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Abstract:

This paper presents a modelling study on the spatial and temporal variability of climate-induced hydrologic changes in the Fraser
River basin, British Columbia, Canada. This large basin presents a unique modelling case due to its physiographic heterogeneity
and the potentially large implications of changes to its hydrologic regime. The macro-scale Variable Infiltration Capacity (VIC)
hydrologic model was employed to simulate 30-year baseline (1970s) and future (2050s) hydrologic regimes based on climate
forcings derived from eight global climate models (GCMs) runs under three emissions scenarios (B1, A1B and A2). Bias
Corrected Spatial Disaggregation was used to statistically downscale GCM outputs to the resolution of the VIC model (1/16°).
The modelled future scenarios for the 11 sub-basins and three regions (eastern mountains, central plateau and coastal mountains)
of the FRB exhibit spatially varied responses, such as, shifts from snow-dominant to hybrid regime in the eastern and coastal
mountains and hybrid to rain-dominant regime in the central plateau region. The analysis of temporal changes illustrated
considerable uncertainties in the projections obtained from an ensemble of GCMs and emission scenarios. However, direction of
changes obtained from the GCM ensembles and emissions scenarios are consistent amongst one another. The most significant
temporal changes could include earlier onsets of snowmelt-driven peak discharge, increased winter and spring runoff and
decreased summer runoff. The projected winter runoff increases and summer decreases are more pronounced in the central
plateau region. The results also revealed increases in the total annual discharge and decreases in the 30-year mean of the peak
annual discharge. Such climate-induced changes could have implications for water resources management in the region. The
spatially and temporally varied hydro-climatic projections and their range of projections can be used for local-scale adaptation in

this important water resource system for British Columbia. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

The hydrologic regime of the Fraser River basin (FRB),
British Columbia, Canada is dominated by snow
accumulation and melt processes. Snow normally accu-
mulates throughout the winter except in lower elevation
areas of the basin and annual peak flow predominantly
occurs during snowmelt in spring or early summer
(Moore and Wondzell, 2005). The winter discharge of
such basins is typically low, while in summer, the
discharge declines rapidly following the depletion of the
snow storage. The snowmelt-driven discharge plays an
important role in the region’s water supply. For instance,
one of the FRB headwater tributaries, the Nechako River
is regulated for hydroelectric generation with water
storage during the spring snowmelt period and releases
during the remainder of the year (Mundie and Bell-Irving,
1986). Snowmelt is also a major flood producing
mechanism in many watersheds in the region (Whitfield
et al. 2003; Cunderlik and Ouarda, 2009).
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Climate change is generally expected to lead to an
intensification of the global water cycle (Huntington,
2006), which is likely to influence freshwater quantity
and quality with respect to both mean states and
variability (Kundzewicz et al., 2007). The volume,
extent and seasonality of snowpack, and the associated
snowmelt runoff for snow-dominated mountain regions
are intrinsically linked to climate variability and change
(Stewart, 2009). Changes in precipitation principally
affect maximum snow accumulation and runoff volume
while temperature changes mostly affect runoff timing
(Barnett et al., 2005). In the Pacific North-West (PNW)
region, where the FRB is located (Moore and
Wondzell, 2005), impacts of changing climate to the
snow hydrology is already evident, such as reductions
in the snow water contents and earlier snowmelt and
discharge (e.g. Mote et al., 2005; Stewart et al., 2005;
Adam er al., 2009; Stewart, 2009). Recent detection
and attribution studies of hydrologic changes in the
western United States also found evidence of human-
induced changes to hydrology and snowpack between
1950 and 1999 (Barnett et al., 2008), and observed
trends toward earlier timing of snowmelt-driven
discharges since 1950 are detectably different from
natural variability (Hidalgo et al., 2009). Furthermore,
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by isolating only the warm Pacific Decadal Oscillation
periods, Hamlet et al. (2005) found downward trends in
April 1°' snow water equivalent (SWE) over the
western United States to be primarily due to wide-
spread warming, which are not well explained by
decadal climate variability. Such changes in the snow and
hydrologic regime are projected to continue in the future by
a number of modelling studies (e.g. Merritt et al., 2006;
Rauscher et al., 2008; Elsner et al., 2010; Vano et al., 2010).
The alterations of the hydrological cycle in snowmelt-
dominated regions and consequently loss of natural storage
by snowpack could have major implications, such
as regional water shortages where built storage capacity
is inadequate to cope with seasonal shifts in discharge
(Barnett et al., 2005).

Previous studies of the FRB indicate similar past
trends and projected future responses. Foreman et al.
(2001) and Morrison et al. (2002) analyzed the
historical flow data of the Fraser River (Hope station)
since 1912 and found an advance in the annual dates at
which one-third and one-half of the total annual
discharges occurred. Morrison et al. (2002) further
used the UBC watershed model driven by two global
climate models (GCMs), which projected progressively
earlier onset of the peak annual flow through 2020s,
2050s and 2080s, increased mean annual flow and
decreased annual peak flow over the three periods.
Whitfield et al. (2002, 2003) also used the UBC
watershed model driven by a GCM to project
streamflow for the three future periods (2013-2033,
2043-2063 and 2073-2093) in the Georgia Basin,
which included sub-basins of the FRB. The results
indicated increased winter flows and an increased
number (but not magnitude) of flood events in
rainfall-driven streams, an increased number of winter
flood events and a decreased number of summer
snowmelt flood events in hybrid streams, and increas-
ingly earlier onset of spring snowmelt and increased
magnitude and duration of summer flood events
in snowmelt-driven streams. The recent study by
Kerkhoven and Gan (2011) using the MISBA model
driven by seven GCMs for the FRB (Hope station) also
projected earlier onset of spring snowmelt and
decreased monthly annual peak flow for 2020s, 2050s
and 2080s. The mean annual flow was projected to
change by £10%.

Future hydrologic changes in a basin depend on basin
characteristics, and spatial and temporal variability of
climatic conditions (i.e. precipitation and temperature)
and their changes. In particular, in the PNW, the future
hydrologic changes could be highly varied due to the
highly heterogeneous physiographic settings, and
temperature and precipitation regimes. For example,
Chang and Jung (2010) studied spatial and temporal
variability of future runoff changes in 218 sub-basins of
the Willamette basin in Oregon and found large
reductions in projected summer flow in snowmelt-
dominated sub-basins, and large increases in projected
winter flow in rainfall-dominated sub-basins. Jung and
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Chang (2011) further analyzed the same basin and found
more pronounced winter runoff changes at higher
elevations than at low elevations. Elsner et al. (2010)
studied implications of climate change on the hydrologic
regimes of several watersheds in Washington State and
found significant changes to the mean monthly hydro-
graph in the snow and rain-snow dominant watersheds,
and minimal changes to the rain-dominant watershed.
Similarly, a hydrologic projection study of the Puget
Sound basin by Cuo et al. (2011) found shifts to mixed
snow-rain-dominated hydrographs in presently snow-
dominated basins and increases in December-January
flow in the rain-dominated basins.

Given the physiographic and climatological variability
of the FRB (Moore, 1991), spatially varied hydrologic
response from the basin can be expected. Fleming et al.
(2007) analyzed streamflow sensitivities to the Pacific
climate modes in the Georgia Basin-Puget Sound region,
including the lower Fraser River, and found spatially
heterogeneous seasonal flow responses to the climate
variability in the 20th century. Thorne and Woo (2011)
also analyzed the effect of climate variability on
streamflow response for 1969-2008 and found response
signals to climate variability to be strongly influenced by
individual sub-basin responses. Given such highly varied
responses to the historical climate variability, it is
essential to consider the spatial and temporal variability
of the future hydrologic response in individual basins to
support future water resources management. However,
spatial variability of future hydrologic changes is not
available in the previous studies of the FRB.

This paper makes a contribution towards an improved
understanding of spatial and temporal variability of
climate change impacts in the FRB. For a spatially
distributed evaluation of hydrologic responses, the macro-
scale Variable Infiltration Capacity (VIC) hydrologic
model was employed. The VIC model was used to
simulate 30-year baseline (1970s) and future (2050s)
hydrologic regimes at a 1/16° grid resolution with climate
forcings for the future period derived from eight recent
(Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4)) GCMs run under three
emissions scenarios (B1, A1B and A2). For a spatially
distributed representation of the climate variables, the
GCM outputs were downscaled using Bias Corrected
Spatial Disaggregation (BCSD) method. The spatial
variability of potential future changes was considered
for 11 sub-basins and three regions of the FRB. Temporal
variability was considered for the daily, monthly and
seasonal responses.

Study basin

The FRB is the largest basin in the province of British
Columbia, Canada with the drainage area of about
230000 km” and relief varying from sea level to about
4000 m. (Figure 1). The river has its headwaters in the
Rocky mountains (near Jasper, Alberta) and its main stem
runs through a length of about 1400 km before discharging
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Figure 1. Location map and elevation range of the Fraser River Basin (FRB). The numbers 1-11 are the sub-basins outlets (Table I) corresponding to the
Water survey of Canada (WSC) hydrometric stations.

into the Strait of Georgia (Schnorbus et al., 2010). Major
tributaries of the Fraser River include the Stuart River,
Nechako River, Quesnel River, Chilcotin River, Thompson
River and the Harrison River. The FRB is geographically
diverse with 12 ecoregions and 9 biogeoclimatic zones
(Schnorbus et al., 2010). Land cover in the basin is
dominated by coniferous forest (approximately 75% of the
basin area), with remaining areas composed of alpine
terrain (17%) and various non-forest vegetation (8%)
(Schnorbus et al., 2010).

The FRB is home to 63% of BC’s population and
arguably the economic, social and cultural heartland of
British Columbia. Approximately 170km from the
mouth, the river emerges onto lower Fraser valley
region, where it flows through braided channels now
partially constrained by flood defenses (Rice et al.,
2009) with 600km of dikes (BC Ministry of Environ-
ment, http://www.env.gov.bc.ca/wsd/public_safety/
flood/brochur2.html#existing). This large floodplain
and delta area contains a mix of agricultural, residential
and commercial land (approximately $13 billion of
development) including Vancouver, Canada’s third
largest city. Lakes and tributaries within the FRB also
provide spawning habitat for all five species of eastern
Pacific salmon (Schnorbus et al., 2010), and the basin
is a particularly important spawning ground for
Sockeye and Chinook salmon, accounting for majority
of the Canadian stock (Morrison et al., 2002). Overall,
very little consumptive use is made of Fraser River
water, with only about 10400 m3/day licensed to be
withdrawn for irrigation from Fraser River and its
tributaries (BC Ministry of Environment, http://www.
env.gov.bc.ca/wat/wq/objectives/fraserhope/fraserhope.

Copyright © 2012 John Wiley & Sons, Ltd.

html). Two reservoir systems, the Nechako (890 MW)
and Bridge-Seton (492 MW) have been developed in
the tributaries of the Fraser River for hydroelectric
power generation. However, the main stem of the
Fraser River does not consist of storage structures;
therefore, capacity to respond to the possible climate-
driven changes such as flow volume, flood peak and
seasonal shifts in discharge is limited.

Climate variability in the FRB reflects the interaction of
the dominant westerly atmospheric circulation with
mountain ranges (Moore, 1991). The spatial variability
of the mean annual temperature and precipitation for the
FRB (based on gridded observations data primarily
derived from the Environment Canada climate station
observations) is shown in Figure 2. Mean annual
temperature and precipitation vary between —5°C-
10°C and 200 mm—5000 mm, respectively. Except for
the low-lying lower Mainland region downstream of the
Fraser River at Hope hydrometric station (which receives
higher precipitation due to proximity to the coast), the
FRB generally receives higher precipitation at higher
elevation ranges (Figures 1 and 2b). The hydrologic
response of the areas within the FRB can vary
considerably, showing snow-dominant, hybrid (rain and
snow) or rain dominant response at different parts of the
basin (Wade et al., 2001). The mean annual discharge
(1965-1990) at the Fraser River at Mission hydrometric
station (Water Survey of Canada hydrometric station
# 08MHO024) is about 3400m®/s, with the maximum
monthly mean discharge in June (7900 m*/s) and
minimum monthly mean discharge in February
(1000m?/s). Flow regulation and diversion by the
Nechako reservoir delays and reduces the discharge peak
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Figure 2. Spatial variability of the 30-year (1961-1990) mean annual a) temperature [°C] and b) precipitation [mm/yr] for the FRB.

in the FRB. The reservoir diverts about 40% of total
naturalized discharge out of the FRB at the Nechako
River at Vanderhoof hydrometric station (based on 1961-
1990 discharge data) via Kemano powerhouse outflow.
The effect of flow diversion gets gradually diminished
downstream and constitutes about 3.5% and 3% of the
total discharge at the Fraser River-Hope and Fraser River-
Mission hydrometric stations, respectively. This study
does not consider flow regulation but uses the naturalized
flow (estimated from the reservoir spillway outflow and
powerhouse outflow and adjusted for storage change in
the reservoir; obtained from the BC Ministry of Environ-
ment, unpublished data) for hydrologic model calibration.

For the consideration of spatially distributed responses,
the FRB was divided into 11 sub-basins at the outlets of
the major tributaries and the main stem (Figure 1). The
sub-basin characteristics are summarized in Table I
and the monthly precipitation, temperature and runoff
for the period 1961-1990 are compared in Figure 3. The
precipitation and temperature data are based on the
gridded observations data (mentioned above) and runoff
data is based on the water survey of Canada hydrometric
station observations. The snowmelt-driven delayed runoff
response is apparent in all sub-basins, with runoff
increasing as temperature reaches above 0°C in April.
Consequently, despite higher precipitation in autumn and
winter, runoff is higher in spring and summer. The
precipitation-runoff regimes of the sub-basins also vary
considerably. For instance, the Harrison sub-basin
receives the highest annual precipitation and generates
the highest annual runoff. The sub-basins originating in
the eastern rocky mountains (Fraser-Shelly, North

Copyright © 2012 John Wiley & Sons, Ltd.

Thompson and South Thompson) are relatively wetter
compared to the north-eastern sub-basins of Stuart and
Nechako, while the Chilcotin sub-basin in the interior
region receives the lowest annual precipitation and
generates the lowest annual runoff (Table I). The
discharge-basin area relations are also similarly varied.
While the wettest sub-basin Harrison covers 3.4% of
the FRB area and contributes 12.8% of discharge, and the
driest sub-basin Chilcotin covers 8.5% of basin area and
contributes 3.2% of discharge.

This study further divided the FRB into the three regions:
(i) eastern mountains (including rocky and Columbia
mountains); (ii) interior Plateau in the central part of basin
and (iii) coastal mountains in the south-western part (which
also includes parts of lower Fraser valley), following the
physiographic settings and hydro-climatic regimes
described by Moore (1991). The three regions are
characterized by distinct physiographic settings and
hydro-climatic conditions, therefore future responses for
the three regions could also vary considerably. These three
regions were also considered because most of the sub-basins
are located within multiple regions and therefore provide
mixed signals from the regions. The characteristics of the
three regions are summarized in the Table II and mean
monthly precipitation, temperature and runoff are illustrated
in Figure 4. From the Figure and Table, distinct character-
istics can be seen, especially in the precipitation and runoff
regimes. Specifically, despite much lower precipitation,
December-March runoff is higher in the central plateau
compared to eastern mountains, which indicates that some
parts of the region generate rainfall-driven runoff. The
coastal mountains also generate higher November-March
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Table I. Water survey of Canada (WSC) hydrometric stations and corresponding study sub-basins characteristics. The sub-basin mean
annual precipitation and runoff are for 1961-1990, with runoff obtained by normalizing the hydrometric station discharges by sub-basin
areas. Runoff for Nechako, Fraser-Hope and Fraser-Mission sub-basins are based on estimated naturalized discharges

Elevation
Sub- range [m] Prec. Runoff
basin Sub-basin [mm/ [mm/
number Station name Sub-basin name WSCID area [km?] Min. Mean Max. yr] yr]
1 Stuart River near Fort St. James Stuart 08JE001 14600 674 1006 2219 661 281
2 Nechako River at Vanderhoof Nechako 08JCO001 25100 383 1060 2740 716 300
3 Fraser River at Shelley Fraser-Shelly 08 KB0O1 32400 569 1308 3928 1163 804
4 Quesnel River near Quesnel Quesnel 08KHO006 11500 506 1173 2371 901 660
5 Chilcotin River below Big Creek Chilcotin 08 MB005 19300 531 1268 2891 490 158
6 North Thompson River at Mclure North Thompson ~ 08LB064 19600 354 2684 3193 1029 683
7 South Thompson River at Chase South Thompson  08LEO31 16200 338 1228 2883 1038 609
8 Thompson River near Spences Bridge = Thompson-Spences 08LFO051 54900 196 1747 3193 844 441
9 Fraser River at Hope Fraser-Hope 08MFO005 217000 29 1330 3928 805 422
10 Harrison River near Harrison Hot Springs Harrison 08MGO013 7680 3 1336 2986 2217 1831
11 Fraser River at Mission Fraser-Misson 08MHO024 228000 0 1321 3928 874 422
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Figure 3. Monthly mean precipitation [mm/month], temperature [°C] and runoff [mm/month] for 11 sub-basins of the FRB, with runoff obtained by
normalizing the hydrometric station discharges by sub-basin areas.
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Table II. Characteristics of the Fraser basin regions. The
precipitation and runoff are for 1961-1990, with runoff obtained
from VIC model simulated grid cell mean for each region

Elevation range [m] Prec. Runoff

Region [mm/ [mm/
id Region name  Min. Mean Max. yr] yr]

1 Eastern mountains 348 1567 3928 1413 1049
I Interior Plateau 136 1101 3011 621 208
I Coastal mountains 0 1296 3161 1932 1518

runoff, indicating a rainfall-driven response, especially from
the lower Fraser valley. Difference in the hydrologic
response amongst the three regions is also illustrated by
seasonal runoff ratios (expressed as December-May to
June-November ratio). The ratios reveal summer-
autumn dominant runoff regimes in the eastern
mountains (0.24) and coastal mountains (0.48), and a
higher proportion of winter-spring runoff in the central
plateau (0.82).

DATA AND METHODS

Climate data

The study used daily gridded observation data for
calibration/validation of the hydrologic model and
simulation of baseline hydrologic response in the
FRB. As described previously, the gridded observation
data of maximum and minimum temperature, precipi-
tation and daily average wind speed were derived
primarily from the Environment Canada climate station
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observations, with supplementary inputs from the US
Co-operative Station Network, the British Columbia
Ministry of Forests and Range’s Fire and Weather
Network, the British Columbia Ministry of Environ-
ment’s Automated Snow Pillow network, and BC
Hydro’s climate network. Precipitation data from
Environment Canada’s Adjusted Historical Canadian
Climate Data (http://ec.gc.ca/dccha-ahced) was used,
which has been corrected for point precipitation biases
such as wind undercatch, evaporation and gauge
specific wetting losses. Based on these primary data,
interpolated gridded data at a spatial resolution of 1/16°,
matching the resolution of the hydrologic model was
generated. The interpolated data was corrected for elevation
effects by adjusting the climatology of the interpolated fields
of precipitation and temperature to the 1961-1990
Parameter-Elevation Regressions on Independent Slopes
Model (Daly et al., 1994) climatology of the western
Canada interpolated to higher resolution using Climate
Western North America (ClimateWNA) (Wang et al.,
2012). The detailed methodology for the generation of the
daily surfaces is described by Maurer et al. (2002), and its
application over the province of BC is available in
Schnorbus et al. (2011). Uncertainty in the gridded data
arises from low station density at high elevation. Specific-
ally, in the FRB, where 23% of the basin is higher than
1500 m, only 22 out of 420 stations used are located above
the 1500 m. As noted by Stahl ef al. (2006), Rodenhuis ez al.
(2009) and Neilsen et al. (2010), the interpolated high-
elevation precipitation values are overly influenced by
observations from lower elevation sites. Long-term water
balance modeling for BC and western North America
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Figure 4. Monthly precipitation [mm/month], temperature [°C] and runoff [mm/month] for three regions of the FRB. Mean runoff is obtained from the
average of the VIC model simulated grid runoff for each region.
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suggests that precipitation bias can typically range between
+40% (Adam et al., 2006; Moore et al., 2012). In addition,
orographic effects could also introduce considerable
uncertainty in the gridded precipitation data for the
mountainous regions (Adam et al., 2000).

An important consideration in the assessment of the
future climate impacts is the associated uncertainty
(Bloschl and Montanari, 2010). Kay et al. (2008) outlined
different sources of uncertainties in modelling hydrologic
impacts of climate change, which include: future
greenhouse gas emissions (forcings); GCM/RCM struc-
ture; downscaling method; hydrological model structure;
hydrological model parameters and natural variability of
the climate system. Previous studies using an ensemble of
five GCMs (Kay et al., 2008), three GCMs (Prudhomme
and Davies, 2008a; 2008b) and eight GCMs (Najafi et al.,
2011) indicate that GCM structure to be the largest source
of uncertainty for the evaluation of hydrologic impacts.
Uncertainty associated with the GCMs was also found to
be the largest uncertainty source in the recent study of
three BC headwater basins (Bennett er al., 2012).
Therefore, an ensemble of eight [IPCC AR4 GCMs was
selected based on their historical performance over the
globe and more locally over western North America
(Werner, 2011). Twenty-three climate change simulations
consisting of eight GCMs and three SRES emissions
scenarios (A1B, A2 and B1) for each GCM were employed
(the UKMO HadGEM1 model does not have output for the
B1 scenario), which are summarized in Table III.

The GCM forcings were downscaled to match the
resolution of the hydrologic model (1/16°) using the
BCSD (Wood et al., 2004). BCSD is a statistical
downscaling method, which employs relationships
between large-scale monthly averages of temperature
and precipitation and local-scale temperature and precipi-
tation to develop empirical relationships. The method
performs downscaling in three steps: (i) bias correction of
the large-scale monthly GCM fields against aggregated
gridded observations using quantile mapping (rescaled
based on mean and all higher order moments); (ii) spatial
disaggregation of the bias-corrected monthly fields to a
finer resolution (to match the resolution of the VIC
model) using a ‘local scaling’ approach and (iii) temporal
disaggregation of the locally scaled monthly fields
corresponding to the daily historic records. BCSD was
calibrated to the gridded observations described above
for each GCM individually over 1950 to 1999. The

downscaled-GCM forcings consisting, of daily precipita-
tion, and minimum and maximum daily temperature,
were used as inputs to the hydrologic model for the
transient run from 1950 to 2098. Thus, although BCSD
explicitly captures the transient nature of a GCMs
monthly temperature and precipitation response to an
emission scenario, it assumes that future daily variability
remains unchanged from historical climatology. Never-
theless, this approach is effective at capturing many
aspects of historical daily variability, including
temperature extremes, and is competitive in this respect
with many other well-known statistical downscaling
methods (Maurer and Hidalgo, 2008; Biirger et al.,
2012). A detailed description of the GCM selection,
BCSD and its application for climate projections over BC
is available in Werner (2011).

Hydrologic modelling and future climate projections

The macro-scale VIC hydrologic model (Liang et al.,
1994, 1996) was employed to simulate the hydrologic
response in the FRB. The fully spatially distributed VIC
model was chosen so that the spatial variability of current
and future hydrologic response in the FRB could be
evaluated. The spatially distributed representation of the
model domain is also suitable for coupling the model with
the gridded observation and downscaled GCMs. Suitabil-
ity of the VIC model for modelling hydrologic response
to climate change in similar snowmelt-dominated basins
has also been demonstrated extensively by a number of
successful applications (e.g. Christensen et al., 2004;
Christensen and Lettenmaier, 2007; Hidalgo et al., 2009;
Cherkauer and Sinha, 2010; Schnorbus et al., 2011).

VIC is a spatially distributed macro-scale hydrologic
model that was originally developed as a soil-
vegetation-atmosphere transfer scheme for GCMs.
VIC calculates water and energy balances in a grid
cell with sub-grid variability of the soil column, land
surface vegetation classes and topography represented
statistically (Gao et al., in review). The model
computes the water fluxes for a range of hydrologic
processes such as evapotranspiration, snow accumulation,
snowmelt, infiltration, soil moisture and surface and sub-
surface runoffs. The present version of VIC (ver. # 4.07)
uses three-soil layers to represent soil moisture processes.
The model uses variable infiltration curves to represent
the spatial heterogeneity of runoff generation and uses

Table III. GCMs used in this study

GCM Atmospheric resolution SRES emissions scenario used Primary reference

CCSM3 T85L26 BI1, A1B and A2 Collins et al. (2006)
CGCM3.1 (T47) T471L31 B1, A1B and A2 Scinocca et al. (2008)
CSIRO-MK3.0 T63L18 B1, AIB and A2 Rotstayn et al. (2010)
MPI-OM ECHM5 T63L32 BI1, A1B and A2 Roeckner et al. (2006)

GFDL CM2.1 N451.24 B1, A1B and A2 Delworth et al. (2006)
MIROC3.2 (medres) T421.20 Bl1, AIB and A2 K-1 Model Developers (2004)
UKMO-HadCM3 T421L.19 B1, A1B and A2 Collins et al. (2001)
UKMO-HadGEM1 N961L.38 A1B and A2 Martin et al. (2006)
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the Arno conceptual model (Todini, 1996) for subsurface
flow generation. Surface runoff from the upper two soil
layers is generated when the moisture exceeds the storage
capacity of the soil. The fluxes from the model are
collected and routed downstream using an offline routing
routine (Lohmann et al., 1998). Detailed description of
the VIC model is available in Liang et al. (1994, 1996)
and Gao et al. (in review).

The VIC model was set up for the FRB at 1/16° spatial
resolution and daily temporal resolution. Geospatial data
for the VIC model were derived from: (i) a 90-m
resolution digital elevation model from the NASA Shuttle
Radar Topographic Mission (Jarvis et al., 2008); (ii) 25-m
resolution land cover from the Earth Observation for
Sustainable Development of Forests (Wulder ez al., 2003)
upscaled to 1-km resolution and (iii) 1/12° resolution soil
classification and parameterization based on Soils
Program in the Global Soil Data Products CD-ROM
(Global Soil Data Task, 2000). The geospatial data were
processed and gridded to match the resolution of the VIC
model for the entire province of British Columbia
(Schnorbus et al., 2011).

Forest, the dominant land cover in the FRB, is a
dynamic ecosystem wherein the physical components
change over time scales of decades to centuries in
response to physical, biotic and anthropogenic
processes (Kimmins, 2005). It is recognized that
climate change will also likely influence future forest
cover, and examples include altered wildfire regimes
(Marlon et al., 2009), species shifts and migrations
(Gonzalez et al., 2010) and, as emphasized by recent
experience in the FRB, changes in pest outbreak
severity (Kurz et al., 2008). Nevertheless, due to the
non-trivial nature of back-casting historical and project-
ing future transient forest properties, inclusion of the
hydrologic effects of dynamic forest cover changes
in the hydrologic projections is well beyond the
scope of this paper. Consequently, forest cover is
assumed static at circa 2000 conditions throughout the
projection timeframe.

For a distributed calibration of the VIC model
parameters, 61 sub-basins were delineated at Water
Survey of Canada hydrometric stations. A set of five
parameters and their likely ranges were chosen for the
calibration based on the successful calibration of the
VIC model in similar snowmelt-dominated basins
(Schnorbus et al., 2011). The selected parameters
include: variable infiltration curve parameter (Bi);
fraction of maximum soil moisture where non-linear
baseflow occurs (Ws); maximum velocity of baseflow
(Dsmax); fraction of Dsmax where non-linear baseflow
begins (Ds); variation of saturated hydraulic conduct-
ivity with soil moisture (Expn) and maximum velocity
of baseflow (Dsmax). Demaria et al. (2007) found
discharge simulation to be most sensitive to Bi and
Expn. Besides these parameters, in view of the
uncertainties in the precipitation data, an adjustment
factor for precipitation (Padj) (which scales the
precipitation values within a certain range) was

Copyright © 2012 John Wiley & Sons, Ltd.

also included for the calibration of runoff in some of
the sub-basin.

The VIC model simulated discharges for the sub-basins
of the FRB were calibrated using the Multi-Objective
Complex evolution Method (Yapo et al., 1998). Three
objective functions, the Nash—Sutcliffe coefficient
of efficiency (NSE), NSE of log-transformed discharge
(LNSE) and water balance error (WBE) were considered.
The NSE provides a measure of overall ‘goodness of fit’,
with higher values (closer to 1) indicating better agreement,
while the LNSE provides a better criterion for the
consideration of low flows. The WBE represents the ratio
of the difference between cumulative observed and
simulated discharges to the cumulative observed discharges,
with values closer to zero indicating better agreement. The
Pareto solutions from the multi-objective optimization
provide trade-offs between the objective functions, which
could be employed to diagnose problems in input data and
better calibrate the hydrologic model (Shrestha and Rode,
2008). Due to potential problems in the precipitation data, a
two-step multi-objective optimization procedure was
employed in this study. In the first step, sub-watershed
flows were calibrated without precipitation correction. In the
second step, in cases when the WBE is > 20% or < —20%
for the best model performance (according to NSE and
LNSE), precipitation data for the sub-catchment were
considered unreliable, and the sub-basins was re-calibrated
by including the Padj. With the inclusion of Padj factor in
such sub-basins, significant improvement in model per-
formance was observed (not shown). Such sub-basins are
also located in the mountainous regions (coastal mountain
or eastern mountain regions), where interpolated high-
elevation precipitation values are overly influenced by lower
elevation stations.

Five independent calibration runs each with an initial
population size of 100 and final population size of 25
were performed for each sub-basin. Based on the model
performance with respect to the three objective
functions from the five calibration runs, the model
parameters with the best overall performance were
selected by using the fuzzy preference selection
methodology (Shrestha and Rode, 2008), which is
based on the composite degree of fulfillment of each of
the objective functions. Six years (1985-1990)
of observed discharge (naturalized discharge for
Nechako, Fraser-Hope and Fraser-Mission sub-basins)
was used for model calibration and an additional five
years (1991-1995) was used for model validation.
Calibration was only conducted after a 3-year warm-up
period, which was found to be appropriate (by comparing
with observations) to exclude the effects of initializing
conditions.

The calibrated VIC model for the FRB was forced with
daily precipitation, minimum and maximum temperature
and wind speed obtained from the 23 BCSD-downscaled
GCM runs. The modelled outputs for the 30-year baseline
(1970s) and future (2050s) periods were extracted and
compared for the 30-year monthly means. The anomalies
for the future periods were expressed relative to the 30-year
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means of the gridded observation-driven baseline run. In
addition, magnitude and timing of annual peak discharges
were extracted from the daily VIC simulations and averaged
over the 30-year baseline and future periods for the
comparison of the changes.

RESULTS AND DISCUSSION

VIC calibration results

The validation results for the 11 sub-basins in the FRB
are shown in Figure 5, and the statistical performance of
the calibration and validation results are summarized in
Table IV. Overall, the VIC model is able to reproduce the
runoff dynamics for the calibration and validation
periods, with the snowmelt peak discharges closely
replicated for most years (Figure 5). The statistical
performance of the modelled discharge also indicates
a good model fit, with NSE and LNSE values greater
than 0.70 for most sub-basins. The model performance
is generally better for the larger sub-basins such as
Thompson-Spences, Fraser-Hope and Fraser-Mission,
where, discharges at the upstream sub-basins have been
calibrated. The discharge calibration at the upstream sub-
basins (which influence the downstream calibration), and
size of the basin (local scale ‘noise’ in the driving
meteorological data becomes less important in large sub-
basins) are the main factors for better calibration in the
larger downstream sub-basins.

There are some discrepancies between the observed
and modelled results. Specifically, high negative WBE
(i.e. modelled discharge volume is lower than observed

discharge volume) were obtained for the Quensel and
Chilcotin sub-basins for both calibration and validation
periods. The simulated low flow is lower than
observations for most sub-basins, and modelled results
also show problems in correctly reproducing the
secondary peaks, especially in the Harrison sub-basin.
The model results also show lower performance for the
Nechako sub-basin, which may be due to fact that
naturalized discharge was used. The discrepancies in
the modelled discharge may also be due in part to
problems in the observation dataset, such as produced
by river-ice and break-up effects that can lead to major
uncertainties in discharge estimates (Pelletier, 1990). In
addition, the discrepancies in modelled discharge may
also be due to problems in the driving meteorological
data, especially at higher elevations where only a few
climate stations are located. Further uncertainty in the
VIC modelling arises from the model parameters,
which are not directly measured and calibrated from
observed streamflows. This leads to a problem of
equifinality (Beven and Freer, 2001), as many different
parameter sets within a chosen model structure can give
similar model performance. Issues of model structure,
such as lack of accounting of glaciers in the VIC
model, also contribute to uncertainties in the hydrologic
modelling. Specifically in the FRB, about 1.5 %
of the basin is glaciated and the loss of glaciers
could significantly impact responses from some
of the sub-basins, such as, Harrison (15% glacier
coverage), Chilcotin (4.6%), North Thompson (4.3%)
and Fraser-Shelly (2.5%). Besides these uncertainties,
the discharge simulation of the some of the sub-basins
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Figure 5. Observed and modelled discharge [m3/s] for validation results (1991-1995) for the FRB sub-basins. Fraser-Mission is only validated for 1991—
1992 because observation data ends in 1992.
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Table I'V. Statistical performance of the VIC calibration (1985-1990) and validation (1991-1995) results for the sub-basins of the FRB.
Nash—Sutcliffe coefficient of efficiency (NSE), NSE of log-transformed discharge (LNSE) and water balance error (WBE) were used for
the statistical performance. The values in parentheses are for the validation period

Statistical performance calibration (validation)

Sub-basin number Sub-basin name NSE LNSE WBE

1 Stuart 0.84 (0.82) 0.74 (0.71) —0.01 (0.00)
2 Nechako 0.72 (0.66) 0.71 (0.73) —0.08 (0.00)
3 Fraser-Shelly 0.85 (0.75) 0.73 (0.70) —0.05 (0.05)
4 Quesnel 0.88 (0.83) 0.50 (0.52) —0.16 (—0.16)
5 Chilcotin 0.86 (0.78) 0.89 (0.85) —0.06 (—-0.17)
6 North Thompson 0.87 (0.85) 0.83 (0.77) —0.04 (-0.07)
7 South Thompson 0.94 (0.87) 0.78 (0.77) —0.07 (—-0.02)
8 Thompson-Spences 0.92 (0.89) 0.84 (0.76) —0.03 (—0.07)
9 Fraser-Hope 0.91 (0.88) 0.87 (0.89) —0.02 (-0.01)
10 Harrison 0.79 (0.66) 0.70 (0.61) —0.02 (—0.06)
11 Fraser-Mission 0.86 (0.79) 0.79 (0.78) —0.01 (0.03)

such as the Quesnel is also undoubtedly affected by the
presence of lakes. Since lakes are not explicitly
modelled in the present version of the VIC model,
uncertainties associated with estimating evaporation
and runoff for the narrow, fjord-type deep lake (mean
depth 157 m; Laval et al., 2008) system in the Quesnel
sub-basin may contribute to lower LNSE and larger
WBE. The lack of inflow and outflow data also
precludes direct calibration of the routing model for
most lake systems in the FRB, introducing timing
errors in routed discharge for sub-basins such as the
Quesnel, Stuart, Nechako and South Thompson. The
daily time step used for the VIC model run also adds to
uncertainties, as the model is unable to account for
runoff generation due to sub-daily variations of
precipitation such as intense, short-term precipitation
events. However, since the model outputs for the
baseline and future periods were mainly compared for
the 30-year means, uncertainty associated with the daily

simulation were not considered to be of a concern.
Hence, based on the above validation results, the
calibrated VIC hydrologic model was considered
suitable to project hydrologic conditions for future
climate scenarios.

Temperature and precipitation changes

The BCSD-downscaled median temperature and
precipitation outputs from the GCM ensembles are
given in Table V. Temperature increases are projected
for all seasons and emissions scenarios, with the lowest
annual increase for the Bl scenario and the highest
annual increase for the A1B scenario in the 2050s.
Overall, the median temperature anomalies across the
sub-basins and regions of the FRB are similar for each
emissions scenario. The inter-GCM variability of the
anomalies corresponding to the emissions scenarios are also
small annually (range from GCMs, B1: 1.6°C-1.8°C; A2:

Table V. Median annual precipitation and temperature anomalies (2050s versus 1970s) obtained from the GCM ensembles for the sub-
basins and regions of the FRB. The anomalies are given as [°C] change for temperature and [%] change for precipitation

Temperature anomalies [°C]

Precipitation anomalies [%]

B1 AlB A2 B1 AlB A2
Sub-basins
Stuart 1.8 2.5 2.4 12 12 9
Nechako 1.7 24 2.3 10 7 5
Fraser-Shelly 1.8 2.5 24 10 11 10
Quesnel 1.8 2.6 2.4 7 6 4
Chilcotin 1.8 2.5 2.3 7 3 1
North Thompson 1.8 2.6 2.4 8 8 5
South Thompson 1.8 2.7 24 7 6 4
Thompson-Spences 1.8 2.6 24 7 6 3
Fraser-Hope 1.8 2.6 24 7 6 4
Harrison 1.7 2.6 2.3 7 5 1
Fraser-Mission 1.8 2.6 24 6 6 3
Regions
Eastern mountains 1.7 2.5 2.3 9 10 7
Central Plateau 1.8 2.5 2.3 7 5 3
Coastal mountains 1.7 2.6 2.2 7 3 0
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2.1°C-2.4°Cand A1B: 2.4°C-2.8 °C). Seasonally, greater
temperature increase in winter (B1: 1.7°C-2.5°C; A2:
2.5°C-3.2°C and A1B: 2.5°C-3.6°C), and smaller
increases in autumn (B1l: 1.4°C-1.8°C; A2: 2.0°C-
2.4°C and A1B: 2.3°C-2.6°C) are projected (not shown).

Annual precipitation anomalies also show increases for
all sub-basins (Table V). Precipitation anomalies amongst
the sub-basins show larger variability than temperature
with higher increases (for all scenarios) in the northern
sub-basins (Stuart, Nechako and Fraser-Hope) compared
to the rest of the basin. The magnitude of precipitation
increases also vary amongst the three regions, with
greater increases in the eastern mountains and lesser
increases in the coastal mountains for all three scenarios.
Amongst the three emissions scenarios, precipitation
increases are generally higher for the B1 scenario.
Overall, the mean annual precipitation changes show
considerable inter-GCM and inter-regional variability
(eastern mountains, B1:3% to 15%; A2: —2% to 15%;
A1B 2% to 20%; central plateau: B1:2% to 11%; A2:
—5% to 11%; A1B —6% to 18%; and the coastal
mountains: B1: —1% to 9%; A2: —7% to 13%; AlB
—5% to 18%) (not shown).

Future precipitation projections obtained from the GCMs
show wide ranges for three regions (Figure 6). The ranges
represented by the box and whisker plots correspond to the
uncertainty of the projections of the 30-year means of the
GCM ensembles. The ranges are greater for July-January
and smaller for March-May. Although monthly precipita-
tion amounts vary amongst the three regions, the direction of
changes is similar for most months. Specifically, the median
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precipitation projections for all three scenarios generally
exhibit increases between October and June and decreases
between July and August. Since the precipitation regime of
the coastal mountains region differs from the other regions,
future precipitation changes in this region are somewhat
different from the rest of the FRB. In particular, the median
projection of future precipitation for the region is close to
baseline values for February-June, while the rest of the FRB
regions exhibits increases during this period.

Snow storage changes

The potential impacts of climate change (in particular
precipitation and temperature change) on snow storage
were considered for the VIC simulated April 1°* SWE
anomalies (relative to the mean of 30-year baseline run)
and April 1°** SWE to October-March precipitation ratio
(SWE/P). The SWE/P values of <0.1, 0.1-0.5 and
0.5 were used to define the rain-dominant, hybrid
(or transient) and snow-dominant (or nival) regimes,
respectively, following Elsner et al. (2010).

The potential future change in the snow storage is evident
in the April 1* SWE anomalies, which project declines
for all sub-basins and scenarios (except for the B1 scenario
for the Harrison sub-basin) (Table VI). The smaller declines
for the B 1scenario (compared to A2 and A1B scenarios) are
mainly due to lower temperature change and greater
precipitation increase (Table V) for the scenario. The
SWE anomalies for the sub-basins also show spatial
variability. Specifically, the changes are smaller for the
higher elevation sub-basins (i.e. Fraser-Shelly and
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Figure 6. Monthly mean baseline (1970s) and future (2050s) precipitation [mm/month] for the three regions of the FRB. Each box plot illustrates the
median and inter-quartile range and the whiskers upper and lower limits from the GCM ensembles.
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Table VI. GCM ensemble medians of April 1** SWE volume and annual discharge (runoff) changes (2050s versus 1970s) for the sub-
basins (regions) of the FRB. The SWE and annual runoff change for the regions are for sub-basin grid cell average values. Annual
discharge change for the sub-basins is for routed values at the sub-basin outlets

April 1°* SWE change [%]

Flow volume change [%]

Bl AlB A2 Bl AlB A2
Sub-basins
Stuart -30 —41 —38 15 12 7
Nechako —21 -33 -30 10 8 4
Fraser-Shelly —6 —15 —17 10 10 7
Quesnel —-19 —31 —31 6 2 0
Chilcotin —26 —28 -33 9 7 3
North Thompson —-12 -19 -25 9 6 3
South Thompson -21 —27 -32 10 7 2
Thompson-Spences —28 =35 —41 9 6 2
Fraser-Hope —22 —34 —36 7 5 2
Harrison 10 -1 -5 13 11 6
Fraser-Mission —21 -33 -35 8 6 2
Regions
Eastern mountains 3 1 -5 9 8 4
Central Plateau -30 —44 —44 4 0 —4
Coastal mountains —13 -21 -23 8 6 0

Harrison). Such differences in April 1* SWE signals
can also be seen in the comparison of the regional
values (Table VI), with the central plateau region
showing greater decline and the eastern mountains
showing smaller decline. For the coastal mountains region,
although higher elevation areas (i.e. Harrison sub-basin,
Table VI) show smaller SWE changes, reduced snowfall
(due to warmer temperature) in the lower elevations of the
Fraser valley leads to an overall decline in snow storage.

The comparison of the median SWE/P thresholds for
1970s with the median of the 2050s GCM ensembles
indicates considerable change (Figure 7), with A1B and B1
scenarios showing largest and smallest changes, respectively.
The projections for the three scenarios reveal a substantial
increase in area with SWE/P < 0.1 and a decrease in area with
SWE/P > 0.5, implying increased rain-dominant and de-
creased snow-dominant areas, respectively. Such changes
together with a smaller change in SWE/P=0.1-0.5 (hybrid
regime) indicate a successive transition of parts of the basin
from snowfall-dominant to hybrid, and hybrid to rain-
dominant regimes. The comparison of the SWE/P values also
depicts differences in the future responses in the three regions.
In particular, for the snow-dominant eastern and coastal
mountains regions, the most prominent changes include the
reduction of the areas with SWE/P > 0.5 (range of reduction
for the three emissions scenarios; eastern mountains: 16%—
21% and coastal mountains: 16%-22%; not shown),
indicating a shift from snow-dominant to a hybrid regime.
For the central plateau, the most prominent change is the
increase in area with SWE/P < 0.1 (14%-21%), indicting a
shift from a hybrid to a rain-dominant regime.

Hydrologic changes

The potential future impacts of changes in climatic
variables and snow storage can be seen in the evapo-
transpiration and soil moisture changes (Figure 8). The

Copyright © 2012 John Wiley & Sons, Ltd.

median A1B (which also represents the greatest change
amongst the three emissions scenarios) actual evapo-
transpiration (AET) increases in spring (Figure 8a),
while summer AET is generally characterized by a
decline in the central plateau region and an increase in
the coastal and eastern mountain regions (Figure 8b).
The summer AET decline is simulated despite the
increase in potential evapotranspiration (not shown),
indicating an increase in soil moisture deficit in the
region. Variable regional responses can also be seen for
the end of spring (June 1) soil moisture change
(Figure 8c). Increased spring AET is accompanied by
the end of spring decline in soil moisture in most of the
central plateau region, while most of the eastern and
coastal mountain regions show increased soil moisture at
the end of spring. In addition, although a decline in the
end of summer (September 1) soil moisture can be seen
throughout the basin, the decline is more pronounced in
the coastal and eastern mountains.

Figure 9 depicts the spatial variability of the future runoff
changes for the median of A 1B ensembles. The results show
general increase in the winter and spring runoff and decrease
in the summer and autumn runoff. The spatial pattern of
change generally reflects the patterns of precipitation, snow
storage, AET and soil moisture. For instance, runoff
increase (in winter and spring) and decrease (in summer
and autumn) for the eastern and coastal mountains regions
correspond to the projected precipitation changes in the
regions (Figure 6). Spring runoff increases in the eastern and
coastal mountains region also correspond to the declines in
the snow-dominant area in these regions (Figure 7).
Therefore, higher precipitation and earlier snowmelt can
be considered to be responsible for the higher spring runoff
in the mountain regions. For the summer season, decreased
precipitation (Figure 6) and a consequent decline in soil
moisture (Figure 8d) lead to a decline in runoff. Decreased
October and November precipitation, and increased AET
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Figure 7. Ratios of April 1** snow water equivalent to October-March precipitation (SWE/P). Illustrated ratios are for: a) 1970s; and median of the 2050s
ensembles of the b) B1; ¢) A1B and d) A2 emissions scenarios.

(not shown) lead to general decrease in autumn runoff. The
spatial pattern of future runoff changes also show
variability, with more pronounced change in the eastern
and coastal mountains compared to the central plateau
region.

Future discharge and runoff responses for the sub-
basins and regions of the FRB are shown in Figures 10

Copyright © 2012 John Wiley & Sons, Ltd.

and 11, respectively. Future projections for all three
scenarios show noticeable changes from the baseline
period with generally greater change (increase or
decrease) for the A1B and A2 scenarios and smaller
change for the B1 scenario. Such differences amongst the
three scenarios also correspond to the SWE (Table VI),
and SWE/P (Figure 7) changes, illustrating the effects
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Figure 8. Median A1B evapotranspiration anomalies [%] (2050s versus 1970s) for a) spring, b) summer; and median A1B soil moisture anomalies [%]
(2050s versus 1970s) c) June 1%, d) September 1%

of temperature and precipitation changes for the three
scenarios (Table V) on the snowmelt and runoff
regimes. Overall, in comparison to the 1970s, 2050s
winter-spring (December-May) monthly mean dis-
charge (routed flow at the catchment outlet) is generally
projected to increase for all three scenarios and 11 sub-
basins of the FRB. Higher winter-spring precipitation,

Copyright © 2012 John Wiley & Sons, Ltd.

regime transition (transition from snow-dominant and
hybrid regimes to hybrid, and rain-dominant regimes,
respectively) and the earlier decline of seasonal snow
storage (compared to baseline period) lead to such
changes. The changes also affect the autumn-winter
discharge patterns in the basin. Specifically, in contrast
to the baseline period, which is characterized by steady
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Figure 9. Median A1B runoff anomalies [%] (2050s versus 1970s) for the FRB for a) winter, b) spring, ¢) summer and d) autumn.

decline in discharge from autumn to winter, a less
pronounced decline (e.g. Fraser-Shelly and Quesnel
sub-basins) or an increase (e.g. Stuart and Nechako
sub-basins) is simulated for the future period. Spring
discharge also shows a distinctive change from 1970s
to 2050s with an increase in monthly discharge for
most GCMs and emission scenarios. These are
followed by lower summer discharge, mostly due to

Copyright © 2012 John Wiley & Sons, Ltd.

lower precipitation, and soil moisture and snowpack
depletion in the previous spring months.

Although the responses amongst the sub-basins are
similar, some differences in runoff responses (mean grid
cell flow response for a region) from the three regions can
be seen. Specifically, while 2050s winter runoff for the
eastern and coastal mountains is lower than autumn
runoff, winter runoff is higher than autumn runoff in the
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Figure 10. Baseline (1970s) and future (2050s) discharge [m>/s] for the sub-basins of the FRB. Each box plot illustrates the median and inter-quartile
range, and the whiskers upper and lower limits of the 30-year means of GCM ensembles.

interior plateau region. Such differences in the interior
plateau region correspond to the shift from hybrid to rain-
dominant regime in some parts of the region (Figure 7).
Another noticeable difference is in the timing of the
runoff peak, while the future runoff peaks for the eastern
and coastal mountains region occur in June, the peak
runoff for the interior plateau occurs in May, indicating an
earlier depletion of seasonal snow storage. Such differ-
ences are also related to the variable soil moisture changes
in the basin as depicted by the June 1* values (Figure 8c),
which show increased soil moisture in the coastal
and eastern mountains and decreased soil moisture in
the central plateau. Differences in the future response
in the three regions are also illustrated by changes in the
seasonal runoff ratios (expressed as the ratio of
December-May to June-November runoff), with the
values increasing from 0.24 to 0.47-0.69 (the ranges
correspond to the median values of three emission

Copyright © 2012 John Wiley & Sons, Ltd.

scenarios), 0.48 to 0.82—1.08 and 0.82 to 1.34-1.57 for
the eastern mountains, coastal mountains and central
plateau, respectively. Such differences indicate that while
the eastern mountains will remain summer-autumn runoff
dominant, the central plateau will transition to a winter-
spring dominant regime.

The effect of temperature-driven shifts in the
discharge is also evident in the timing of the peak
discharge (Figure 12). An earlier onset of discharge is
simulated for all sub-basins of the FRB, which can be
explained as the effect of earlier snowmelt driven by
higher temperature. Such shifts amongst the 11 sub-
basins vary between 2days and 25days (median
values) for Bl, 10days and 39days for AIB and
10days and 43 days for A2 scenarios. The greater shifts
for the A1B and A2 scenarios compared to B1 are due
to higher temperature increases for the scenarios. Also
related to the change in the snow storage is the annual
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peak discharge. The GCM ensemble medians of the 30-
year mean annual peak discharge depict decreases for
most sub-basins and scenarios (Figure 13). Decreased
peak discharge is projected despite increased winter

and spring precipitation. Such changes illustrate that the
temperature-driven change in snow storage affects both
the timing and magnitude of discharge peaks. As
illustrated by (Hamlet and Lettenmaier, 2007), such
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changes could also have implications on the sensitivity
of flood risk.

The box and whisker plots of discharge and runoff
projections also depict wide ranges indicating large
uncertainty in the mean projection from the GCM
ensembles (Figures 10 and 11). For instance, for the
Fraser-Mission station, the largest range in the projected
future discharge can be seen in the month of July
(B1~3400m%/s; A2~2900m%/s and A1B ~2200m%/s),
which is more than 25% of the mean baseline discharge
(7900 m?/s). Although the ranges are smaller for the
winter-early spring months, such as March (B1 ~950 m?/
S; A2~940m>/s and A1B~630m3/s), the ranges are
more than 65% of the mean baseline discharge (970 m’/s).
The range of 30-year mean annual peak discharge and
day of occurrence of the peak annual discharge also vary
considerably. For instance, for the Fraser-Mission station,
the ranges of peak discharge are more than 2000 m’/s
(Figure 13) for three scenarios, while, date of peak flow
could vary by 20days (Figure 12). The wide range of
future projections obtained from a suite of GCMs and
their respective emissions scenarios again reinforces the
need to use an ensemble GCM approach to sample a
range of possible future changes.

However, despite such differences in the ranges, the
VIC model simulated discharge (for the sub-basins) and
runoff (for the regions) show consistent increases in the
median annual values obtained from the GCM ensembles
(Table VI). Amongst the three scenarios, greater annual
discharge increases are projected for the Bl emission

Copyright © 2012 John Wiley & Sons, Ltd.

scenario. The differences can be explained by higher
precipitation increases (Table V) and lower summer flow
decreases for the B1 scenario. The discharge increases for
the sub-basins also generally correspond to the precipi-
tation increases. For example, the relatively larger
discharge increases in the northern sub-basins of Stuart
and Fraser-Shelly correspond to relatively larger precipi-
tation increases for these sub-basins. Median annual
runoff increases in the eastern and central mountain
regions, while the central plateau shows smaller increases
(B1 scenario) or decreases (A1B and A2 scenarios).
Given that precipitation in the eastern and coastal
mountains is higher than the central plateau, increased
precipitation amount is also higher in these regions,
which likely causes higher runoff increases. However,
since most sub-basins are located within multiple regions,
such differences are not evident in the sub-basin
discharge response.

SUMMARY AND CONCLUSIONS

The ensemble GCM-driven VIC hydrologic model
simulation for the FRB revealed that a warmer climate
is likely to bring considerable hydrologic changes. Snow
accumulation and melt is one of the key processes likely
to be affected, with April 1 SWE projected to decline for
most of the basins, which is in agreement with projected
changes in the PNW (e.g. Chang and Jung, 2010; Elsner
et al., 2010). The declines are lower for the mountainous
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sub-basins and regions as compared to the central plateau
region, indicating variable depletion of snow storage
across the basin. The analysis of regime characteristics of
the basin using the SWE to precipitation ratio suggests
successive shifts from snow-dominant to hybrid, and
hybrid to rain-dominant regime in some areas of the
basin.

The results of this study also indicate variability in the
seasonal runoff response. While summer runoff is
generally projected to decrease, winter and spring runoff
are projected to increase. Summer changes are mainly due
to decreased precipitation and earlier snowmelt. The
winter and spring runoff increases are mainly due to
precipitation increases and early depletion of the
snowpack (compared to the baseline period) in the basin.
The effect of the change in the snowpack storage is also
evident in the simulated spring discharge peak, which is
projected to occur earlier throughout the sub-basins of the
FRB. Such changes are consistent with the observed past
trend in the basin (e.g. Morrison et al., 2002) and
elsewhere in the region (e.g. Mote et al., 2005; Stewart,
2009). In addition, the GCM ensemble medians of the 30-
year mean annual peak discharge depict decreases for
most sub-basins and scenarios.

This study also showed that future hydrologic response
can vary regionally. For instance, the modelled scenarios
depict variable changes in the runoff regimes, with shifts
from snow-dominant to hybrid regime mainly occurring
in the eastern and coastal mountains and hybrid to rain-
dominant regimes mainly occurring in the central plateau
region. The related winter-spring to summer-autumn
runoff ratios also revealed variable future changes, with
runoff for the eastern mountains projected to remain
summer-autumn dominant and the central plateau pro-
jected to change to winter-spring dominant. Consequent-
ly, more pronounced winter runoff increases are projected
in the central plateau region. Furthermore, mean annual
runoff is projected to increase in the wetter parts of the
basin (eastern and coastal mountains), while runoff is
projected to increase slightly or decrease in the drier parts
of the basin (central plateau).

The future precipitation and runoff changes for the
2050s obtained from different driving GCMs vary
considerably. Specifically, for the 23 simulations (7
GCMs x 3 scenarios+1 GCMs x 2 scenarios), precipi-
tation change varies between —5% and 17% for the entire
area upstream of the Fraser-Mission hydrometric station,
and the discharge change ranged between —10% and
19%. Such changes in discharge increase/decrease
(£10%) for the FRB are also projected by the previous
study by Kerkhoven and Gan (2011) using seven GCM-
driven runs. However, the variability of the future
discharge changes is larger in this study, especially when
considering the three regions. Specifically, for the eastern
mountains, central plateau and the coastal mountains
regions, mean annual precipitation changes vary between
—2% and 20%, —6% and 15%, and —7% and 18%, while
the mean annual runoff changes vary between —8% and
20%, —15% and 17%, and —7% and 20%, respectively.

Copyright © 2012 John Wiley & Sons, Ltd.

The results of this hydrologic impact study are
affected by uncertainties associated with the GCMs,
downscaling method and hydrologic model. The wide
range of future projections obtained from a suite of
GCMs and their respective emissions scenarios depict
considerable uncertainties associated with the GCMs.
Such range reinforces the need to use an ensemble
GCM approach and provides a range of possible future
changes for different plausible forcings. Downscaling
uncertainty such as using monthly GCM outputs and
daily resampling, and hydrologic model uncertainties in
representing various elements of a hydrograph also add
to uncertainties of the projected future changes.
Specifically, uncertainties in the VIC modelling include
model input, parameter model structure uncertainties
such as the lack of accounting of glaciers. About 1.5%
of the FRB is glaciated and the loss of glaciers could
significantly impact responses from some of the sub-
basins, such as, Harrison (15% glacier coverage),
Chilcotin (4.6%), North Thompson (4.3%), and Fra-
ser-Shelly (2.5%). As illustrated by Huss (2011) in a
study of glacier storage in macroscale drainage basins
in Europe, glacier loss could lead to a reduction in
summer flow in these sub-basins, larger than that
depicted by the current study. The mountain pine beetle
infestation could also add to uncertainties in the
simulated hydrologic response. Previous analysis on
mountain pine beetle outbreak in the FRB (Schnorbus
et al. 2010) indicates that forest infestation tends to
increase peak flow magnitude, with the relative change
in magnitude increasing with increasing forest disturb-
ance severity. The study also suggests higher peak flow
sensitivity to the cumulative effects of beetle-kill and
salvaging harvesting than to beetle-kill alone. There-
fore, future studies should consider the combined
impacts of forest disturbance and climate change. In
addition, methods to account for model uncertainties (e.
g. glaciers), and analysis of changes to hydro-
ecological flow indicators such as high and low flow
matrices should be a focus for future research.

The differences in the future hydrologic responses across
the basin also support the need for a spatial and temporal
evaluation of future hydrologic change. Such an approach is
especially relevant for large river basin like the FRB, where
physiographic and climatic characteristics vary consider-
ably. Moreover, the spatial and temporal evaluation of
future responses will allow for consideration of adaption
strategies more suited for local conditions. The projected
future changes in the FRB could have important implica-
tions for regional water resources management, such as
hydropower generation, fisheries and recreation. The
change in the snow storage and runoff timing, especially
the reduction of summer runoff, could have implications for
water storage. The reduction in the summer runoff could
especially affect water availability in the dry central plateau
region. Therefore, the results of this study provide
stakeholders with hydro-climatic projections that can be
used for local-scale adaptation in this important water
resource system in the province.
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