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[1] A process-based model that incorporates hydrodynamic feedbacks between the land
surface, soil, and groundwater zones is used to assess the sensitivity of the hydrological
response (river discharge, aquifer recharge, and soil water storage) to future climate
conditions. The analysis is based on the Intergovernmental Panel on Climate Change
Special Report on Emissions Scenario A2 and the des Anglais catchment in southwestern
Quebec (Canada). Application of the coupled hydrological model (CATHY) to the study
basin revealed significant spatiotemporal variations in the river discharge response to
climate change owing to a different partitioning between the overland runoff and base flow
components of the hydrograph, with the latter alleviating the marked decrease in discharge
during the summer period. A spatial analysis of recharge patterns shows that the greatest
variations are expected to occur, throughout the year, in the southern portion of the
catchment, where the elevations are highest. Compared to river discharge and aquifer
recharge, the soil water storage volumes are less sensitive to climate changes. From a
spatial analysis of soil moisture variations it was possible to observe organizational patterns
that follow the topographic and pedologic characteristics of the catchment. In addition to
these analyses, we also compare predictions obtained with the land surface scheme
(CLASS) that is coupled to the regional climate model (CRCM) to those from the detailed
catchment model for past and future climate change projections. An examination of the
runoff revealed that CLASS produces higher estimates than CATHY of surface and
subsurface runoff throughout the annual cycle for both past and future projections. For soil
water storage, the two models are in general agreement in terms of the intra-annual
variability of moisture content at shallower soil layers, whereas a larger difference is found
for the deepest layer, with CATHY predicting wetter soil conditions over the entire
simulation period and moisture fluctuations of much smaller amplitude.
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1. Introduction
[2] The Intergovernmental Panel on Climate Change

(IPCC) has found evidence that recent regional climate
changes, particularly temperature increases, have already
affected many physical and biological systems [IPCC,
2007]. General circulation models (GCMs), aided by
appropriate downscaling techniques, have long been used
to simulate changes in regional climate systems over wide
spatiotemporal scales and to allow information from large-

scale atmospheric simulations to be used in smaller-scale
hydrological models [Wilby and Wigley, 1997; Arnell
et al., 2003].

[3] Changes in future climate will alter regional hydro-
logical cycles with subsequent impact on the quantity and
quality of regional water resources [Gleick, 1989]. While
climate change affects surface water directly through
changes in long-term climate variables, the impacts on
groundwater are more difficult to assess [Jyrkama and
Sykes, 2007]. To address this issue a number of studies
have been undertaken. Dooge et al. [1999] explored the
sensitivity of runoff to climate change for three scenarios
using a very simple hydrological model. Arora and Boer
[2001] studied the impact of future climate change on the
hydrology of 23 major river basins using a GCM coupled
to a river routing algorithm that included surface and
groundwater reservoirs. Caballero et al. [2007] investi-
gated the sensitivity during low-flow periods of a regional-
scale basin with a hydrometeorological modeling system.
York et al. [2002] and Scibek and Allen [2006] studied
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climate change impacts on groundwater recharge, while
Tague et al. [2008] highlighted the role of groundwater in
maintaining base flow under an altered climate. Quilbé
et al. [2008] and van Roosmalen et al. [2009] examined the
combined effects of future climate and land use changes on
agricultural watersheds. Despite these studies, very few
assessments of climate change impacts on freshwater
resources have been conducted using fully coupled nu-
merical models that consider the important hydrodynamic
feedbacks between the land surface, soil, and ground-
water zones.

[4] Interactions between surface and subsurface water
play a critical role in the hydrological cycle [e.g., Liang
et al., 2003; Gulden et al., 2007; Maxwell et al., 2007].
Improving the representation of infiltration and soil mois-
ture processes in current land surface models is considered
essential for accurate simulation of energy and moisture
fluxes. Soil moisture plays a key role in partitioning precip-
itation into infiltration, surface runoff, and drainage to
groundwater, and it also controls the partitioning of energy
into sensible and latent heat fluxes at the ground surface,
affecting the coupling between the land surface and the
atmospheric boundary layer [Brubaker and Entekhabi,
1996; Eltahir, 1998]. Although land surface models have
evolved from simple [Manabe et al., 1965] to more sophis-
ticated parameterizations [Lee and Abriola, 1999; Wang
et al., 2002; Pitman, 2003; Yeh and Eltahir, 2005], they
are still limited to vertical moisture transport in the soil col-
umn and lack an adequate representation of surface and
subsurface lateral transport due to topography or moisture
gradients. Lateral processes and a better surface-subsurface
coupling, commonly considered at small hillslope and
catchment scales [Singh and Woolhiser, 2002; Furman,
2008], can also play an important role at larger regional
scales, especially if latent heat flux – soil moisture feed-
backs and shallow water table dynamics are embedded in
fully integrated hydrometeorological models [Fan et al.,
2007; Kollet and Maxwell, 2008].

[5] This work presents an assessment of climate change
impacts for a medium-sized catchment (690 km2) based on
numerical simulations with a coupled physically based
model of surface and groundwater flow. A distributed
model of this type allows us to investigate in detail the role
of feedbacks between near-surface and deeper hydrological
processes, the influence of factors such as topography and
subsurface heterogeneity in amplifying or attenuating even-
tual impacts, and the ways in which processes that control
the catchment dynamics can be altered in response to cli-
mate changes. The study area is the des Anglais river basin
located in southwestern Quebec (Canada). The future cli-
mate projection (2041 –2070) was constructed by applying,
to an observed daily data set (1961 –1990), a monthly devi-
ation factor extracted from projections generated by the Ca-
nadian Regional Climate Model (CRCM) [Music and
Caya, 2007]. This approach eliminates biases in the climate
simulations (differences between observed and simulated
climate), especially in precipitation, and it allows incorpo-
ration of detailed meteorological information contained in
site-specific data [Rivington et al., 2008].

[6] An additional objective of this study was to compare
results from the process-based catchment hydrological
model with those obtained from the land surface model that

has recently been coupled to the CRCM. Land surface
schemes have been extensively evaluated against observed
data and through intercomparison studies [e.g., Bowling
et al., 2003; Boone et al., 2004]. For the des Anglais study,
the surface-subsurface runoff and soil water predictions
obtained from the Canadian Land Surface Scheme
(CLASS) [Verseghy, 1991; Verseghy et al., 1993] are com-
pared to those obtained with the Catchment Hydrology
(CATHY) coupled groundwater –surface water model
[Camporese et al., 2010]. The size of the study area, rela-
tively large for a detailed surface-subsurface model and
comparatively small for a land surface model, is a conven-
ient spatial scale at which to investigate the importance of
a three-dimensional representation of a catchment that
takes into account a mathematical description of surface
and subsurface processes and of factors such as topography
and water table dynamics.

2. Study Area
[7] The des Anglais river basin (Figure 1) has a drainage

area of 690 km2 and an average discharge of 300 � 106 m3

per year at its outlet. It is the largest subcatchment of the
transboundary Chateauguay River watershed and has an
elevation range from 30 to 400 m. The Chateauguay basin
constitutes the northern part of the Adirondack mountain
range and initiates the physiographical region of the St.
Lawrence Platform. The aquifer system in this region is
part of the St. Lawrence Lowlands and consists of Cam-
brian to Middle Ordovician sedimentary rocks that are
slightly deformed and fractured. Unconsolidated sediments
of glacial and postglacial origin (Wisconsinan period and
Champlain sea event) overlay the bedrock aquifer and are
of varying thickness, reaching 40 m in the northernmost
portion [Tremblay, 2006]. These sediments are, in turn,
overlain by Quaternary deposits of silty till, compact and
dense at the base and reworked and more permeable above.
The soils are characterized as mainly weathered Quaternary
sediments [Lamontagne, 2005], with the exception of bogs
and swamps that overlie Champlain sea sediments in the
northeastern part of the catchment. These wetlands corre-
spond to closed depressions with a thick accumulation of
organic material.

[8] Water table fluctuations in the des Anglais catch-
ment are mainly driven by springtime snowmelt and by
rainfall in the fall. The groundwater recession typically
extends from June to the end of the growing season
(September –October). Mean annual water table fluctua-
tions are about 2.7 m under unconfined or semiconfined
conditions and about 1.6 m under confined conditions
[Côté et al., 2006]. The study area belongs to the Great
Lakes and St. Lawrence climate region, characterized by a
semihumid climate with cold winters and humid summers.
The annual mean temperature is 6.3�C, with monthly varia-
tions from �10�C in January to 20�C in July (Environment
Canada, Canadian daily climate data (CDCD), 2004, http://
climate.weatheroffice.ec.gc.ca). These temperatures result
in frost conditions from mid-November to the end of
March. The average annual precipitation is 958 mm, rela-
tively uniformly distributed within the watershed, with
snowfall prevalent from December to March when temper-
atures are below 0�C.
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3. Simulation Models
3.1. Catchment Hydrological Model

[9] CATHY is a coupled physically based, spatially dis-
tributed model for surface-subsurface simulations [Campor-
ese et al., 2010]. The model is based on resolution of a one-
dimensional diffusion wave approximation of the Saint-
Venant equation for overland and channel routing nested
within a solver for the three-dimensional equation for subsur-
face flow in variably saturated porous media (i.e., Richards
equation). The routing scheme derives from a discretization
of the kinematic wave equation based on the Muskingum-
Cunge, or matched artificial dispersivity, method. Surface

runoff is propagated through a 1-D drainage network of
rivulets and channels automatically extracted by a digital ele-
vation model (DEM)-based preprocessor and characterized
using hydraulic geometry scaling relationships. The distinc-
tion between overland and channel flow regimes is made
using threshold-type relationships based on, for instance,
upstream drainage area criteria. Lakes and other topographic
depressions are identified and specially treated as part of the
DEM preprocessing procedure. The subsurface solver is
based on Galerkin finite elements in space, a weighted finite
difference scheme in time, and linearization via Newton or
Picard iteration.

Figure 1. Topographic map of the des Anglais river basin (highest elevations in light gray) showing
the network of weather stations, streamflow gauges, and monitoring wells and the centroids of the
CRCM grid with their Thiessen polygons. The study area extends from 44�4800800N to 45�2003800N and
73�3001000W to 74�0601000W.
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[10] A boundary condition switching procedure is used
to partition potential (atmospheric) fluxes into actual fluxes
across the land surface and changes in surface storage. This
scheme resolves the coupling term in the CATHY equa-
tions that represents the interactions between surface and
subsurface waters. The switching procedure distinguishes
four possible states for a given surface node: ponded, satu-
rated, unsaturated, and air-dry. The distinction between
ponded and saturated is based on a threshold parameter that
represents the minimum water depth before surface routing
can occur (the threshold would be zero, for instance, for per-
fectly smooth surfaces and higher for increasingly rough
surfaces). An air-dry state is the evaporative analog to rain-
fall saturation in triggering a switch from an atmosphere-
controlled process (and a Neumann boundary condition in
the model) to a soil-limited stage (and a Dirichlet condition).

3.2. Regional Climate and Land Surface Models

[11] The CRCM is a limited area, three-dimensional,
nested grid point atmospheric model based on the fully
elastic nonhydrostatic Euler equations [Caya and Laprise,
1999; Music and Caya, 2007]. The equations are solved by
noncentered semi-implicit and semi-Lagrangian numerical
schemes. The model is run over a regional domain (on typi-
cal scales of hundreds to thousands of kilometers) cast on a
horizontal grid that is uniform on a polar stereographic pro-
jection. A typical horizontal resolution is 45 km. Time-
dependent data are provided at the lateral boundaries of the
regional domain by reanalyses of observational data or
GCM output at coarser horizontal resolutions. The vertical
resolution is variable and uses a Gal-Chen scaled terrain
following vertical coordinate.

[12] Within the CRCM, turbulent exchanges of energy,
water, and momentum at the surface-atmosphere interface
are computed by CLASS, a physically based soil-snow-
vegetation land surface scheme [Verseghy, 1991; Verseghy
et al., 1993]. CLASS is commonly referred to as a second
generation scheme (see Pitman [2003] for a comprehensive
review) that uses an explicit representation of temperature
and liquid and frozen soil moisture for three soil layers (a
10 cm surface layer, a 25 cm vegetation root zone layer,
and a 3.75 m deep soil layer), an explicit vegetation canopy
allowing stomatal and root zone control of evapotranspira-
tion, and a thermally and hydrologically distinct snowpack
present during the cold seasons, acting, in effect, as a fourth
separate ‘‘soil’’ layer. For the soil layers, CLASS solves the
one-dimensional Darcy equation for vertical fluid flow in
porous media (with both suction and gravity terms) and
thermal conduction equations for soil temperatures. Water
infiltration into the upper soil layer is treated as a down-
ward propagating square wave [Green and Ampt, 1911;
Mein and Larson, 1973]. When the infiltration capacity is
exceeded, water is considered to be ponded at the surface
up to a maximum surface retention capacity, which varies
according to land cover, and beyond which surface runoff
occurs. Subsurface runoff is crudely simulated as a ‘‘bottom
drainage’’ out from the deepest soil layer (0.35–4.10 m
depth), parameterized via an empirical power relation link-
ing the saturated hydraulic conductivity and volumetric liq-
uid water content [Clapp and Hornberger, 1978]. As
CLASS was meant first and foremost to provide adequate
boundary conditions to a coupled atmospheric model

through surface fluxes of water, energy, and momentum, it
does not explicitly account for the water table depth, lateral
groundwater flow, and surface or subsurface routing to
streams, and its soil domain remains within the vadose (un-
saturated) zone.

4. Methodology
4.1. Analysis of the Climate Data

[13] Climate projections for past and future conditions
were taken from CRCM (version 4.2.3) driven by atmos-
pheric fields from the Canadian General Circulation Model
(CGCM, version 3.1), whose atmospheric component is
described by Scinocca et al. [2008] and whose ocean and
sea ice components and coupling scheme are described by
Flato and Boer [2001]. The model run used was ensemble
member 3 based on the IPCC Special Report on Emissions
Scenario (SRES) A2 [IPCC, 2000]. The simulations were
run over the regional domain covering North America
(AMNO with 200 � 192 grid points) with a horizontal grid
size mesh of 45 km (polar stereographic projection, true at
60�N). The past CRCM simulation was run over the period
1958 –2000 and used the observed greenhouse gas and aer-
osol concentrations until 2000. The future simulation was
run over the period 2038 – 2070 and used the post-2000
SRES A2 greenhouse gas and aerosol projected evolution
[IPCC, 2000]. The same evolutions were used by the driv-
ing CGCM. Model output was archived on a 6-hourly basis
over the periods considered. The spectral nudging tech-
nique [Riette and Caya, 2002] was applied within the
interior of the regional domain to keep CRCM’s large-scale
flow close to its driving data. Both simulations have a
3 year spin-up period for the climate system to reach
equilibrium (the timescale of this equilibrium tends to be
dominated by the land surface deep soil layer).

[14] An important issue when considering adaptation and
mitigation responses to climate change is the uncertainty in
the prediction of future climate [Christensen and Christen-
sen, 2007]. In addition to uncertainty derived from model
formulations, there is that derived from natural climate var-
iability and future atmospheric emissions. Thus, the use of
data for multiple greenhouse gas emission scenarios from
multiple climate models would be beneficial for the defini-
tion of an uncertainty envelope of future hydrologic condi-
tions and impacts [Prudhomme et al., 2003; Wilby and
Harris, 2006]. As such, the results of the present investiga-
tion, performed using a single data set from the CRCM
model, can be considered a preliminary analysis of the sen-
sitivity of surface-subsurface interactions to climate change
for the considered study area.

[15] The simulated CRCM climate data were analyzed
using the nonparametric Mann-Kendall statistical test
[Mann, 1945; Kendall, 1975], widely used in hydrological
trend detection studies to verify the null hypothesis of no
trend in a time series. In this study the test was applied to
annual and mean monthly CRCM-generated values for
both past and future periods. One problem associated with
this test is that the result is affected by serial correlation in
the time series. Specifically, if a positive serial correlation
is present, the test will suggest a significant trend more of-
ten than it actually should [von Storch and Navarra, 1995].
To eliminate this effect without biasing the trend’s
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magnitude, we applied the Mann-Kendall test to a prewhit-
ened time series obtained following the procedure proposed
by Yue et al. [2002], consisting first in removing the slope,
then removing the lag 1 serial correlation from the time se-
ries, and finally putting back the slope.

[16] The Mann-Kendall test statistic S is given by

S ¼
Xn�1

k¼1

Xn

j¼kþ1

sgnðxj � xkÞ; ð1Þ

where sgnð�Þ ¼ 1; 0; or �1 for � positive, zero, or negative,
respectively, n is the data set record length, and xj and xk

are the sequential data values.
[17] The Mann-Kendall test has two parameters that are

important for trend detection: the significance level, which
indicates the trend’s strength, and the slope estimate, which
indicates the direction as well as the rate of change. Under
the null hypothesis that there is no trend in the data, the dis-
tribution of S is expected to have a mean of zero and a var-
iance of n(n � 1)(2n þ 5)/18.

[18] The normal Z test statistic is calculated as

Z ¼

S�1ffiffiffiffiffiffiffiffiffiffi
varðSÞ
p if S > 0

0 if S ¼ 0
Sþ1ffiffiffiffiffiffiffiffiffiffi
varðSÞ
p if S < 0 :

8>><
>>:

[19] The null hypothesis is rejected at significance level
of � if jZj > Zð1��=2Þ, where Zð1��=2Þ is the value of the
standard normal distribution with a probability of exceed-
ance of �=2. A positive value of Z indicates an upward
trend, while a negative value represents a downward trend.

[20] Trend magnitude is estimated using a nonparametric
median-based slope method proposed by Sen [1968] and
extended by Hirsh et al. [1982]:

� ¼ Median
xj � xk

j� k

� �
; k < j; ð2Þ

where 1 < k < j < n. Here � is the median of all possible
combinations of pairs for the whole data set.

[21] Statistically significant trends in annual precipita-
tion were not detected for either past or future periods

(Tables 1 and 2). From the analysis of monthly values a
significant negative trend was detected for late spring
(May) and for two summer months (July and August) of
the future period. Positive trends were found in annual
mean values of minimum and maximum temperatures for
both periods, with a decrease in significance level from 5%
to 1% from the past to the future projection. On a monthly
basis, only July shows an increasing trend for the past pe-
riod, for both minimum and maximum temperatures (Table
1). For the future projection most of the calendar months
(nine, spread over the four seasons) show significant
increasing trends in maximum temperature, while five
months (in winter, spring, and summer) do so for minimum
temperatures (Table 2).

[22] Overall, the trends detected in the CRCM-generated
data for the past period are consistent with the results of a
previous study based on an observation data set for the
entire country [Zhang et al., 2000], i.e., a statistically sig-
nificant positive trend found for annual maximum tempera-
tures (and hence in potential evapotranspiration) and
almost no statistically significant trend in annual precipita-
tion. In a subsequent analysis of historical streamflow data
for Canada, Zhang et al. [2001] found that the combination
of stable precipitation and increasing temperatures pro-
duced a negative trend in annual mean streamflow, an ear-
lier snow and ice melt, and, in addition, an increase in the
rainfall proportion of total precipitation. This, in turn, pro-
duces more direct runoff and accelerates snowmelt as the
wet snowpack absorbs more solar radiation. The consis-
tency with national temperature and precipitation trends for
the past period suggests that the CRCM-generated future
projection will produce similar changes in streamflow for
the des Anglais catchment if directly applied as atmos-
pheric forcing input.

4.2. Hydrological Model Setup

4.2.1. Climate Data
[23] In climate change impact studies, large-scale atmos-

pheric variables need to be related to local- or station-scale
meteorological data sets. Scibek and Allen [2006] used a
statistical downscaling model to extract monthly change
factors from the CGCM and redistribute them to daily time

Table 1. Summary of Trend Analysis for Annual and Monthly Values of Total Precipitation and Maximum and Minimum Temperature
for the Past Simulation (1961 –1990)a

Precipitation Maximum Temperature Minimum Temperature

Test Z Significance Slope � Test Z Significance Slope � Test Z Significance Slope �

Annual �0.694 ns �2.350 2.195 ** 0.033 2.32 ** 0.035
January �1.369 ns �0.613 �1.332 ns �0.091 �0.994 ns �0.050
February 1.032 ns 0.530 0.844 ns 0.043 1.294 ns 0.093
March 1.144 ns 1.022 1.632 ns 0.063 1.519 ns 0.111
April 0.131 ns 0.124 0.356 ns 0.023 1.294 ns 0.068
May �0.844 ns �0.795 0.619 ns 0.033 0.957 ns 0.035
June �1.632 ns �0.958 1.444 ns 0.077 0.994 ns 0.029
July �0.431 ns �0.326 2.720 *** 0.124 2.945 *** 0.089
August �1.482 ns �1.14 2.444 ns 0.010 0.169 ns 0.006
September �1.594 ns �0.685 0.957 ns 0.039 0.469 ns 0.030
October 1.219 ns 0.397 1.219 ns 0.052 0.131 ns 0.009
November 0.694 ns 0.420 0.244 ns 0.008 0.319 ns 0.13
December 0.694 ns 0.427 0.244 ns 0.017 0.994 ns 0.050

aFor significance, *** and ** indicate significance levels of 0.01 and 0.05, respectively; ns indicates significance level exceeds 0.1.
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series using a stochastic weather generator ; van Roosmalen
et al. [2009] applied a monthly deviation between future
and past periods to overcome systematic biases in past data
between observed and simulated (by a regional climate
model) time series; Chiew et al. [2009] applied a daily
downscaling method that considers changes in future mean
seasonal rainfall and daily rainfall distribution to 15 GCM-
generated data sets.

[24] For the des Anglais river basin, the CRCM yielded
estimates of mean monthly temperature that are compara-
ble to observed data and mean monthly precipitation that
vary somewhat from observed values (Figure 2). The
observed data shown in Figure 2 cover the same 1961 –
1990 time period as the CRCM-generated past simulation.
Weighted averaging is used to calculate the observed and
CRCM data, in the former case using the five weather sta-
tions shown in Figure 1 and in the latter case according to
the Thiessen polygons, also shown in Figure 1. In Figure 2
we observe, in particular, a marked overestimation of mean
precipitation for late spring and summer. To construct the

future climate projection data set for the hydrological
model simulations, it was thus necessary to apply a transfer
scheme such as the commonly used delta change method
[Hay et al., 2000; van Roosmalen et al., 2009], which con-
sists in perturbing baseline meteorological data with
monthly change values. The monthly change values are cal-
culated as the difference in CRCM atmospheric outputs
between the past and future 30 year climate periods. In
applying the delta change method, it is assumed that the
relative and/or absolute changes in precipitation and tem-
perature between past and future climate simulations such
as simulated by the CRCM have a strong physical basis
and that rainfall recurrence patterns remain the same
between past and future periods. Thus, scaled and baseline
scenarios differ only in terms of their respective means,
maxima, and minima; all other properties of the data, such
as the range and variability, remain unchanged. The delta
change method does not easily apply to precipitation
records because the multiplication of observed precipitation
by CRCM precipitation changes does not affect the number

Figure 2. Mean monthly temperature and precipitation: observed past data (solid line), CRCM-generated
values for the past simulation (dotted line), CRCM-generated values for the future projection (dashed line),
and values for the future climate scenario based on the delta change method (dash-dotted line).

Table 2. Summary of Trend Analysis for Annual and Monthly Values of Total Precipitation and Maximum and Minimum Temperature
for the Future Projection (2041 – 2070)a

Precipitation Maximum Temperature Minimum Temperature

Test Z Significance Slope � Test Z Significance Slope � Test Z Significance Slope �

Annual �1.519 ns �3.762 4.033 *** 0.094 3.058 *** 0.077
January 1.257 ns 0.744 3.170 *** 0.161 2.307 ** 0.170
February 0.056 ns 0.152 2.795 *** 0.189 2.457 ** 0.162
March 0.356 ns 0.444 0.732 ns 0.053 1.219 ns 0.112
April 0.019 ns 0.041 2.457 ** 0.116 2.908 *** 0.139
May �2.007 ** �1.683 2.682 *** 0.123 2.795 *** 0.099
June �0.919 ns �0.784 2.682 *** 0.106 3.020 *** 0.083
July �1.932 * �1.671 1.707 * 0.107 0.957 ns 0.026
August �2.908 *** �2.538 2.382 ** 0.110 1.632 ns 0.056
September �1.069 ns �0.853 1.707 * 0.118 1.294 ns 0.062
October 0.657 ns 0.771 1.932 * 0.083 1.294 ns 0.060
November 0.319 ns 0.226 0.657 ns 0.046 0.994 ns 0.039
December 0.000 ns 0.000 �0.244 ns �0.013 �0.469 ns �0.032

aFor significance, ***, **, and * indicate significance levels of 0.01, 0.05, and 0.1, respectively; ns indicates significance level exceeds 0.1
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of rain days. This means that the temporal sequencing of
wet and dry days is unchanged, and so the method may not
be helpful in circumstances where changes in spell lengths
are important to the impact assessment. The importance for
the des Anglais basin of snow accumulation and snowmelt
processes alleviates this limitation to some extent. The
CATHY hydrological model was thus driven by the
observed 1961 – 1990 data set (daily precipitation and mini-
mum and maximum temperatures) for the past simulation
and by this same baseline data set perturbed as per the delta
change method for the future projection.

[25] The precipitation input P�ði; j; kÞ for day i, month j,
and year k of the future projection is calculated as

P�ði; j; kÞ ¼ �PðjÞ � Pobsði; j; kÞ;
i ¼ 1; 2;��� ; 31; j ¼ 1; 2;��� ; 12; k ¼ 1; 2;��� ; 30 ;

ð3Þ

where Pobs is the observed past precipitation and �PðjÞ is
the delta method correction factor, calculated for each
month j as Pf ðjÞ=PpðjÞ, where PðjÞ is the mean precipitation
for month j averaged over the 30 year CRCM-generated
past (p) and future (f) simulations.

[26] In a similar manner, the minimum and maximum
temperature inputs are calculated as

T�ði; j; kÞ ¼ �T ðjÞ þ Tobsði; j; kÞ;
i ¼ 1; 2;��� ; 31; j ¼ 1; 2;��� ; 12; k ¼ 1; 2;��� ; 30 ;

ð4Þ

with the correction factor �T ðjÞ ¼ Tf ðjÞ � TpðjÞ :
[27] The results of applying the delta change method are

shown in Figure 2. Compared to the baseline observation
data set, mean monthly temperatures increase for all
months while mean monthly precipitation increases for all
months except July, August, and September. The mean
annual temperature for the future projection as corrected by

the delta change method has increased by 3.8�C compared
to the baseline case, while the mean annual precipitation
has increased by 135 mm, or 15%.

[28] The precipitation and minimum and maximum tem-
perature time series for the observed (1961 –1990) and
future (2041 – 2070) climate projections were then used to
derive potential evapotranspiration, using the method of
Oudin et al. [2005], and to reproduce snow accumulation
and melting on the basis of the mixed degree-day energy
budget method of Turcotte et al. [2004]. To account for the
main land use classes in the des Anglais catchment (47%
agriculture, 37% deciduous forest, and 16% coniferous for-
est), the snow module was applied using three different
values for the snow melting rate (8.37 mm/d �C for agricul-
ture, 7.76 mm/d �C for deciduous forest, and 1.56 mm/d �C
for coniferous forest) and for the threshold snow melting
temperature (�0.92�C for agriculture, 2.10�C for decidu-
ous forest, and 2.32�C for coniferous forest). These prepro-
cessed time series of potential evapotranspiration and
snow-corrected precipitation constitute the final form of the
atmospheric input files passed to the CATHY model for
simulation of the past and future climate simulations.
4.2.2. Discretization and Parameterization

[29] A 360 m DEM was used to delineate the des Anglais
catchment, on the basis of which the 3-D subsurface grid
was constructed by subdividing each DEM cell into two tri-
angles and then projecting this 2-D surface mesh vertically
for 100 m and 10 layers (the layer thicknesses are given in
Table 3). The resulting 3-D grid contains 61,908 nodes and
320,280 tetrahedral elements. The bottom and lateral boun-
daries of the domain were assumed to be impermeable.

[30] According to calibration trials (described below)
and to available pedologic and geologic information
[Lamontagne, 2005; Côté et al., 2006], different material
properties were assigned both vertically and laterally. The
four zones shown in Figure 3 represent distinct soil and
Quaternary sediment types: the top four layers (0.9 m total

Table 3. Material Properties for the 10 Vertical Layers and Four Geopedologic Zones of the des Anglais Catchment Discretization

Layer (Top to Bottom)

1 2 3 4 5 6 7 8 9 10

Layer thickness (m) 0.05 0.1 0.3 0.45 1.10 2.10 5.90 20 30 40
Zone 1

Kh (m/s) 5 � 10�4 5 � 10�4 5 � 10�4 5 � 10�4 1 � 10�4 5 � 10�9 5 � 10�9 1 � 10�7 5 � 10�8 5 � 10�8

Kz (m/s) 3 � 10�4 3 � 10�4 3 � 10�4 3 � 10�4 5 � 10�4 3 � 10�9 3 � 10�9 5 � 10�7 5 � 10�8 5 � 10�8

�s 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 0.1 0.1
Ss (m�1) 5 � 10�4 5 � 10�4 5 � 10�4 5 � 10�4 1 � 10�4 5 � 10�9 5 � 10�9 1 � 10�7 5 � 10�8 5 � 10�8

Zone 2
Kh (m/s) 5 � 10�4 5 � 10�4 5 � 10�4 5 � 10�4 1 � 10�5 1 � 10�5 1 � 10�7 5 � 10�8 5 � 10�8 5 � 10�8

Kz (m/s) 3 � 10�4 3 � 10�4 3 � 10�4 3 � 10�4 5 � 10�5 5 � 10�5 5 � 10�7 5 � 10�8 5 � 10�8 5 � 10�8

�s 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.1 0.1 0.1
Ss (m�1) 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�4 1 � 10�4 1 � 10�4 1 � 10�6 1 � 10�6 1 � 10�6

Zone 3
Kh (m/s) 5 � 10�4 5 � 10�4 5 � 10�4 5 � 10�4 1 � 10�4 1 � 10�4 2 � 10�6 2 � 10�6 2 � 10�6 2 � 10�6

Kz (m/s) 3 � 10�4 3 � 10�4 3 � 10�4 3 � 10�4 5 � 10�4 5 � 10�4 5 � 10�8 5 � 10�8 5 � 10�8 5 � 10�8

�s 0.5 0.5 0.5 0.5 0.4 0.4 0.1 0.1 0.1 0.1
Ss (m�1) 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�4 1 � 10�4 1 � 10�6 1 � 10�6 1 � 10�6 1 � 10�6

Zone 4
Kh (m/s) 5 � 10�8 5 � 10�8 5 � 10�8 5 � 10�8 1 � 10�7 1 � 10�7 1 � 10�7 5 � 10�8 5 � 10�8 5 � 10�8

Kz (m/s) 3 � 10�8 3 � 10�8 3 � 10�8 3 � 10�8 5 � 10�7 5 � 10�7 5 � 10�7 5 � 10�8 5 � 10�8 5 � 10�8

�s 0.9 0.9 0.9 0.9 0.5 0.5 0.5 0.1 0.1 0.1
SS (m�1) 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�4 1 � 10�4 1 � 10�4 1 � 10�6 1 � 10�6 1 � 10�6
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thickness) are a loamy sand for zones 1, 2, and 3 and an or-
ganic soil for zone 4; the next layers are Quaternary strati-
graphic sequences of fluvioglacial coarse sand– marine
clay and fine silt – till – bedrock for zone 1, reworked till –
till –bedrock for zone 2, fluvioglacial coarse sand –bedrock
for zone 3, and till-bedrock for zone 4. Table 3 summarizes
the saturated hydraulic conductivity (Kh, Kz), porosity ð�sÞ,
and specific storage (Ss) attributed to each zone and layer
of the discretized domain. A high degree of anisotropy
(two orders of magnitude) was attributed to the bottom four
layers in zone 3 following indications of preferential hori-
zontal flow paths in this region of the fractured bedrock aq-
uifer [Côté et al., 2006]. Zone 3 includes Covey Hill, an
elongated (east –west) plateau that is the most pronounced
topographic feature in the Canadian part of the des Anglais
river basin. The soil hydraulic properties were described by
the van Genuchten and Nielsen [1985] relationships with
residual moisture content �res ¼ 0:07, air entry pressure
head  a ¼ �0:2 m; and fitting exponent n ¼ 2.0.

[31] The conditions of regional groundwater flow in the
bedrock aquifer system were assessed on the basis of the
physical properties of the unconsolidated sediments and
their corresponding thicknesses. Confined flow prevails
where more than 5 m of fine marine sediments with low hy-
draulic conductivity are present (zone 1 in Figure 3, repre-
senting about 10% of the catchment area, and layers 6 and
7 in Table 3). Semiconfined flow conditions are present in
areas characterized by fine marine sediments of less than

5 m thickness or by at least 3 m of till (75% of the catch-
ment, zones 2 and 4). Finally, areas with rock outcropping
or where the bedrock is covered by less than 3 m of till or
by permeable sediments, regardless of their thickness, were
designated as unconfined water table aquifers (15% of the
catchment, zone 3).

[32] The channel network was identified from the DEM
of the catchment using an upstream drainage area threshold
of 2.0 km2 on the basis of visual similarity between the
extracted network and the streamlines depicted on topo-
graphic maps. Structural parameters for the channel and
overland flow networks were calibrated using, for channel
dynamics, the bankfull discharge measured at the main
streamflow station (gauge 1 in Figure 1) as a reference
value for the flow rate and, for overland (rivulet flow) dy-
namics, values reported in literature studies as a basis
[Emmett, 1978; Bathurst, 1986, 1993; Abrahams et al.,
1994]. The values obtained are reported in Table 4.

4.3. Hydrological Model Calibration

[33] As mentioned, the CATHY model was calibrated
for subsurface hydraulic conductivity (Table 3) and surface
hydraulic geometry (Table 4) parameters. The observation
data used was daily streamflow close to the outlet of the
catchment (gauge 1 in Figure 1), and the simulation period
was 12 months, from October 2001 to October 2002. The
parameterization was then verified for a 39 month simula-
tion (October 2002 to January 2006) against daily stream-
flow at the outlet, for a 5 month simulation (August 2005 to
January 2006) against daily streamflow at three internal sta-
tions (gauges 2, 3, and 4 in Figure 1), and for a 12 month
simulation (May 2004 to May 2005) against daily ground-
water level data at the six monitoring wells shown in Figure
1. We present here only the final results of the calibration
and verification exercises. A detailed sensitivity study of
the CATHY model with tests conducted on the des Anglais
catchment is reported by Sulis et al. [2010].

[34] Model performance was measured using the root-
mean-square error (RMS) for groundwater head and the
RMS, the Nash-Sutcliffe efficiency coefficient E, and the
percentage error in peak (PEP) for stream discharge [Nash
and Sutcliffe, 1970; Anderson and Woessner, 1992; Jones
et al., 2008]:

E ¼ 1� �n
i¼1ð�obs;i � �sim;iÞ2

�n
i¼1ð�obs;i � �obsÞ2

; ð5Þ

Figure 3. Map of the des Anglais watershed with four
geopedologic zones and two subcatchments: A, Norton,
and B, Rivière Noire.

Table 4. Hydraulic Geometry Parameters for the Surface Routing
Module of the Hydrological Model

Parametera Hillslope Cells Channel Cells

Reference drainage area As (m2) 1.2 � 106 690 � 106

Reference discharge Qf (m3/s) 1 100
Water surface width W (As, Qf) (m) 1 50
Gauckler-Strickler conductance

coefficient ks (m1/3/s)
0.5 18

‘‘At-a-station’’ scaling
exponents [a], [b], b0, and y0

0.36, 0 0.26, 0

‘‘Downstream’’ scaling exponents
[a], [b], b00, and y00

0.5, 0 0.5, 0

aFor [a], W(A, Q) ¼ W(As, Qf) Qf (As)
�b0 (A/As)

(b00�b0) Qb0 For [b],
kS(A, Q) ¼ kS ¼ (As, Qf)Qf (As)

�y0(A/As)
(y00�y0) Qy0
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RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

ð�obs;i � �sim;iÞ2
s

; ð6Þ

PEPj ¼
maxð�obs;jÞ �maxð�sim;jÞ

maxð�obs;jÞ

� �
� 100; j ¼ 1;��� ;m; ð7Þ

where �obs; �sim and �obs are the observed, simulated, and
average observed state variables (head, discharge, and peak
discharge), n is the number of observations, and m is the
number of discharge events manually extracted for estima-
tion of PEP. E ¼ 1 when there is a perfect match between
simulated and observed values and is negative when the
simulation is worse at capturing the observations than the
mean value of the observed data. Values of RMS and PEP
are zero when the match is perfect and increase as the dis-
crepancy between simulation and observation increases.

[35] Figure 4 shows the simulated and observed hydro-
graphs at the main gauging station for the calibration run,
which produced performance measures of E ¼ 0.70, RMS
¼ 9.7 m3/s for a mean observed discharge of 6.6 m3/s, and

an average PEP of 10% (underestimation), with a maxi-
mum of 39% reached for the event of 10 –16 June 2002.
Despite some disagreements in the peaks, the model cap-
tures the dynamics of the catchment quite well in both the
rising and recession portions of the hydrograph. The good
performance of the model was confirmed for the verifica-
tion tests (Figures 5 and 6), where an efficiency index of
E ¼ 0.69 and an RMS value of 7.1 m3/s resulted for the
main streamflow gauge, and reasonable measures were also
obtained at the internal streamflow stations (E ¼ 0.55 and
RMS ¼ 0.74 m3/s for gauge 2, E¼ 0.6 and RMS ¼ 3.9 m3/s
for gauge 3, and E ¼ 0.7 and RMS ¼ 0.52 m3/s for gauge
4) and at the monitoring wells. In terms of peak flow errors,
the average and maximum PEP values for the verification
runs were 3% and 70%, respectively, at the main outlet and
25% and 70%, 3% and 90%, and 13% and 56% at internal
gauges 2, 3, and 4, respectively. The high PEP values
obtained in the calibration and verification tests, with a
prevalence of a negative bias, i.e., underestimation of peak
discharges, can probably be attributed to uncertainty in the
hydraulic parameters for the overland routing module, in
particular, the Gauckler-Strickler coefficient, which were
estimated on the basis of literature values, as already men-
tioned. Indeed, the higher PEP values at the internal gauges
are consistent with this hypothesis since at smaller scales,
overland flow can become more prevalent in the overall
hydrologic response of a catchment to storm events.

[36] For the six well hydrographs (Figure 6) the RMS
values ranged from 0.3 to 4.3 m, with the largest value
occurring at the well located on the foothill of Covey Hill
(well D in Figure 1), where the observed groundwater depth
is about 6 m below ground surface. Although the RMS val-
ues are reasonable and the graphs in Figure 6 show that the
model reproduces groundwater fluctuations reasonably well,
it can also be seen that the simulated fluctuations are some-
what dampened for the deeper wells. This is probably due
to the use of a coarser mesh in the model for the deeper
layers (see Table 3), which diminishes the ability to capture
local heterogeneities and fluctuations. It is also apparent in
Figure 6 that there is systematic overprediction of ground-
water levels, most probably attributable to a combination of
the no-flow boundary condition assigned to the lateral

Figure 4. Observed (black line) and simulated (red line)
discharge for the calibration period at the main streamflow
gauge of the catchment.

Figure 5. Observed (black line) and simulated (red line) discharge at the four gauges of the catchment
for the verification period.
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boundaries of the subsurface domain, preventing regional
(interbasin) groundwater flow, and the fact that no other
outflow boundaries (e.g., seepage faces along incised stream
banks) were assigned that could maintain water tables at a
lower level. All subsurface water exits the catchment at the
surface, as overland or channel flow and as evaporation. In
the absence of field data to support accurate implementation
of internal or lateral outflow boundaries, it was preferred to
keep the model setup as simple as possible.

5. Simulations
[37] The potential climate change impacts at the des

Anglais river basin were assessed by running the calibrated
CATHY model with the observed past atmospheric data set
and with the hypothetical future data set obtained through

the delta change transfer method. The assessment examines
in particular the impacts on river discharge, aquifer recharge,
and near-surface soil water storage. The fully coupled, dis-
tributed model is used to highlight the role played by feed-
back processes between the surface and subsurface and the
influence of factors such as topography and heterogeneity.
An additional set of simulations was performed, using
directly the CRCM-generated past and future scenarios, to
compare the CATHY and CLASS models in terms of sur-
face and subsurface runoff and soil water storage.

5.1. Climate Change Impacts

5.1.1. River Discharge
[38] The sensitivity of river discharge to the changing

atmospheric input was evaluated at the catchment outlet

Figure 6. Observed (black line) and simulated (red line) water table depths at the six monitoring wells
for the verification period.
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and at the outlet of two subcatchments having different
physiographic features (the Norton and Rivière Noire sub-
catchments in Figure 3). The Norton subcatchment, with a
relatively flat topography, low-permeability organic soils,
and semiconfined aquifer conditions, represents a case of
weak interactions between surface and subsurface water,
while the Rivière Noire, which includes Covey Hill, rock
outcrops, and a fractured bedrock aquifer under unconfined
conditions, is an area where we expect significant surface
and subsurface interactions. Daily discharge values at the
three outlets were averaged to obtain mean monthly values
over the 1961 – 1990 and 2041 –2070 periods. Mean
monthly discharge ratios (future over past) were then calcu-
lated and plotted in Figure 7.

[39] At the main outlet of the des Anglais catchment the
climate change impacts are more significant during the
peak winter (January–February) and summer (July –
August) months, with a strong increase in future discharge
in winter and a strong decrease in summer. The winter
effect is due to the combination of more precipitation and
higher temperatures, which increases the proportion of rain-
fall to snowfall. Higher temperatures also lead to a reduc-
tion in snow cover, resulting in a shift in spring freshet from
April to March and a decrease in streamflow during the
spring season. In the summer, the strong decrease in river
discharge is the result of a slight decrease in total precipita-
tion combined with a marked increase in evaporation due to
higher temperatures. The watershed’s response to increased
precipitation in the fall for the future scenario is delayed (to
late November) because of the storage deficit that developed
in the basin over the summer period, resulting in more infil-
tration and recharge and less runoff in early fall.

[40] The impacts on the two subcatchments generally
follow the same trend detected at the main outlet, although
marked differences in sensitivity to the changing climate
can be observed in Figure 7 owing to a different partition-
ing between the overland runoff and base flow components
of the hydrograph. For the Rivière Noire subcatchment, the

decrease in river discharge during the summer period is
alleviated by a greater base flow component as a result of
the larger amount of water infiltrated in early spring. The
Norton subcatchment, on the other hand, with its less per-
meable soils and weaker surface-subsurface connections,
has a dominant overland flow component, resulting in a
faster and sharper response to the forcing climate. This
higher sensitivity is seen in Figure 7 in both the peak winter
discharge increase and the peak summer low-flow period.
The results at the different outlets indicate how local hetero-
geneity in topography, soils, and geology can result in sig-
nificant spatiotemporal variations in a catchment’s response
to climate change.
5.1.2. Recharge to the Aquifer

[41] Recharge is computed in the CATHY model as the
downward flux of water across the water table. Daily nodal
recharge values were spatially cumulated and temporally
averaged to obtain mean monthly values for the past and
future periods, and the future/past ratio was then calculated
and plotted in Figure 8. The aquifer of the des Anglais ba-
sin receives most of its recharge in the spring and fall
through snowmelt and heavier rainfall, respectively. In
agreement with other studies [Eckhardt and Ulbrich, 2003;
Toews and Allen, 2009], Figure 8 shows that climate
change for the des Anglais results in a significant increase
in winter season recharge due to a higher rain/snow ratio
caused by higher temperatures, less recharge in the spring
due to an earlier and less intense snowmelt, a general
decrease over the summer due to increased evaporation,
and an increase in the fall due to increased precipitation.
The important role of surface-subsurface interactions is evi-
dent in comparing the fall response for recharge (Figure 8)
and for streamflow (Figure 7); the aquifer responds quickly
to the increased precipitation, contributing to the lag in dis-
charge response mentioned in section 5.1.1.

[42] Figure 9 shows the spatial distribution of the differ-
ence in mean monthly aquifer recharge between the future
and past climate simulations. General spatial and intra-
annual patterns are clearly observable and are consistent

Figure 7. Ratio of mean monthly discharge simulated
under future climate conditions to mean monthly discharge
simulated under the past climate: des Anglais catchment
outlet (solid line), Norton subcatchment outlet (dashed
line), and Rivière Noire subcatchment (dotted line).

Figure 8. Ratio of mean monthly total recharge simulated
under future climate conditions to mean monthly total
recharge simulated under the past climate.
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with what was observed for the entire catchment, even
though at the fine scale, there are regions that show some
strong variability from cell to cell, in particular, in and
around zones 1 and 3, where there are pockets of heteroge-
neity (from zone 2 cells), and in the southern portion of the
catchment, where the deeper water table lies within thicker
grid layers. These factors can cause numerical difficulties
(e.g., oscillations) in the subsurface flow solver. Figure 9
shows an increase in future recharge in the winter and fall
periods and a decrease in the summer. Zones 3 and 4 are
the least sensitive to climate change in terms of recharge
because of the low aquifer porosity and high anisotropy in
zone 3 and the low-permeability soils and aquifer in zone
4. The strongest response, throughout the year, is obtained
for the southern portion of the catchment, where elevations
are highest. Recharge along the main branch of the des
Anglais river, discernible throughout the year in Figure 9,
remains relatively insensitive to climate change, indicating
that the river continues to be fed by the groundwater reser-
voir. However, during the summer months (July –Septem-
ber), there are occurrences of a large positive change in
recharge along this main branch of the channel network,

suggesting a possible reversal in groundwater-river interac-
tion in response to a groundwater storage deficit.
5.1.3. Soil Water Storage

[43] The sensitivity of soil water storage to climate
change was evaluated at the surface (top 5 cm) and at dif-
ferent soil depths (0.15, 0.45, 0.90, and 2.0 m). The daily
values simulated at each node of the domain were averaged
to obtain both aggregated and distributed mean monthly
values for the catchment. The relative variation between
past and future climate simulations for the entire catchment
was assessed by computing an index ratio as in the previous
analyses, and the results are plotted in Figure 10. Compared
to water fluxes across a point or boundary (discharge at a
catchment outlet in Figure 7 and recharge across the water
table in Figure 8), water storage volumes are apparently
less sensitive to climate change. The changes from past to
future climate shown in Figure 10 are most strongly felt
nearest to the surface, which is directly exposed to varia-
tions in precipitation and evapotranspiration and are pro-
gressively dampened as soil depth increases. In terms of
intra-annual dynamics, the patterns are nonetheless similar
to those observed for recharge and discharge, with all soil

Figure 9. Distributed difference (mm) between mean monthly recharge simulated under future climate
conditions and mean monthly recharge simulated under the past climate.
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depths displaying a decrease in subsurface storage during
the summer period and an increase (albeit very slight) over
the peak winter and early spring months.

[44] For the top layer of the model discretization (0–5 cm),
the future/past soil water ratio computed above was also
examined spatially. From a visual analysis of the plots in
Figure 11 we can observe a spatial organization of soil
moisture variability that follows the topographic and pedo-
logic characteristics (heterogeneity) of the catchment
[Western et al., 1999]. In particular, the effect of a lateral
redistribution of water is evident in the persistence of the
main river network, discernible through most the year. The
influence of the greater holding capacity (porosity of 0.90)
of the organic soils in zone 4 can also be seen in the faster
near-surface response of this region of the catchment in los-
ing water under stress periods and regaining water under
wetter conditions. In Figure 11 we can also discern a differ-
ence in hydrologic response between regions of the catch-
ment where the exfiltration process during dry periods
quickly becomes soil limited because of a deeper water ta-
ble (for example Covey Hill) and areas with a shallower
water table where exfiltration remains predominantly
atmosphere controlled. In the latter areas more water is lost
during the dry summer period, resulting in a greater soil
moisture deficit compared to Covey Hill, and this deficit
therefore persists longer into the fall, when there is a return
to wetter conditions.

[45] To further explore the role of topography in describ-
ing the sensitivity of soil moisture to climate change, we
investigated the relationship between the tangent curvature
of the surface, as defined by Mitasova and Hofierka [1993],
and the mean monthly surface soil water ratio calculated
earlier. This analysis was performed for the inset area
depicted in Figure 11, which demonstrates a varied
response to climate change. Figure 12 shows the scatter-
plots between the tangent curvature of the surface and the
monthly moisture, with the overland (hillslope) and chan-

nel cells plotted separately. It can be seen that there is a
strong seasonal variation in the relationship between sur-
face soil moisture and tangent curvature and that this rela-
tionship is quite different between hillslope cells and
channel cells. We found, for instance, that the hillslope
cells having a negative curvature (and thus located along
convergent parts of the catchment) are those that tend to
experience an increase in soil moisture content for Febru-
ary and March in response to climate change and less varia-
tion in the late summer and early fall (August to October).
The correlation between the sensitivity of surface soil water
content to climate change and the tangent curvature was
quite weak for the other months of the year, when near-
surface moisture variations are probably more controlled
by factors such as evapotranspiration rather than lateral
redistribution of water. The correlation was equally weak
for channel cells, throughout the year, probably because of
the conditions of saturation or near saturation that charac-
terize these cells.

5.2. Comparison With the CLASS Model

[46] As major components of the water cycle, surface
and subsurface runoff and soil water storage play a critical
role in the global and regional climate system. Many differ-
ent models, operating over a range of scales from small
field plots to continents, are used to simulate these and
other hydrological processes. Climate models are continu-
ally evolving in terms of their spatial resolution and their
parameterization of soil and groundwater flow components,
while detailed process-based hydrological models are being
increasingly used beyond the hillslope and subcatchment
scale. These two classes of models are still far from any
sort of convergence toward a unified hydroclimatological
simulation paradigm, and it can be instructive to compare
their formulations or predictive capabilities when opportu-
nities to do so arise.

[47] The CRCM model (using CLASS internally coupled
to its atmospheric part) was used to provide predictions of
runoff and soil water storage for the past and future climate
simulations at the CRCM grid scale, for the four grid points
shown in Figure 1. With appropriate averaging to ensure
consistency, these outputs were compared to results pro-
duced by CATHY over the des Anglais river basin and at
its outlet. The actual CRCM-generated data were used (for
the periods 1961–1990 and 2041–2070) instead of the
observed past and delta change –generated future data. In
this way, both CLASS and CATHY are forced by the same
precipitation input. For the actual evaporation, CLASS per-
forms an energy balance at the ground surface, while
CATHY uses a threshold value of pressure head  min that
corresponds to the advent of stage two evaporation [Sal-
vucci, 1997]. The soil layer saturated hydraulic conductivity
Kz and saturated porosity �s used in CLASS are related to
soil texture information (percent sand) via empirical rela-
tionships presented by Cosby et al. [1984], while bedrock
depth is assigned for each CRCM grid point (Table 5).
Moreover, for each of these grid points, four vegetation
groups (needleleaf trees, broadleaf trees, crops, and grass)
and urban areas are considered in CLASS. This information
is obtained by making use of the global archive of Wilson
and Henderson-Sellers [1985], which contains listings of pri-
mary and secondary land covers at a resolution of 1� � 1�.

Figure 10. Ratio of mean monthly soil water storage
simulated under future climate conditions to mean monthly
soil water storage simulated under the past climate: 0.05 m
depth (black line), 0.15 m depth (red line), 0.45 m depth
(blue line), 0.90 m depth (green line), and 2.0 m depth (yel-
low line).
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The vegetation parameters considered are the fractional ar-
eal coverage (FCAN), the visible and near-infrared albedo
(ALVC and ALIC), the vegetation roughness length in loga-
rithmic scale (LNZ0), the maximum and minimum leaf area
index (LAMX and LAMN), the canopy mass (CMAS), and
the root depth (ROOT). The set of values used is reported in
Table 6, while further details on the way CLASS is parame-
terized are provided by Verseghy et al. [1993].

[48] In order to compare to the CRCM and CLASS simu-
lations, CATHY was rerun using values for soil hydraulic
properties, soil texture, and vertical discretization that are
consistent with those in CLASS. In particular, CATHY’s
soil parameters for each Thiessen polygon (Figure 1) were
set to the values used in CLASS (Table 5), while the bed-
rock aquifer was simulated by assigning a much lower hy-
draulic conductivity (5 � 10�8 m/s), as well as lower
porosity and specific storage, to the layers below CLASS’s
bedrock depth. The CATHY parameterization is summar-
ized in Table 7. As can be seen in Table 7, CATHY’s
layers 1 and 2 were assigned CLASS’s layer 1, CATHY’s
layers 3 and 4 were assigned CLASS’s layer 2, and

CATHY’s layers 5–8 were assigned CLASS’s layer 3.
CATHY’s remaining layers 9–12 (beyond a depth of 4.1
m) are not part of CLASS’s soil profile. Also, we can see
that CATHY’s bedrock starts at layer 8 (depth of 3 m) for
CRCM grid points 1 and 2, at layer 7 (depth of 1.7 m) for
grid point 3, and at layer 6 (depth of 1.2 m) for grid point 4.
5.2.1. Surface and Subsurface Runoff

[49] The sum of surface and subsurface runoff simulated
by CLASS at each CRCM grid point was spatially aver-
aged according to the Thiessen polygons shown in Figure 1
and compared with the river discharge simulated by
CATHY at the main outlet of the des Anglais catchment.
The mean monthly values of this runoff and streamflow are
shown in Figure 13 for the 1961 –1990 and 2041 –2170
periods. For reference (and mindful of the discrepancies
between the observed and CRCM-generated data sets dis-
cussed earlier ; see Figure 2), we also show, for the past pe-
riod in Figure 13, the mean monthly streamflow observed
over the period 1961 –1990 and the CATHY results over
this same period using the calibration described in section
4.3. It is important to note that the calibration procedure for

Figure 11. Distributed ratio of mean monthly surface soil moisture (5 cm depth) simulated under
future climate conditions to mean monthly surface soil moisture simulated under the past climate.
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Figure 12. Scatterplot between the future/past surface soil water ratio and the tangent curvature for the
channel (red points) and hillslope cells (black points). The analysis refers to the inset area of the catch-
ment shown in Figure 11.
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the two models is not the same. For CLASS, which was
applied over the entire North American domain, some level
of calibration was done for empirical relationships such as
hydrological properties as a function of texture or snow ther-
mal conductivity as a function of density, with field measure-
ments from specific locations used to constrain and simplify
complex physical relationships through linear or higher-order
regressions, which are then assumed to apply in general.

[50] As can be seen in Figure 13, CLASS produces
higher estimates than CATHY of surface and subsurface
runoff throughout the annual cycle for both past and future
simulations, with the greatest difference occurring at peak
flow during snowmelt. The important factors contributing
to these discrepancies in model prediction most likely
include the degree of physical detail included in the surface
and subsurface parameterizations and the differing spatial
resolutions of the two models (affecting, for instance, the
ability to capture important topographic features and sub-
surface heterogeneities that strongly influence the response
of the catchment). In CLASS, surface runoff is described
by a two-stage infiltration model where the first stage pre-
dicts the volume of infiltration until surface ponding begins
and the second stage, which is a modified Green-Ampt
model, describes the subsequent infiltration down to the
root zone. Compared to a 1-D Richards equation, this sim-
plified model can underestimate the infiltrated volume prior
to runoff [Mein and Larson, 1973], and this underestimation
is amplified for steeper slope angles if, as in CLASS, slopes
are not accounted for [Chen and Young, 2006]. A 3-D
Richards equation model such as CATHY provides addi-
tional byways for infiltration, through lateral subsurface
moisture redistribution and, with surface coupling, through
downslope reinfiltration.

[51] To further illustrate differences in response between
the CLASS and CATHY models, Figure 14 shows the
results on a daily time step for one year (1979) of the 30
year past climate simulation. It is evident, particularly dur-
ing wet periods (February –March and late fall/early win-
ter), that CLASS produces a more intense hydrograph
response (higher peaks of shorter duration) and a lower
recession component (normally associated with subsurface
contributions to runoff). Subsurface runoff in CLASS is
computed as the flow out of the third soil layer (from 0.35
to 4.10 m depth). The higher peak runoff in CLASS is also
partly due to the lack of attenuating processes such as
explicit river routing and lake storage. The two models are
better matched during the drier summer period.

5.2.2. Soil Water Storage
[52] Groundwater dynamics and storage influence near-

surface soil moisture and surface runoff. Water table fluctu-
ations interact with soil moisture in the root zone and
can affect evapotranspiration. In land surface models, the
parameterization of subsurface processes falls within three
broad classes : multilayered and relatively shallow soil pro-
file without an explicit representation of groundwater dy-
namics, multilayered and deep soil profile that accounts for
groundwater fluctuations even without an explicit represen-
tation, and multilayered soil column coupled in some way
to an aquifer model. The CLASS model, with its three-
layer discretization of the soil profile and no consideration
of the water table dynamics, falls into the first category.
For the past and future climate scenario simulations
described in section 5.2, the soil water storage computed by
the CATHY and CLASS models within each of the three

Table 6. Vegetation Parameters for the CLASS Modela

CRCM Grid Points

1 2 3 4

Needleleaf trees
FCAN 0.41 0.03 0.09 0.14
ALVC 0.03 0.03 0.03 0.03
ALIC 0.23 0.23 0.23 0.23
LNZ0 0.68 0.66 0.66 0.67
LAMX 2.48 2.45 2.44 2.28
LAMN 1.01 1.05 1.06 0.95
CMAS (kg/m2) 15.91 15.63 15.59 14.56
ROOT(m) 1.48 1.45 1.44 1.35

Broadleaf trees
FCAN 0.42 0.96 0.82 0.26
ALVC 0.05 0.05 0.05 0.05
ALIC 0.29 0.29 0.29 0.29
LNZ0 0.68 0.69 0.68 0.35
LAMX 5.99 6.00 5.99 8.65
LAMN 0.50 0.50 0.50 0.72
CMAS (kg/m2) 19.95 20.00 19.95 28.28
ROOT(m) 1.99 2.00 1.99 2.84

Crops
FCAN 0.16 0.005 0.06 0.50
ALVC 0.06 0.06 0.06 0.06
ALIC 0.34 0.34 0.34 0.34
LNZ0 �2.52 �2.52 �2.52 �2.52
LAMX 4.00 4.00 4.00 3.22
LAMN 0.00 0.00 0.00 0.00
CMAS (kg/m2) 2.00 2.00 2.00 1.61
ROOT(m) 1.20 1.20 1.20 0.96

Grass
FCAN 0.004 0.005 0.02 0.05
ALVC 0.04 0.04 0.04 0.05
ALIC 0.29 0.28 0.29 0.31
LNZ0 �3.07 �3.27 �3.20 �3.36
LAMX 3.26 2.92 3.07 2.68
LAMN 3.26 2.92 3.07 2.68
CMAS (kg/m2) 2.07 1.91 1.92 1.48
ROOT(m) 0.99 0.87 0.90 0.75

Urban
FCAN 0.005 0.001 0.01 0.05
ALVC 0.09 0.09 0.09 0.09
ALIC 0.15 0.15 0.15 0.15
LNZ0 0.30 0.30 0.30 0.30
LAMX na na na na
LAMN na na na na
CMAS (kg/m2) na na na na
ROOT(m) na na na na

aHere na indicates not available.

Table 5. Soil Parameters for the CLASS Model

CRCM Grid Points

1 2 3 4

Layer 1 (0.00– 0.10 m)
Kz (m/s) 2.84 �10�5 2.84 �10�5 1.22 �10�6 1.46 �10�6

�s 0.37 0.37 0.48 0.47
Layer 2 (0.10– 0.35 m)

Kz (m/s) 3.05 �10�5 3.05 �10�5 1.10 �10�6 1.34 �10�6

�s 0.36 0.36 0.36 0.48
Layer 3 (0.35– 4.10 m)

Kz (m/s) 3.44 �10�5 3.44 �10�5 1.11 �10�6 1.30 �10�6

�s 0.36 0.36 0.48 0.48
Bedrock depth (m) 3.0 3.0 1.7 1.2
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CLASS layers (0–0.10, 0.10–0.35, and 0.35–4.10 m) is
plotted in Figure 15. CLASS and CATHY are in general
agreement in terms of the intra-annual variability of mois-
ture content in the first two soil layers, particularly for the
top layer in which water variations are most directly
affected by rainfall events and by diurnal temperature
changes during interstorm periods. The largest differences
between the two models occur in the third layer, with
CATHY predicting wetter soil conditions over the entire
simulation period and moisture fluctuations of much smaller
amplitude. The causes of this behavior are underestimation
of infiltration in CLASS (discussed in section 5.2.1), to-
gether with the absence of an underlying groundwater
reservoir that results in faster depletion of the bottom layer
(in CLASS the bedrock is assumed to be an impermeable
stratum with no water storage capacity).

[53] CLASS and CATHY soil water storage, as well as
runoff, are also analyzed in terms of mean monthly ratios
(future climate over past climate), as plotted in Figure 16.

For the CLASS model, with a higher surface contribution
to the hydrograph, the runoff ratio is more sensitive to the
relative variation in total precipitation between the future
and past simulations, with the highest ratios observed in
February. In terms of soil water storage, the changes from
past to future climate in CATHY are most strongly felt
nearest to the surface (first and second soil layers) and
are progressively dampened as soil depth increases (third
layer). CLASS, on the other hand, shows a less system-
atic response from shallow to deep layers, reflecting in
part this model’s more compartmentalized treatment of
the subsurface.

[54] Overall, the differences in response between CLASS
and CATHY highlight the importance of resolving soil and
water table dynamics as a continuum when aquifers are rel-
atively shallow, as is the case, on average, for a significant
portion of the des Anglais river basin. For instance, over a
depth range between 1 and 5 m, Kollet and Maxwell [2008]
found the land surface water and energy budgets to be very

Table 7. CLASS-Equivalent Parameterization of the CATHY Model for the Four CRCM Grid Points of the des Anglais Catchment

Layer (Top to Bottom)

1– 2 3 –4 5 6 7 8 9– 12

Layer thickness (m) 0.05– 0.05 0.125–0.125 0.85 0.50 1.30 1.10 5.90– 20–30– 40
Grid point 1

Kh ¼ Kz (m/s) 2.84 �10�5 3.05 �10�5 3.44 �10�5 3.44 �10�5 3.44 �10�5 5.0 �10�8 5.0 �10�8

�s > 0.37 0.36 0.36 0.36 0.36 0.1 0.1
Ss (m�1) 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�6 1 � 10�6

Grid point 2
Kh ¼ Kz (m/s) 2.84 � 10�5 3.05 � 10�5 3.44 � 10�5 3.44 � 10�5 3.44 � 10�5 5.0 � 10�8 5.0 � 10�8

�s > 0.37 0.36 0.36 0.36 0.36 0.1 0.1
SS (m�1) 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�6 1 � 10�6

Grid point 3
Kh ¼ Kz (m/s) 1.22 � 10�6 1.10 � 10�6 1.11 � 10�6 1.11 � 10�6 5.0 � 10�8 5.0 � 10�8 5.0 � 10�8

�s > 0.48 0.36 0.48 0.48 0.1 0.1 0.1
SS (m�1) 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�6 1 � 10�6 1 � 10�6

Grid point 4
Kh ¼ Kz (m/s) 1.46 � 10�6 1.34 � 10�6 1.30 � 10�6 5.0 � 10�8 5.0 � 10�8 5.0 � 10�8 5.0 � 10�8

�s > 0.47 0.48 0.48 0.1 0.1 0.1 0.1
Ss (m�1) 1 � 10�5 1 � 10�5 1 � 10�5 1 � 10�6 1 � 10�6 1 � 10�6 1 � 10�6

Figure 13. Mean monthly runoff for the (left) past and (right) future climate change projections:
CLASS surface and subsurface runoff (red line) and CATHY catchment outlet discharge (black line).
Figure 13 (left) also shows observed streamflow (dash-dotted line) and calibrated CATHY discharge
(dotted line) for the period 1961 –1990.
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sensitive to groundwater storage for the Little Washita
watershed in central Oklahoma. York et al. [2002] found
that for the shallow aquifer (less than 2 m) of Mill Creek in
northeastern Kansas the water table depth affected the pro-
cess of evapotranspiration. And Gutowski et al. [2002]
found that for the Konza Prairie watershed in Kansas, up to
33% of monthly evapotranspiration was derived from
groundwater-supported exfiltration during dry periods. Fur-
ther work is needed to assess the extent to which atmos-
phere and land surface processes are influenced by shallow
and even deeper aquifers and to improve both the subsur-
face representations in models such as CLASS and the land
surface–atmosphere dynamics (e.g., energy budget) in
models such as CATHY.

[55] As a final remark, it is interesting to note that de-
spite the caveats described earlier in comparing two models
as different as CATHY and CLASS and despite significant
differences in the detailed responses of the models, similar-
ities in some other response characteristics, such as runoff
timing and volume (Figures 13 and 14) and near-surface
soil moisture fluctuations (Figure 15), suggest that the mod-
els have some elements of a common dynamic basis and
that a river basin with the size of des Anglais (690 km2)
is not a wholly inappropriate scale at which to intercom-
pare and assess these two classes of model. Just as land
surface models are evolving toward more sophisticated
representations of subsurface flow processes, catchment
and groundwater hydrological models are being extended
to incorporate important exchange processes with the
atmosphere, including energy and carbon fluxes. Both
trends will enable simulation models to be more effec-
tively used in assessing the impacts of climate change on
freshwater resources.

6. Conclusions
[56] This paper has investigated the sensitivity of the

hydrological response (river discharge, aquifer recharge,
and soil water storage) of a small river basin to different

climate scenarios using a fully coupled numerical model of
surface and subsurface flow. Climate variables (precipita-
tion and minimum and maximum temperatures) were gen-
erated by the CRCM regional climate model for a past
(1961– 1990) and future (2041 –2070) scenario. These data
were further processed using the delta change transfer
method and an observed data set to ensure representative-
ness of the synthetic data on a monthly basis. A statistical
analysis using the Mann-Kendall test was performed for
the past and future CRCM data sets. The results of this
analysis revealed a significant positive trend in temperature
(and hence in potential evapotranspiration) and no signifi-
cant trend in precipitation. The positive trend in tempera-
ture was particularly strong for the winter and early summer
months of the future scenario. The numerical model, cali-
brated first against integrated values of streamflow for one
gauge of the catchment, was then verified against integrated
values of streamflow at different points within the catch-
ment and against distributed observations of water level
depth located in parts of the catchment having different
pedologic and geologic characteristics. For the single cli-
mate scenario used, this model setup enabled a preliminary
investigation of the climate change impacts on different
hydrologic response variables for the study basin.

[57] The results of the simulations for the des Anglais
river basin show that at the main outlet the climate change
impacts are most significant during the peak winter period
because of the combination of more precipitation and
higher temperature (and hence an increased rainfall to
snowfall ratio) and during summer months because of a
marked increase in temperature (and hence evaporation).
The results also show significant spatiotemporal variations
in the river discharge response to climate change owing to
a different partitioning between the overland runoff and
base flow components of the hydrograph, with the latter
alleviating the marked decrease in discharge during the
summer period. Recharge to the aquifer increases signifi-
cantly during the winter season because of a higher rain/
snow ratio caused by higher temperatures, whereas it
decreases in the spring as a result of an earlier and less
intense snowmelt and over the summer period because of
increased evaporation. A spatial analysis of recharge pat-
terns shows that the greatest variations are expected to
occur, throughout the year, in the southern portion of the
catchment, where the elevations are highest. This analysis
also highlighted a possible reversal, during summer
months, in groundwater-river interactions in response to
groundwater storage deficits. Compared to river discharge
and aquifer recharge, the water storage volumes are less
sensitive to climate changes. Storage variations are most
strongly felt nearest to the surface, which is directly exposed
to fluctuations in precipitation and evapotranspiration, and
are progressively dampened as soil depth increases. From a
spatial analysis of soil moisture variations it was possible to
observe organizational patterns that follow the topographic
and pedologic characteristics of the catchment. Moreover,
through an investigation of the relationship between the tan-
gent curvature of the surface and the soil water variation,
performed for a section of the catchment near the outlet, it
was found that the hillslope cells located along convergent
parts of the catchment tend to experience an increase in soil
moisture content in February and March in response to

Figure 14. CLASS (red line) and CATHY (black line)
daily runoff responses for year 1979 of the 30 year past cli-
mate simulation.
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climate change and less variation in the late summer and
early fall (August to October).

[58] An additional objective of the study was to compare
the predictions obtained with CLASS, the land surface
scheme that is coupled to the CRCM model, to those from
the CATHY hydrological model for past and future climate
change projections. Differences in runoff and soil water
storage response were used to highlight some of the key
differences in the models. For instance, we found that
CLASS produces higher estimates than CATHY of surface
and subsurface runoff throughout the annual cycle for both
past and future scenarios, with the greatest difference
occurring at the peak flow during snowmelt. The key fac-
tors contributing to these discrepancies were the different
degrees of physical detail included in the surface and sub-
surface parameterizations (1-D Green-Ampt model versus

3-D Richards equation) and the different spatial resolutions
of the two models, which affect the ability to capture im-
portant topographic features and subsurface heterogeneities
that strongly influence the response of the catchment (e.g.,
lateral subsurface moisture redistribution). For soil water
storage, CLASS and CATHY were found to be in general
agreement in terms of the intra-annual variability of mois-
ture content in the first two soil layers (0 –0.10 and 0.10 –
0.35 m), particularly for the top layer, in which water varia-
tions are most directly affected by rainfall events and by di-
urnal temperature changes during interstorm periods. The
largest differences between the two models occur in the
third layer (0.35 –4.10 m), with CATHY predicting wetter
soil conditions over the entire simulation period and mois-
ture fluctuations of much smaller amplitude. The probable
causes of this behavior are the underestimation of

Figure 15. Monthly soil water content in the (top) 0 –0.10 m, (middle) 0.10 –0.35 m, and (bottom)
0.35 –4.10 m CLASS layers for the (left) past and (right) future climate change projections: CLASS (red
line) and CATHY (black line).

W01513 SULIS ET AL.: ASSESSMENT OF CLIMATE CHANGE IMPACTS W01513

19 of 22



infiltration in CLASS and the absence of an underlying
groundwater reservoir, which results in faster depletion of
the bottom layer.
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