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Abstract:

Hydrologic modelling has been applied to assess the impacts of projected climate change within three study areas in the Peace,
Campbell and Columbia River watersheds of British Columbia, Canada. These study areas include interior nival (two sites) and
coastal hybrid nival-pluvial (one site) hydro-climatic regimes. Projections were based on a suite of eight global climate models
driven by three emission scenarios to project potential climate responses for the 2050s period (2041-2070). Climate projections
were statistically downscaled and used to drive a macro-scale hydrology model at high spatial resolution. This methodology
covers a large range of potential future climates for British Columbia and explicitly addresses both emissions and global climate
model uncertainty in the final hydrologic projections. Snow water equivalent is projected to decline throughout the Peace and
Campbell and at low elevations within the Columbia. At high elevations within the Columbia, snow water equivalent is projected
to increase with increased winter precipitation. Streamflow projections indicate timing shifts in all three watersheds,
predominantly because of changes in the dynamics of snow accumulation and melt. The coastal hybrid site shows the largest
sensitivity, shifting to more rainfall-dominated system by mid-century. The two interior sites are projected to retain the
characteristics of a nival regime by mid-century, although streamflow-timing shifts result from increased mid-winter rainfall and

snowmelt, and earlier freshet onset. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION AND BACKGROUND

Historical changes to climate and hydrology have already
been documented in British Columbia (BC) and western
North America (e.g. Barnett ez al., 2008). Although they are
affected by natural climate variability, such as El Nifio/
Southern Oscillation (ENSO) and the Pacific Decadal
Oscillation (PDO) (Moore and McKendry 1996; Fleming
et al., 2007), recent hydro-climatic trends in western North
America have been attributed to climate change, predom-
inantly in the form of increased regional warming (Barnett
et al.,2008; Bonlfils et al., 2008; Pierce et al., 2008). According
to the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report, it is now ‘very likely’ that this
observed widespread warming of the atmosphere and
oceans is due to anthropogenic greenhouse gas emissions,
predominantly from fossil fuel use (IPCC 2007).
Throughout most of BC, seasonal runoff is either snow
dominated (nival regimes) or snow influenced (hybrid
nival-pluvial or nival-glacial regimes) (Eaton and Moore,
2010). Within such regimes, documented hydrologic trends
over recent decades generally include decreasing snowpack,
earlier onset of spring melt, decreasing summer flow and
delayed onset of autumn flows, resulting in an extension of
the dry hydrologic season (Whitfield and Cannon 2000;
Barnett et al., 2005; Regonda et al., 2005; Déry et al., 2009).
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Climate change trends will persist with continued emissions
of greenhouse gases, and further changes in regional
temperature and precipitation patterns are expected to affect
the regional hydrologic cycle, with possible impacts to
various water-related resources and water-dependent activ-
ities (Cohen et al., 2000; Mote et al., 2003; Hayhoe et al.,
2004; Payne et al., 2004; Merritt et al., 2006; Schindler and
Donahue 2006; Toth et al., 2006; Milly et al., 2008; Hamlet
et al., 2010; Mantua et al., 2010; Vano et al., 2010a, b).
The hydro-climatology of BC is complex because of its
close proximity to the Pacific Ocean, mountainous terrain
and large latitudinal expanse. The hydrologic response to
climatic change in BC is therefore expected to be
influenced by regional variability in future temperature
and precipitation changes and by regional variation in
physical geography. For instance, projected changes in
snow storage dynamics are strongly affected by elevation-
based temperature gradients, generating large spatial
variation in regions of complex topography (Kim, 2001;
Knowles and Cayan, 2004; Mote et al., 2005; Chang and
Jung, 2010). Also, relatively warm coastal rainfall-
dominated (i.e. pluvial) and hybrid nival-pluvial systems
may tend to be more sensitive to regional temperature,
precipitation and rainfall trends (Whitfield et al., 2002).
Although many water-related issues are germane to
BC, sustainable and self-sufficient generation of electricity
has been identified as a significant concern and a major
policy objective for the BC government. Hydroelectricity is
BC’s largest source of electric power generation, and assets
in the Peace River (PR) and Upper Columbia River (UCR)
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watersheds account for 85% of this generation. However, a
number of generation sites are also located within smaller
drainages distributed throughout the southern coastal region
of the province, such as the Campbell River (CR) watershed.
Consequently, an understanding the hydrologic implica-
tions of climate change in these diverse watersheds is critical
for effectively and sustainably managing the province’s
hydro-generation resources.

This paper describes the application of a high-resolution,
physically based macro-scale hydrologic model to assess the
hydrologic impacts of climate change within the PR, UCR
and CR systems, three distinct physiographic regions. The
hydrologic modelling is driven by climate projections
statistically downscaled from a suite of eight global climate
models (GCMs) driven by multiple emission scenarios.
Streamflow projections were made for several project sites
within the study areas, corresponding to current generation

sites, potential sites for future hydroelectricity development
and several natural drainages. Our choice of methodology
and the use of recent climate projections expands upon past
climate change impact studies conducted for these specific
study areas (e.g. Hamlet and Lettenmaier, 1999; Loukas
et al., 2002a, b; Payne et al., 2004; Pietroniro et al., 2006;
Toth et al., 2006). Further, this study also represents the first
time that potential climate change impacts have been
addressed and compared in all three regions simultaneously
using consistent methodology.

STUDY AREAS

Hydrologic impacts were modelled in three study areas
located within the PR, CR and UCR basins in BC
(Figure 1). These three study areas represent a range of
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Figure 1. Study area maps, showing the three study area watersheds and project sites of the (a) Peace River, (b) Upper Columbia River and (c) Campbell
River. The three example project sites referred to specifically herein are the Peace River at the W.A.C Bennett Dam (W.A.C. BENNETT in panel (a)), the
Columbia River at Mica Dam (MICA in panel (b)) and the Campbell River at Strathcona Dam (STRATHCONA DAM in panel (c))

Copyright © 2012 John Wiley & Sons, Ltd.
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climatic, topographic and physiographic conditions.
Basin physiography and annual hydro-climatology are
summarized in Table I, and monthly hydro-climatology is
shown in Figure 2.

The PR study area is located in interior north-eastern
BC and encompasses the drainage area upstream of
Taylor, BC (Figure 1). The region has a continental
climate (Demarchi 1996), with monthly average tempera-
tures ranging from —12.0 °C in January to 12.3 °C in July.
Precipitation follows a seasonal pattern of summer
maximum and spring minimum (Figure 2). The PR has
the lowest average temperature and precipitation of all
three study areas. It has a nival regime, with approxi-
mately 54% of the annual precipitation (440 mm) falling
as snow (mostly during October—April) and 64% of the
natural streamflow occurring during the freshet months of
May—July (Figure 2). Low flows occur during the winter
and early spring.

The UCR study area is located in south-eastern BC and
occupies the drainage area upstream of the confluence of
the Kootenay and Columbia Rivers (Figure 1). The UCR
has the highest elevations of the three study areas (Table I)
and has a continental climate (Demarchi 1996). Monthly
average temperature ranges from —9.4°C in January to
13.4°C in July (Figure 2). Precipitation experiences
seasonal variation and is highest in the winter. Approxi-
mately 65% of the annual precipitation falls as snow, with
snowfall possible throughout the year. In addition,
approximately 4% of the area is covered by glaciers.
Consequently, natural streamflow at many locations in the
UCR exhibits a glacial-nival regime, where the hydro-
logic cycle is dominated by the spring freshet, with a
gradual recession in flow during the late summer and fall
and lowest flow occurring during the winter (Figure 2).

The CR is a relatively small watershed that drains the
mountains of central Vancouver Island (Figure 1). The
region exhibits a typical coastal climate, with mild, wet
winters and warm dry summers (Figure 2) (Demarchi
1996). The CR has the warmest temperatures and receives
the most precipitation of all three study areas. Monthly
average temperatures range from —1.8 °C in December to
14.9°C in August. Precipitation has a pronounced
seasonal distribution, with 78% of the precipitation
falling during the 6-month period of October—March.

Snowfall accounts for 23% (680mm) of the annual
precipitation, such that natural streamflow exhibits a
hybrid nival-pluvial regime, peaking in both the fall and
spring (Figure 2). Approximately 32% of the annual
discharge occurs during the freshet months of May, June
and July, with June receiving the highest discharge during
the year. Rainfall runoff during the fall months of
October—November accounts for 31% of the annual
discharge. The CR is at the lowest elevation of the three
study areas.
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Figure 2. Area-average 1961-1990 monthly climatology for rainfall,
snowfall, temperature and discharge for the (a) Peace River, (b) Upper
Columbia River and (c) Campbell River study areas. Rainfall and snowfall
are presented as stacked bars (i.e. rainfall + snowfall = precipitation). Total
discharge for each study area estimated from available naturalized
discharge at (a) Peace River at Taylor (PEACE AT TAYLOR in Figure 1;
1968-1990), (b) Columbia River at outlet of Arrow Lakes plus Kootenay
River at Kootenay Canal plus Slocan River (ARROW, KOOTENAY
CANAL and SLOCAN, respectively, in Figure 1; 1984-1990) and (c)
Campbell River at Strathcona Dam (STRATHCONA DAM in Figure 1;
1963-1990)

Table 1. Study area physical description and 1961-1990 annual hydro-climatology

Study area

Variable PR UCR CR
Drainage area (km?) 101 000 104 000 1190
Minimum elevation (m) 400 420 140
Median elevation (m) 1200 1600 1000
Maximum elevation (m) 2800 3550 2200
Annual average temperature (°C) 0.2 1.9 5.6
Annual precipitation (mm) 810 930 2960
Annual snowfall (mm) 440 610 680
Annual discharge (m?/s) 1360 2020 75
Hydrologic regime Nival Nival-glacial Nival-pluvial

Copyright © 2012 John Wiley & Sons, Ltd.
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Streamflow projections are provided for three example
locations corresponding to current hydroelectric power
generation sites, one within each study area. These sites
are the PR at W.A.C. Bennett Dam (referred to as BD),
the UCR at Mica Dam (MD) and the CR at Strathcona
Dam (referred to as SD) (Figure 1). BD has a nival regime
that encompasses a drainage area of 72078 km? (71% of
the PR study area). MD has a drainage area of 21134 km*
(20% of the UCR study area) and, with 8% of its area
covered by glaciers, exhibits a glacial-nival regime. The
SD drains the entire 1190 km? of the CR study area.

METHODS

Climate projections

Our study uses GCM output contributed by the World
Climate Research Programme through its Coupled Model
Intercomparison Project phase 3 multi-model dataset
(Meehl et al., 2007). The current study employed output
from a subset of eight participating models. The process
of GCM selection, which is based on model performance
over western North America, is described in detail by
Werner (2011). Future emissions and radiative forcing
trajectories are based on the A1B, A2 and B1 scenarios
described in the IPCC Special Report on Emissions
Scenarios (SRES) (Naki¢enovi¢ and Swart, 2000). These
scenarios reflect a range of low, medium and high
potential future forcings (B1, A1B and A2, respectively)
by the end of the 21st century. However, the A1B and A2
scenarios have similar emissions until mid-century, only
diverging substantially after 2050. With one exception,
we employ a single run from each GCM for each of the
three emission scenarios, for a total of 23 climate
projections, which are summarized in Table II. The
selection of GCMs and emission scenarios covers a large
range in potential projected future climates for BC.
Climate projections were obtained from the GCMs as
monthly time series of temperature and precipitation for
1950-2098. Climate projections, and subsequent hydro-
logic projections, from the final ensemble of GCM runs
are treated as statistically indistinguishable (Annan and
Hargreaves, 2010; Knutti et al., 2010).

The monthly GCM climate projections of temperature
and precipitation were spatially downscaled using the
statistical Bias-corrected Spatial Disaggregation (BCSD)

approach (Wood et al., 2002, 2004; Salathé, 2005). This
technique is computationally efficient and was utilized to
generate a daily time series of gridded temperature and
precipitation for the period 1950-2098 for each GCM
scenario run at the resolution of the hydrologic model
(1/16°) (see Section on Hydrology Model and Werner
2011). Climate projections are bias corrected by quantile
mapping monthly GCM precipitation and temperature to
gridded observed data, with the same mapping applied to
future projections. This correction explicitly allows for
the mean and variability of a GCM to evolve while
matching all moments between GCM and observations
during the calibration period. Note that the bias correction
step corrects GCM output to observed data but does not
account for potential bias in the observed data itself,
which can be large, particularly for precipitation in
regions of complex topography (e.g. Adam et al., 2006;
Stahl et al., 2006; see Section on Model Calibration and
Performance). BCSD reproduces the large-scale GCM
trends interpolated to the downscaling target resolution
(Maurer and Hidalgo, 2008; Werner, 2011) but does not
address potential local detail or variability in the climate
response, such as possible variations in temperature or
precipitation trends with elevation (e.g. Biirger et al,
2011). Temporal disaggregation is performed via random
sampling of historical months, where each day in the
selected month is rescaled (multiplicative for precipitation
and additive for temperature) to match the projected
monthly total precipitation and average temperature.
Thus, BCSD downscaling does not reflect potential future
changes to the statistical properties of daily weather
projected by individual GCMs (Maurer and Hidalgo,
2008), but it does capture the transient nature of the
emission scenarios and the simulated altered monthly
statistics. Although BCSD can use daily GCM data
directly, daily GCM output is less widely available and
arguably less skillful in simulating daily precipitation, and
the assumption of climatological daily variability has
proven reasonable in past hydrologic applications
(Leavesley, 1994; Wood et al., 2002; Maurer and
Hidalgo, 2008).

The downscaled regional climate projections were used
to force a hydrologic model, producing an ensemble of 23
hydrologic projections for each study area (composed of
three scenario-based ensembles of 8, 8 and 7 projections
for AIB, A2 and BI, respectively). Changes in the

Table II. Global climate model and SRES scenario selection summary

Model ID Modelling centre, country and model SRES scenarios Primary reference

CGCM3  Canadian Centre for Climate Modelling and Analysis A2, A1B, B1 Scinocca et al. (2008)
(Canada), CGCM3.1 (T47)

CCSM3 National Center for Atmospheric Research (USA), CCSM3 A2, A1B, B1 Collins et al. (2006)

CSIRO CSIRO Atmospheric Research (Australia), CSIRO Mk3.0 A2, A1B, B1 Rotstayn et al. (2010)

ECHAMS Max Planck Institute for Meteorology (Germany), ECHAMS/MPI-OM A2, A1B, B1 Roeckner et al. (2006)

GFDL NOAA Geophysical Fluid Dynamics Laboratory (USA), GFDL-CM2.1 A2, A1B, B1 Delworth et al. (2006)

HADCM3 Hadley Centre for Climate Prediction and Research (UK), HadCM3 A2, A1B, B1 Collins et al. (2001)

HADGEM Hadley Centre for Climate Prediction and Research (UK), HadGEM1 A2, A1B Martin et al. (2006)

MIROC Center for Climate Systems Research (Japan), MIROC3.2 (medres) A2, A1B, Bl K-1 Model Developers (2004)

Copyright © 2012 John Wiley & Sons, Ltd.
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various components of the hydrologic cycle were
quantified by comparing temperature, precipitation, snow,
runoff and streamflow from two 30-year periods within
the simulations that represent historical and future
conditions. The focus is on mid-21st century changes,
where the future period of 2041-2070 (the 2050s)
is compared with the historical baseline of 1961-1990
(the 1970s).

Uncertainty is an inherent component of the process of
obtaining hydrologic projections. The methodology of
using an ensemble of multiple GCMs coupled to three
emission scenarios explicitly addresses both emissions
and GCM structural uncertainty. However, reliance on
only one downscaling technique and one hydrologic
model means that our results do not incorporate
uncertainties from these two sources. Nevertheless, recent
research suggests that differences in global climate
response to greenhouse forcings between different GCMs
are the largest source of uncertainty, and uncertainties
attributed to downscaling, emission scenarios and hydro-
logic modelling are of lesser magnitude (Wilby, 2005;
Prudhomme and Davies, 2009; Bléschl and Montanari,
2010; Bennett et al., 2012). Additional unquantified
uncertainty likely arises from assumptions of stationarity
that are implicit in the downscaling and hydrologic
modelling parameterizations.

Historical climate data

Although hydrologic projections are simulated by forcing
the hydrologic model with downscaled GCM projections,
calibration of both the hydrologic model and BCSD requires
historical climate data. This climate data are in the form of
daily gridded surfaces of minimum and maximum tempe-
ratures, daily precipitation accumulation and daily average
wind speed at the spatial resolution of 1/16°. The daily
surfaces were produced following the technique of Maurer
et al. (2002) and Hamlet and Lettenmaier (2005)
(see Schnorbus et al. (2011) for details). The technique
involves spatial interpolation of daily temperature and
precipitation station data (sources from Environment
Canada, US Co-operative station network and BC Hydro),
temporal homogenization of the raw fields to remove
interpolation artefacts introduced by using a temporally
varying mix of stations and corrections for topographic
effects using ClimateWNA, a 1961-1990 PRISM-based
high-resolution climatology for western Canada (Daly et al.,
1994; Wang et al., 20006).

Hydrology model

The Variable Infiltration Capacity (VIC) hydrologic
model (Liang et al., 1994, 1996) is used to quantify the
hydrologic impacts of climate change. The VIC model is a
spatially distributed macro-scale hydrologic model that was
originally developed as a soil-vegetation—atmosphere
transfer scheme for GCMs. The VIC model has been
previously applied to evaluate climate change impacts
on river systems globally (Nijssen er al., 2001) and in
the mountainous western United States and southern

Copyright © 2012 John Wiley & Sons, Ltd.

BC (Hamlet and Lettenmaier, 1999; Christensen et al.,
2004; VanRheenen et al., 2004; Hamlet et al., 2005;
Elsner et al., 2010). The VIC model is applied at a resolution
of 1/16° (approximately 27-31km?, depending upon
latitude) and run at a daily timestep (1-h timestep for the
snow model).

Model set-up. Soil classification and parametrization
were based primarily on physical soil data from the Soils
Program in the Global Soil Data Products CD-ROM
(Global Soil Data Task Group 2000). The soil data
contained in the Soils Program are from a global pedon
database produced by the International Soil Reference
and Information Centre (Batjes, 1995) and the FAO-
UNESCO Digital Soil Map of the World (FAO 1995).
Physical soil parameters, such as hydraulic conductivity,
bulk density, porosity, wilting point and soil textures,
were extracted from the Soils Program, interpolated from
5 x5 arc-min (1/12°) to the 1/16° VIC grid, and then
used to generate the values required to run the VIC
model.

Land cover within the VIC model is described by
assigning one or more vegetation classes to each model
grid cell. Land cover information from the Earth
Observation for Sustainable Development of Forests
project was used as the basis for the VIC land cover
classification (Wulder et al., 2003). Monthly leaf area
index (LAI) values were calculated from a Canada-wide,
I-km resolution time series of 10-day LAI produced
by Natural Resources Canada, which are based on
SPOT-4 VEGETATION satellite-based data collected
from 1998-2004 (Fernandes et al., 2003). The VIC model
estimates the fraction of shortwave radiation transmitted
through the overstory as a function of LAI by using the
Beer-Lambert model (Liang et al., 1994), with parameter
values taken from Schnorbus et al. (2010). Roughness
and displacement height were set as functions of
vegetation height (Campbell and Norman, 1998).
Vegetation architectural and resistance parameters were
taken from Dickinson et al. (1991), Ducoudré et al.
(1993) and Shuttleworth (1993). Land cover albedo
values were obtained from Bras (1990), Campbell and
Norman (1998) and Roberts (2000). Rooting depths and
root distributions were also specified for each vegetation
class, such that short vegetation draws moisture mainly
from the upper soil layer, whereas trees draw moisture
from deeper soil layers (Jackson et al., 1996). Although it
is recognized that climatic change may influence future
forest dynamics (e.g. Carroll et al. 2006; Huang et al.,
2007; Marlon et al., 2009; Gonzalez et al., 2010),
incorporating dynamic forest cover is not within the scope
of the current study, and forest cover parametrization is
fixed at ca 2000 conditions throughout the projection
timeframe (1950-2098).

Topographic parameters were derived from a post-
processed version (version 3) of the Shuttle Radar
Topography Mission-based 90-m digital elevation model
(Farr et al., 2007) obtained from the Consultative Group
on International Agricultural Research — Consortium for

Hydrol. Process. (2012)
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Spatial Information (http://srtm.csi.cgiar.org/). An aver-
age elevation was calculated for each grid cell. In areas of
high relief, variation in sub-grid topography is simulated
via the application of elevation bands, with the number of
bands ranging from one in cells with low relief to five in
cells with high relief. The number of bands per cell was
constrained such that the difference in mean elevation
between adjacent bands was =500 m. During model run
time, input values of temperature and precipitation for
each grid cell are interpolated to each elevation band.
Precipitation is adjusted for elevation by using a
precipitation gradient estimated from the ClimateWNA
annual 1961-1990 precipitation climatology. Grid cell
input temperature is lapsed to each individual band at a
rate of 6.5 °C/km, applied over the difference between the
mean band and the mean grid cell elevations.

The surface-routing network between grid cells is
conceptually defined by specifying a flow direction and
distance for each 1/16° cell. Surface routing is carried
out using the linearized Saint-Venant equations. The
Saint-Venant equations are parametrized by specifying
values of wave velocity and flow diffusion for each grid
cell. Routing parameters were assigned by classifying
routing segments as either river channels or natural lakes
(e.g. Duncan Lake, Kootenay Lake and Arrow Lakes),
with separate parameter sets for each; values were
adopted from Schnorbus et al. (2010). Note that routing
does not include the effects of regulation, extraction or
diversion and, thus, represents only ‘natural’ flow
conditions. A full description of the routing model
methodology can be found in Lohmann et al. (1996).

Glaciers. A simple, conceptual representation of
glacier mass balance has been introduced into VIC for
projecting the hydrologic response in the UCR system to
climate change. Glaciers are modelled by using perennial
snow in conjunction with VIC’s built-in snow-modelling
routines. A portion of the VIC model grid cells in the
UCR study area was identified as glacier cells and used to
form a glacier mask. The glacier mask includes grid cells
with more than 33% area composed of glaciated terrain,
on the basis of the 1:250000 Baseline Thematic
Mapping version 1 land cover dataset (BC Integrated
Land Management Bureau 1995). The 33% threshold was
chosen such that the actual glacier surface area and the
area of the VIC glacier mask for the Upper Columbia
domain would be roughly equivalent (approximately
3700km?). This provided a ca 1995 glacier mask
composed of 135 grid cells (out of a total of 3561 cells).
The additional water equivalent required to add glaciers
to these grid cells was estimated from volume area scaling
(Bahr et al., 1997; Stahl et al., 2008) based on the glacier
surface areas in the Baseline Thematic Mapping dataset.
The estimated glacier volume was converted to an
equivalent depth assuming an average glacier ice density
of 700 kg/m3 (Schiefer et al., 2007). In this scheme,
regional changes in glacier area and volume are calculated
via mass balance changes in individual grid cells (more
specifically, in individual elevation bands within grid

Copyright © 2012 John Wiley & Sons, Ltd.

cells), and glacier dynamics (i.e. the transport of ice
mass from the accumulation zone to the ablation area
within and between grid cells) is neglected (termed ‘non-
dynamic downwasting’ by Huss et al., 2010).

The lack of historical glacier inventory data introduces
a considerable challenge when specifying an initial
glacier state in transient hydrologic projections. There-
fore, hydrologic projections were conducted in two
phases, both initialized with the 1995 glacier state.
Hydrologic projections during the historical period were
initialized in 1950 and run from 1 October 1950 to 30
September 1995. Future projections were re-initialized in
1995 and run from 1 October 1995 to 31 December 2098.
It is recognized that this process does not explicitly
capture the historical trajectory of glacier area and volume
within the UCR (Dyurgerov and Meier 2005; Kaser et al.,
2006; Schiefer et al., 2007). However, the work of
Debeer and Sharp (2007), which investigated changes in
glacier area between the years 1951/1952 and 2001 in
south-eastern BC, indicates a trend in glacier area of
approximately —6% in the UCR region, such that the use
of a 1995 glacier mask underestimates 1950 glacier area
in the UCR only by roughly 220km” (approximately
eight grid cells, assuming 28 km?/cell). However, this
trend may be underestimated as Debeer and Sharp (2007)
did not examine area changes in the larger glaciers in the
northern part of the UCR.

In this simplified scheme, seasonal snow and glacier
water equivalent in the UCR are modelled as combined
snow water equivalent (SWE). Hence, to assess changes
in seasonal snow and glacier mass separately, bulk-
simulated SWE must be partitioned into seasonal and
perennial components. This is achieved by taking annual
minimum SWE in any given year as a proxy for the
glacier state, where the annual minimum is assumed to
occur at the beginning of the water year on 1 October.
Therefore, changes in glacier mass can be inferred using
changes in annual minimum SWE. Conversely, seasonal
SWE at any given time in any given water year is
estimated as the difference between bulk and annual
minimum SWE values. Hereafter, any results or discus-
sion regarding snow in the UCR assumes seasonal snow,
unless specifically stated otherwise.

Model calibration and performance. Initial calibration
involved manual adjustment of global parameters
controlling regional snow accumulation and melt; those
being snow albedo decay and precipitation phase
temperature thresholds. The albedo decay values of
Schnorbus et al. (2010) for the Fraser River basin were
found suitable and adopted for the PR, UCR and CR
study areas. Syntheses of surface weather observations in
Canada (Bartlett et al., 2006) and the United States (Auer,
1974) suggest that the temperature range for mixed rain/
snow generally occurs between 0 and 6 °C on an annual
basis, and those values appear appropriate for the interior
basins of the PR and UCR. However, temperature
thresholds are known to vary regionally (Barry, 1992;
Kienzle, 2008), and the temperature thresholds in the

Hydrol. Process. (2012)
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coastal CR were found to be —0.5—4°C. An assessment
of VIC’s snow simulation performance in the PR and
UCR study areas is provided in Figure 3. Comparison of
observed and modelled 1961-1990 average 1 April SWE
(which is a benchmark for peak seasonal snow accumu-
lation) between snow course sites (21 and 23 in the PR
and UCR, respectively) and corresponding model pixels
suggests some negative simulation bias but acceptable
performance overall (Figure 3(a) and (b)). Nevertheless,
discrepancies between individual observed and simulated
SWE values are apparent, which are attributed to a
combination of model error as well as to the effects of
scale mismatch and possible lack of representativeness
between snow course sites and model pixels (Andreadis
and Lettenmaier 2006). Regardless, VIC-modelled 1
April SWE generally captures the regional variation of
SWE with elevation in both the PR and UCR (Figure 3(c)
and (d)).

Spatially distributed streamflow calibration was subse-
quently completed by subdividing the PR, UCR and CR
study areas into 23, 24 and 1 sub-basins, respectively,
based on Water Survey of Canada hydrometric stations
and BC Hydro project sites. A set of five parameters were
chosen on the basis of successful calibration in similar
snowmelt-dominated environments in BC (Schnorbus
et al., 2010) as well as previous sensitivity analysis
(e.g. Demaria et al., 2007). A precipitation adjustment
factor, Padj, is also included to accommodate bias in the
historical precipitation data and hence bias in the
downscaled precipitation data (Schnorbus et al., 2010).
Biases are a result of interpolating from a sparse climate
network weighted towards lower elevations (Adam et al.,
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2006; Stahl et al., 2006) and precipitation undercatch,
particularly for solid precipitation (Adam and Lettenmaier
2003), which would tend to be more pronounced at high
elevation stations where more precipitation falls as snow.
Consequently, the application of precipitation bias
correction factors is a common feature of hydrology
models applied to the mountainous topography of BC
(e.g. Quick, 1995; Stahl et al., 2008).

The VIC model simulated discharges 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, whereas 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, and the optimum
solution was subjectively chosen so as to balance NSE
and LNSE, while keeping WBE within £10%. All
objective functions were calculated using daily discharge.
Six years (1990-1995) of observed discharge (naturalized
discharge for regulated sites) was used for model
calibration, which is the period of highest streamflow
data density in all three study areas (i.e. largest number of
hydrometric stations with complete and overlapping
records). An independent 5-year period (1985-1989)
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Figure 3. Comparison of observed and simulated 1961-1990 average 1 April snow water equivalent. Observed (snow course stations) and corresponding

grid cell modelled SWE values are shown for the (a) PR and (b) UCR with trend lines estimated using local polynomial regression. Observed (snow

course stations) and modelled (all grid cells) SWE values are plotted against elevation (station elevation for observed and grid cell elevation for modelled
SWE) for the (c) PR and (d) UCR
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was used for model validation. The 6-year calibration period
is assumed to contain sufficient intra-annual and seasonal
variability that parameter estimates will be robust to high
frequency variability. However, low frequency, inter-annual
and decadal climate variability, such as ENSO or PDO, is
also known to strongly influence hydro-climatology in BC
(Moore and McKendry, 1996; Romolo et al., 2006; Fleming
et al., 2007), although the effects are spatially variable
across the province (Fleming and Whitfield, 2010). The
calibration period does not represent the full ENSO range,
being dominated by warm episodes through 1991/1992 and
1994/1995 and neutral conditions in the remainder of the
period, on the basis of the Oceanic Nifio Index (Climate
Prediction Center, 2010). The validation period contains
both cold (1984/1985 and 1988/1989) and warm (1986/
1987) ENSO episodes. Both the calibration and validation
periods were dominated by the warm phase of the PDO
(JISAO 2010).

Daily streamflow calibration and validation results for the
three example study sites, BD, MD and SD, are given in
Table III. Model performance is deemed good, with NSE
and LNSE values >0.7 in most instances and WBE <410%
in all but one occurrence. At all three sites, the chosen
calibration appears quite robust, with little, if any degrad-
ation in performance between the calibration and validation
periods. One exception is that performance does degrades
with respect to WBE for the BD site (WBE=—0.11 during
validation). This suggests overfitting of the Padj parameter
to precipitation biases that prevailed during warm phase
ENSO conditions, which does not accommodate the switch
to more frequent wet type synoptic events that likely
dominated the region during cold phase ENSO conditions of
the validation period (Romolo et al., 2006).

As additional validation, 30-year streamflow climat-
ology simulated using both observed and downscaled
climate data is compared with observed streamflow in
Figure 4. Because of constraints in the observed
streamflow data, comparison is based on the 1971-2000
period as opposed to 1961-1990. Bias is apparent in the
modelled hydrographs at all three locations and is
particularly high for the SD site during the fall and
winter months. Discrepancies between observed stream-
flow and streamflow simulated with observed forcings are
due to errors in the VIC model structure, VIC model
parameters and inaccuracies in the forcing data, issues
that appear more problematic when simulating fall-winter
rainfall-generated runoff in the small coastal SD site.
Despite bias correction with BCSD, using the downscaled

Table III. Streamflow calibration and validation results for the
BD, MD and SD sites

Calibration Validation
Study sites
NSE LNSE WBE NSE LNSE WBE
BD 0.64 0.84 0.01 0.75 0.86 —0.11
MD 0.89 0.83 —0.09 0.88 0.79 —0.07
SD 0.72 0.67 0.02 0.72 0.68 0.06

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 4. Comparison of observed (i.e. naturalized) and modelled (with

either observed or downscaled GCM forcings) monthly average stream-

flows for the climatological period 1971-2000 for (a) BD, (b) MD and (c)

SD. Modelled hydrographs using downscaled GCM forcings are shown as

the median of the eight historical runs

climate data still introduces some additional bias to the
simulated streamflow at all three locations. Discrepancies in
the modelled discharge may also be due to errors in the
observed streamflow data and, as is the case for the BD, MD
and SD sites, naturalization of streamflow to remove the
effects of storage and, in the case of SD, diversion. Because
of the presence of simulation bias, changes in streamflow
(and other fluxes) are quantified on the basis of comparison
between simulated historical and future streamflows, rather
than direct comparison with historical observations. Despite
these errors, the annual cycle of monthly streamflow is well
reproduced in all three examples. As such, we consider the
hydrologic simulations to be sufficiently accurate for
projecting the effects of climate change on a monthly,
seasonal and annual basis.

The sensitivity of the simple glacier scheme is assessed by
comparing simulated discharge for the period 1955-2006
for the MD site by using VIC runs (forced with observed
climate data) both with and without glaciers initialized.
Results are given in Figure 5, which shows monthly average
discharge for August and September. Inclusion of glaciers
increases August discharge on average by 16%, but the
effect varies annually and ranges from <1% to 58%. In
September, the relative effect is smaller, averaging only
10% and ranging from <1% to 34%. On an annual basis,
glacier melt contributes an average of 3% of the discharge,
varying between 0% and 12%. In the absence of a direct
validation, we compare results with the recent work of Jost
et al. (2011), which examined the contribution of glacier
runoff to streamflow in the Mica basin by using a more
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Figure 5. Effect of glaciers on mean monthly discharge at the MD site for
(a) August and (b) September, which is shown by comparing discharge
between VIC simulations initialized with and without glaciers

explicit glacier mass balance approach. The distinguishing
features of the approach of Jost er al. (2011) are (1) a
distinction between seasonal snowmelt and glacier ice melt,
specifically the adoption of separate albedo values for snow
and ice, and (2) calibration of the hydrologic model using
observations of glacier retreat and volume loss. Our results

Ja %
g |
111 SRy
—
e L4 4

Annual Winter Spring Summer Fall
Season

for August compare favourably, but the September and
annual glacier contributions are only half those simulated by
Jost et al. (2011). Further, our results display higher inter-
annual variability. This comparison suggests that using
excess snow water as a simple proxy for glacier mass
(vs explicitly modelling ice melt) potentially underestimates
the magnitude of glacier melt in early fall and overestimates
inter-annual variability. Although we consider our approach
qualitatively effective, this comparison nevertheless
suggests adopting a cautious approach with respect to
interpreting the glacier response to climate change.

RESULTS AND DISCUSSION

Climate changes

The projected change in climate for all three study
areas is shown in Figure 6 as temperature and
precipitation changes for the 2050s period. The projec-
tions indicate a robust signal of increasing temperature in
all three study areas for all three emission scenarios and
all seasons. In all study areas, the A1B and B1 scenarios
generate the greatest and least warming, respectively, by
mid-century. It is noted that although the A2 scenario
prescribes the greatest radiative forcing by the end of the
century, the A1B scenario prescribes a greater radiative
forcing by mid-21st century. Nevertheless, in most cases,
the range of temperature projections overlaps consider-
ably between emission scenarios.
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Figure 6. Projected 2050s climate changes for Peace (a) temperature and (b) precipitation, Upper Columbia (c) temperature and (d) precipitation, and
Campbell (e) temperature and (f) precipitation. Individual plots show median change (symbols) with minimum to maximum range (lines)
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For the PR in northern BC, projections consistently show
increased precipitation during winter, spring and fall
(Figure 6(b)). Winter, spring and fall precipitation projec-
tions are somewhat less consistent in southern BC, both in
the UCR and more so in the coastal CR (Figure 6(d) and (f)),
ranging from marginally drier to substantially wetter.
Projected changes in summer precipitation are ambiguous
in the PR, with median changes within +5%, split roughly
evenly between wetter and drier conditions for the A1B and
A2 scenarios but weighted towards wetter conditions for the
B1 scenario. In the UCR and CR, projections indicate a
robust signal of decreasing summer precipitation for the
A1B and A2 scenarios and range between wetter and drier
conditions for the B1 scenario.

Snow

Given the importance of snow to the hydrologic regime
in all three study areas, our discussion begins with a focus
on projected seasonal snowpack changes. Such changes
are analysed using two index variables. The first is the
ratio of peak (i.e. 1 April) SWE to total cool season
precipitation (October—March), SWEp/Pw, which is used
to assess the effects of temperature changes on the relative
contribution of snow storage within the hydrologic cycle
(Barnett et al., 2008). Nival (snow-dominated) regimes are
classified as those where SWEp/Pw > 0.5, whereas hybrid
regimes have values from >0.1 to <0.5, and pluvial
(rainfall) regimes have ratios <0.1 (Elsner et al. 2010).
The second index directly compares relative changes in

SWEp between the historic and future periods and is a
function of both temperature and precipitation changes. In
the interest of brevity, the discussion that follows focuses
on results primarily for the A1B scenario, which exhibits
the highest warming at mid-century (although results for
A2 and BI1 are qualitatively similar). The median value is
used as the consensus estimate for summarizing and
comparing ensemble-based projection results.

Projected changes in SWEp/Pw generally indicate that
with future warming, all three areas will transition to a
regime less dominated by snow in the 2050s; however,
regional and local variability is evident (Figure 7). In the PR,
30% of the study area, located mainly in the higher-elevation
headwater regions in the northwest, is projected to remain
snow dominated into the 2050s, although this represents a
decrease from historical climate conditions, when half the
study area is snow dominated. The lower-elevation south-
western and eastern portions of the PR are projected to
transition to a more hybrid snow-rain-dominated (increas-
ing from 49% to 58% of the area) or rainfall-dominated
(increasing from 1% to 12% of the area) regime. In the
historic period, most of the UCR experiences the majority of
winter precipitation as snow (78% of the area), and the
extent of rainfall-dominated winter precipitation is minimal
(3% of the area). In the 2050s, there is a projected decline in
overall SWEp/Pw over the UCR, and the area of rainfall and
hybrid rain—snow is projected to increase in the 2050s
(from 3% to 9% and form 19% to 31%, respectively).
Nevertheless, roughly 60% of the UCR study area is at high
enough elevation where the majority of winter precipitation
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Figure 7. Snow storage in the PR, UCR and CR study areas, given as the ratio of 1 April SWE to winter precipitation (October—-March) for the 1970s and
2050s and as the 2050s 1 April SWE change. All values are A1B scenario ensemble medians. SWE changes are given as seasonal values (i.e. absent the
effect of glaciers)
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will continue to fall as snow (Figure 7). In the CR, where
baseline winter temperatures are near the freezing level,
much of the basin already exhibits a rainfall-dominant or
hybrid precipitation regime (12% and 76% of the area,
respectively; Figure 7). In the 2050s, SWEp/Pw values are
projected to change substantially, where roughly half of the
CR study area will be entirely rainfall dominated, and snow-
dominated areas will disappear entirely.

Basin-aggregated SWEp in the PR is projected to
decrease by the 2050s (Table IV). This reflects the
occurrence of decreased SWEp throughout most of
the PR, with the exception of the northwest corner of
the study area (Figure 7). Total SWEp in the UCR is
projected to decrease (Table IV) by similar amounts for
the AIB and A2 scenarios, and SWEp changes are
projected to be marginal for the cooler B1 scenario.
Spatially, the relative change in SWEp in the 2050s in
UCR shows a strong relationship with temperature and
thus elevation (Figure 7); changes are negative at low
elevation (higher temperatures), tending to increase to
positive changes with increasing elevation (and decreas-
ing temperature). For the CR, overall SWEp is projected
to decrease substantially in the 2050s for all three
emission scenarios (Table IV). The median grid cell
SWEp changes for the A1B scenario show a decrease in
SWEp that is consistent across the entire study area
(Figure 7). Despite this dramatic snow reduction, the
sheer volume of precipitation experienced in the CR
ensures that, even under increasingly rainfall-dominated
conditions, snow will not be entirely lost and basin-
average SWEp values on the order of 284-365 mm are
projected for mid-century (which is still more snow than
is simulated to accumulate throughout the drier PR during
the historical period; Table IV).

Changes in snow accumulation generally respond most
strongly to warming, which in most cases dominates over
the response to increased fall and winter precipitation.
Thus, basin-aggregated snow is projected to decline in all
three study areas. Further, the magnitude of projected
reductions in snow accumulation tends to reflect the
magnitude of projected fall and winter warming, being
highest and lowest for the AIB and B1 emission
scenarios, respectively, particularly in the PR and UCR
study areas (Figure 6). This finding is in agreement with
previous studies in western North America, where
observed snowpack changes over the 20th century are
largely driven by temperature trends (Hamlet et al., 2005;
Mote et al., 2005). Also, the greatest sensitivity of snow
accumulation and melt to warming will occur in regions,

Table IV. Summary of projected 2050s snow water equivalent
changes by study area

Median peak SWE Peace Columbia Campbell
61-90 (mm) 234 402 811
A1B change (%) —-23 -8 —65
A2 change (%) —22 -7 —62
B1 change (%) —11 1 —55

Copyright © 2012 John Wiley & Sons, Ltd.

such as the CR, where winter temperatures are already
near freezing (Whitfield er al., 2002; Adam et al., 2009;
Elsner et al., 2010). Nevertheless, because of the complex
topography, strong local variation in the snow response is
apparent. Figure 8, which compares monthly seasonal
SWE change by elevation bands for the 2050s Al1B
scenario for both the PR and UCR, shows that projected
snowpack change is negatively correlated with elevation
(and, hence, temperature). At sufficiently high elevations,
temperature does not increase enough mid-century to
affect snow accumulation, such that local snowpack
change is decoupled from the effect of widespread
regional warming and exhibits greater sensitivity to
projections of increasing winter precipitation, which is
consistent with the other studies in the Pacific Northwest
(Elsner et al., 2010). Consequently, the spatial variability
of projected SWE change is affected by the elevation
distribution within any given region (i.e. compare Figure 8
(a) and (b)). For instance, in the PR spring, SWE is
projected to increase on the order of 10-20 mm above an
approximate elevation of 1600 m (on the basis of grid cell
average elevations); however, this accounts for only
~15% of the basin’s area. This elevation threshold is
roughly similar in south-eastern BC; however in the
UCR, over 50% of the basin lies above 1600 m elevation,
resulting in increased spring SWE over a much larger
area with projected increases as high as 300 mm at the
highest elevations.

Runoff

Seasonal runoff changes are summarized in Table V,
with seasons now defined as winter (December, January
and February), spring (March, April and May), summer
(June, July and August) and fall (September, October and
November). The median is used to estimate the consensus
response by study area and emission scenario. Some
regional variation in runoff response is apparent.
Projected runoff changes are of the same relative order
in all three areas in the winter and fall (although much
larger in the CR in absolute terms), being substantially
larger in winter. In the spring, large relative increases in
runoff are projected for the PR and UCR, whereas
projected increases for the CR are smaller by an order of
magnitude. Summer runoff is projected to decrease in all
three areas, but relative decreases are substantially larger
in the coastal CR as compared with the interior PR and
UCR areas. Differences in runoff changes between
emission scenarios vary by season and by area, with no
consistency as to which scenarios produce the largest or
smallest changes.

The seasonal runoff changes generally reflect the
changes in precipitation and snow storage already
discussed. As an example, the spatial distribution of
spring and summer seasonal runoff changes is shown in
Figure 9 for the A1B ensemble median. Spatially, spring
runoff changes are generally positively correlated with the
projected SWEp changes (cf. Figure 7), suggesting
increased total snowmelt runoff from areas that will
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Table V. Summary of projected 2050s runoff changes

Median runoff Annual Winter (DJF) Spring (MAM) Summer (JJA) Fall (SON)
Peace River (PR)

61-90 (mm/period) 414 40 105 195 74
A1B change (%) 11 77 56 -25 8
A2 change (%) 10 67 53 —22 4
B1 change (%) 12 55 45 —13 7
Upper Columbia River (UCR)

61-90 (mm/period) 682 31 140 428 83
A1B change (%) 7 95 77 22 5
A2 change (%) 10 98 79 —16 -1
B1 change (%) 9 75 52 -9 8
Campbell River (CR)

61-90 (mm/period) 2348 560 685 604 500
A1B change (%) 2 55 5 —58 11
A2 change (%) 1 46 4 -52 7
B1 change (%) 3 45 8 —45 5

experience future increases in snow storage. Consequent-
ly, spring runoff is projected to increase with increasing
elevation, particularly in the UCR (Figure 8). At low

Copyright © 2012 John Wiley & Sons, Ltd.

elevation, spring runoff changes are negative. In the
summer, the median A1B 2050s runoff changes are
negative throughout most of the PR, UCR and CR. The
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Figure 9. Median A1B 2050s spring and summer runoff changes for the
PR, UCR and CR study areas

exception is the occurrence of positive runoff changes
from high-elevation areas in the northern portion of the
UCR study area (see also Figure 8). Although the simple
glacier scheme does not explicitly discriminate between
seasonal snowmelt and glacier melt (both are lumped as
snowmelt), the location of the summer runoff increases
coincides with locations of mid-21st century perennial
snow and ice (not shown), suggesting that the increased
runoff derives from increased glacier melt (see Section on
Glacier Response). Conversely, runoff changes are
negative in those grid cells in which glaciers (i.e.
perennial snow) disappear in the 2050s. The fall season

is characterized by minimal snow cover, and fall runoff
changes, which reflect changes in the balance between
rainfall, evapotranspiration, glacier melt and soil moisture
(not shown), tend to exhibit little overall correlation with
elevation (Figure 8).

On an annual basis, runoff is projected to increase in
the two interior areas by the same relative amount but
remain unchanged in the coastal area. These annual runoff
changes primarily reflect projected changes in annual
precipitation in the PR and CR, as well as the loss of
glacier storage in the UCR. Figure 10 shows the change in
annual precipitation and runoff by elevation in the PR and
UCR study areas for the AIB scenario. In the PR, the
changes in precipitation and runoff with elevation are
essentially identical trends, although precipitation
changes are larger than runoff changes because of
increasing evaporation (Figure 10(a)). In the UCR, the
changes in precipitation and runoff below approximately
1600 m elevation (based on grid-cell average elevations)
are similar to those in the PR. However, above 1600 m
elevation, the change in runoff shows a much steeper
trend with elevation such that above 2000 m (approxi-
mately 20% of the area) projected changes in annual
runoff greatly exceed those of precipitation (Figure 10
(b)), suggesting that increased runoff is derived from
decreasing glacier storage. It is acknowledged, however,
that the degree to which annual runoff in the UCR is
affected by changes in glacier storage is the subject of
some uncertainty (see Section on Glacier Response).

Glacier response

Figure 11 shows the simulated glacier mass balance
averaged over the UCR study area, divided into positive
(accumulation), negative (ablation) and net balance, with
results given for the A1B ensemble median. Given the
longer response time of glaciers, projected results are
depicted not only for mid-21st century (2041-2070)
but also for the near-term (2011-2040) and long-term
(2070-2098). Results show that net mass balance is
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Figure 10. Median A1B annual runoff change by grid-cell elevation in the (a) PR and (b) UCR. Runoff change is averaged over ten elevation bands of
equal area, where elevation is given as a percentile of the basin hypsometric curve on the primary x-axis (elevation above sea level is given on the
secondary x-axis)
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projected to be positive during 1961-1990 and, consistent
with rising temperatures, negative in all three future
periods. However, the historic mass balance results are
inconsistent with observations that show that the
historical period is already characterized by negative
glacier mass balance in south-eastern BC, which has led
to a decline in glacier area and volume (Debeer and Sharp,
2007; Schiefer et al., 2007). Although a period of elevated
melt and runoff volume typically follows a transition from
near-neutral to negative glacier mass balance, a prolonged
period of negative mass balance will eventually result in
glacier retreat and a resultant decline in glacier runoff
volume (Hock et al., 2005). Consistent with observations
of glacier retreat, there has been an observed trend of
declining August streamflow in glaciarized basins in
southern BC (Stahl and Moore, 2006), suggesting that
glaciers in the UCR have already passed the period of
elevated runoff and are now in the declining phase in
response to regional warming. This is again contrary to the
simulation results, which suggest that glacier runoff in the
UCR (interpreted as the negative balance in Figure 11) is
projected to increase until mid-century and then decline
slightly.

This discrepancy between simulated and observed mass
balances is attributed to a number of factors. In reality, ice
mass accumulating at high elevation would be dynamically
redistributed to lower elevations where it would be subject to
warmer temperatures (Smithson et al., 2002). Neglecting
glacier dynamics results in an unrealistic monotonic
accumulation of ice mass in the accumulation area
(Huss et al., 2010) and an underestimate of ablation at
lower elevations. Additionally, glacier melt is modelled
using the standard albedo depletion curves for snow with the
result that glacier albedo values may be overestimated and
melt underestimated (Kaser et al., 2006). In the current
implementation, there is a likely tendency for simulated
glaciers to retreat to a ‘friendlier’ climate at higher elevation
where they build unchecked throughout the historic period,
delaying the transition to negative mass balance by
several decades. The use of a contemporary glacier
state (i.e. ca 1995) to initialize the model likely also

Copyright © 2012 John Wiley & Sons, Ltd.

underestimates the volume of low-elevation glacier ice that
would have been present in 1950, underestimating glacier
ablation and biassing the estimate of net balance in
the historic period. The net effect is that projected
runoff from glacier melt is likely underestimated
during the baseline period and overestimated for the 2050s
(e.g. Stahl ef al., 2008), an issue that would most acutely
affect late-summer and early-fall streamflow projections
(e.g. August and September). However, this does not
fundamentally change the conclusions for the summer
period, other than to indicate that the projected decline in
summer runoff may be too conservative. This issue does add
some ambiguity to the fall runoff projections for the UCR,
which currently show increased future runoff by the 2050s.
To address these issues in future studies, we are currently
working towards including a more realistic representation of
glacier mass balance and dynamics in subsequent hydro-
logic projections in the UCR.

Study site response

Historical and projected monthly temperature, precipi-
tation (including rainfall and snowfall), snowmelt and
discharge are illustrated in Figures 12 and 13 for the BD
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Figure 12. Comparison of historic (1961-1990) and future (2041-2070)
monthly (a) temperature, (b) precipitation, (c) rainfall, (d) snowfall, (e)
snowmelt and (f) discharge for the A1B ensemble for the drainage area
upstream of the Peace River at Bennett Dam (BD). Historic values are
represented by the median (solid black line), inter-quartile range (dark
grey shading) and 5th and 95th percentiles (light grey shading). Future
values are represented by the median (solid red line) and 5th and 95th
percentiles (dotted red lines). Those months where the future ensemble
differs significantly (ae=0.05) from the historic are indicated by a triangle
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Figure 13. As per Figure 12, but for the drainage area upstream of the
Campbell River at Strathcona Dam (SD)

and SD sub-basins, respectively. As results for MD are
qualitatively similar to those of BD, they are not included.
Individual plots show separate historical and future
distributions of each monthly variable by using combined
results from the A1B scenario ensemble (i.e. 8 x 30
values for each month in each period). The historical
distribution of each variable is presumed to be predom-
inantly a function of inter-annual variability because
downscaling has corrected most aspects of GCM bias.
The monthly ensemble distributions for the future period,
however, reflect both potential changes in inter-annual
variability as well as the variation (i.e. divergence) in
individual GCM response to the A1B radiative forcing.
Any historic and future monthly distributions that exhibit
statistically significant differences (two-sided Wilcoxon
rank-sum test, o«=0.05, Helsel and Hirsch 2002) are
denoted in Figure 12 and indicate significant changes by
month with respect to both inter-annual and inter-GCM
variability.

Warmer temperatures are projected throughout the year
by mid-century for the area upstream of BD (Figure 12
(a)). Nevertheless, monthly average winter temperatures
will remain below freezing. Increased future precipitation
during fall and winter (Figure 12(b)) will manifest as
increases in both rainfall and snowfall (Figure 12(c) and
(d)). The BD sub-basin is also projected to experience
increased snowmelt in winter, spring and early summer
(Figure 12(e)), which is consistent with increasing
temperatures. The decline in SWEp/Pw projected for

Copyright © 2012 John Wiley & Sons, Ltd.

mid-century (Figure 7) appears therefore to be not only a
function of a strict change in precipitation phase (both
snowfall and rainfall are projected to increase) but also a
function of an increasingly transient winter snowpack.
The shift to higher discharge during winter in the future
correlates with increases in both snowmelt and rainfall.
Changes in the timing and magnitude of the spring freshet
(Figure 12(f)) result from increased spring rainfall and
snowmelt (Figure 12(c) and (e)), followed by decreased
snowmelt and discharge in the summer.

Following a shift to warmer temperatures in all months
in the 2050s for SD, winter temperatures are projected to
be predominantly above freezing (Figure 13). Statistically
significant precipitation changes are only evident for the
summer months of June, July and August (reduced
precipitation) and the fall months of October and
November (increased precipitation; Figure 13(b)).
Although the reduction in median summer precipitation
is projected to be relatively large (—14% for AlB;
Figure 6), summer is the driest part of the year on the BC
south coast, and the absolute projected precipitation
change is negligible (Figure 13(b)). Rainfall is projected
to increase and snowfall to decrease throughout the fall,
winter and spring (Figure 13(c) and (d), respectively), and
these respective changes are larger in magnitude (and
statistically significant for a larger number of months)
than those projected for precipitation. Therefore, increased
rainfall is predominantly in response to a change in
precipitation phase due to higher winter temperatures. This
increased rainfall drives higher discharge in the fall and
winter (Figure 13(f)). The earlier loss of snow storage
(due to increased mid-winter melt and reduced snowfall) and
raised evaporation (not shown) in the spring and summer
results in a pronounced decrease in discharge during
May-September. By mid-century, the discharge at SD is
projected to change from a hybrid to a predominantly
rainfall-dominated (pluvial) regime.

Figure 14 compares historic and future simulated
monthly discharges for each individual projection. We
use the median of each individual projection to focus on
the variability of the projected streamflow response due to
choice of emission scenario and GCM. Despite consid-
erable variability between individual projections, there is
a high degree of consistency in terms of the direction of
projected streamflow changes. BD and MD will retain the
traits of a nival regime (Figure 14(a) and (b)), but there is
strong agreement for a shift to increased (decreased)
discharge in the winter/spring (summer/early fall). For the
MD site (with 8% glacier cover ca 1995), the decrease in
streamflow projected for late summer/early fall, particu-
larly August and September, may be underestimated as a
result of a delayed glacier response in the VIC model.
Consequently, the actual degree to which the MD site
retains a glacier signature in the monthly hydrograph by
the 2050s remains unclear. Individual streamflow projec-
tions for the SD site show strong agreement for a shift
from a hybrid system to one that is predominantly pluvial,
with increased (decreased) winter (summer) discharge
projected by mid-century (Figure 14(c)). Variability in
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Figure 14. Monthly discharge for (a) the Peace River at Bennett Dam (BD), (b) Columbia River at Mica Dam (MD) and (c) Campbell River

at Strathcona Dam (SD) and fraction of cumulative annual discharge for (d) BC, e) (MD and (f) SD. Historic (1961-1990; black lines) and future

(2041-2070; coloured lines) discharge is given as the median monthly value from each individual GCM-driven projection, for a total of 8 and 23 unique
historic and future values, respectively

projected streamflow during the fall and winter months is
higher for the SD site than in either BD or MD site. This
reflects differences in streamflow sensitivity to fall and
winter rainfall changes between the colder interior study
areas and the warmer, more temperate coastal study area.
Despite increasing rainfall, the 2050s runoff in BD and
MD is still strongly affected by the presence of snow
storage and the occurrence of snowmelt, and streamflow
at these locations is predominantly affected by variability
in the temperature projections. In the 2050s, fall and
winter runoff in the CR is increasingly rainfall dominated,
such that streamflow changes are sensitive to variability
between projections of both temperature and, more so
than either BD or MD, precipitation.

Plots of normalized cumulative monthly discharge over
the water year show a transition to earlier streamflow
timing in all three study areas (Figure 14(d)—(f)). By using
the half flow index (date of occurrence of 50% of the
annual discharge; dotted line in Figure 14(d)—(f)), shifts in
streamflow timing range from several days to over a
month for BD, depending upon emission scenario and
GCM. For the MD site, streamflow-timing shifts are
smaller in magnitude (all less than 1month) and less
variable than at the BD site. The SD site exhibits the
largest shift in streamflow timing (and the greatest
variability), with individual shifts ranging from several
weeks to over 2 months.

Projections of median monthly discharge for mid-century
appear to be largely insensitive to the trajectory of the three
selected emission scenarios. The Steel-Dwass multi-
comparison test (Hollander and Wolfe 1999) was used to

Copyright © 2012 John Wiley & Sons, Ltd.

test for significant differences («=0.05) between the A1B,
A2 and B1 streamflow projection ensembles for each month.
With one exception, results indicate that for all three study
sites, there are no significant differences in any month
between scenarios, such that streamflow projections
under A1B, A2 and B1 can be considered statistically
indistinguishable. A single exception occurs for the BD site,
where A1B and B1 projections are significantly different
(p <0.05) in August.

The projected streamflow changes are generally robust
(with respect to the selected emission trajectories and
GCM variability) when compared with the simulated
baseline conditions. However, given the presence of
hydrologic modelling errors, in particular the biases
shown in Figure 4, it is unclear to what degree the
projected changes simulated by the VIC model represent
a likely real-world streamflow response to the given
climate perturbations. A simple assumption is that
streamflow modelling bias is stationary throughout the
projection timeframe. In the case of a constant additive
bias, this means the change in simulated streamflow
between future and baseline (AQ,) would equal the real
streamflow change (4Q;ca1), Or 4Q a1 = 40,. In the case
of multiplicative bias, A4Q .. = 4Q/b (where the bias, b, is
estimated as the ratio of simulated to observed average
streamflow), the magnitude of the real changes would be
either overestimated (b > 1) or underestimated (b < 1) by
AQ. Therefore, the streamflow changes given in
Figure 14 would generally reflect real changes, either
because bias is additive or, in the case of multiplicative
bias, the simulated changes would be a conservative
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estimate of real changes (given the tendency to under-
estimate streamflow in Figure 4). However, one cannot
necessarily assume that modelling bias remains constant
under non-stationary climatic conditions, particularly in
watersheds such as the CR where regime shifts potentially
alter the dominant runoff mechanisms. In this case, the
modelling uncertainty is currently unquantified. Never-
theless, as the hydrographs given in Figure 14 represent
physically plausible responses of nival and hybrid nival—
pluvial regimes to increasing temperature and changing
precipitation, the simulated streamflow changes are
considered a qualitatively robust indication of the real
streamflow response to the assumed emission trajectories.

CONCLUSIONS

This study utilized a suite of eight GCMs driven by three
emission scenarios to project a wide range of plausible
climate responses for the 2050s period (2041-2070). The
climate projections were statistically downscaled and
used to drive the spatially distributed VIC hydrologic
model at high resolution. The resultant hydrologic
response was captured for three study areas in BC
(the Peace, Campbell and Upper Columbia), reflecting
variation in regional hydrologic response across a range
of climatic and physiographic regimes. Streamflow
projections were made for several project sites within
the study areas; results from three sites are described
here.

Downscaled climate projections show warming for the
2050s in all three study areas across all seasons, for all
GCMs and emission scenarios. There is high level of
consensus for increased precipitation in the fall, winter
and spring months in the interior of BC (the PR and UCR
study areas) for all three emission scenarios. In south-
coastal BC (the CR), projections also suggest increased
winter, spring and fall precipitation, although the level of
consensus between individual projections is not as high.
There is a high degree of consensus for a decrease in
summer precipitation in southern BC (CR and UCR).
Summer precipitation results for north-eastern BC (the
PR) are more ambiguous.

By the 2050s, climate change will affect the hydrology
of the Peace, Campbell and Upper Columbia watersheds
to varying degrees. Predominantly in response to
province-wide warming, SWE is projected to decline
throughout the Peace and Campbell and at lower
elevations in the Upper Columbia. At higher elevations
in the Upper Columbia, where winter temperatures will
still remain below freezing, snow water is projected to
increase with increasing winter precipitation. In aggre-
gate, snow water is projected to decline in all three basins,
although reductions are projected to be greatest in the
lower-elevation, warmer CR area and least in the high-
elevation and colder interior UCR area. Runoff changes in
the three areas vary spatially and seasonally and generally
reflect snow and precipitation changes and topography-
based temperature gradients. On an area-average basis,

Copyright © 2012 John Wiley & Sons, Ltd.

these changes generally include higher runoff in the
winter and spring and reduced runoff in the summer. An
unrealistically delayed glacier response to increasing
temperature in the VIC model leads to some uncertainty
in the summer and fall runoff projections for the UCR,
although the conclusion of reduced summer runoff in this
region remains robust.

Climate change is projected to affect streamflow timing in
all three areas. The effect is most pronounced in the coastal
Campbell system, where discharge at the SD site is expected
to transition almost entirely to a pluvial system, with the
winter season becoming the predominant discharge period.
Changes in the interior Peace (BD site) and Upper Columbia
(MD site) systems reflect a reduction in the influence of
snow, including a shift to higher discharge in winter, an
earlier freshet and reduced discharge in summer; however,
discharge will still generally retain the characteristics of a
nival regime. Differences in response between BD and MD
(i.e. larger projected winter discharge increase in BD than
MD) reflect hypsometric differences that result in higher
sensitivity to temperature changes in the PR region affecting
the BD site. The degree to which the MD site transitions
from a glacial-nival regime to strictly nival regime by the
mid-21st century is potentially underestimated in the current
study. In general, projected trends of monthly and seasonal
mid-century streamflow change at all three locations are
robust with respect to the choice of GCM and emission
scenario. Despite the errors inherent in the hydrologic
modelling process, the hydrologic changes simulated within
each study area are considered a physically plausible and
qualitatively robust response to projections of increasing
temperature and changing precipitation.
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