil Sci., 86, 203—
streams may exhibit more sensitivity to climate change than 217, 2006.

previous contributions have indicated. Salmonids are threat>€"e: V- F., Ferguson, G., and Kooi, H.: Evolution of shallow
groundwater flow systems in areas of degrading permafrost, Geo-

ened by rising river temperatures in eas_tgrn North America, phys. Res. Lett., 36, 122401, dbd.1029/2009GL 039222009
and the ability of grogndwater to buffer rising river tempera- gpari g s, Fleming, R. L., Foster, N. W., Meng, F. R.. Bourque,
tures may be overestimated. Future physically based ground- ¢ p A and Arp, P. A.: Simulations of pre- and post-harvest soil
water flow and heat transport modelling will be conducted  temperature, soil moisture, and snowpack for jack pine: compari-
to further investigate the potential increase in the tempera- son with field observations, Forest Ecol. Manage., 138, 413-426,
ture of groundwater discharge and the subsequent impact to doi:10.1016/S0378-1127(00)00427Z000.
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