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ABSTRACT

Three headwater basins located across British Columbia (BC) were analyzed using a hydrologic model
driven by five global climate models (GCMs) and three scenarios from the Special Report on Emissions
Scenarios (SRES) to project future changes in seasonal water budgets and assess the uncertainty in the
projections arising from GCMs, emissions scenarios, and hydrologic model parameterizations under two
future time periods. Future projected changes in temperature are for annual increases of approximately +2°C
by the 2050s and +3°C by the 2080s. The 2050s and 2080s precipitation projections are for increased winter
precipitation in all basins and decreases in summertime precipitation for two of the three basins—with in-
creases projected in the northeastern BC subwatershed. The study found that the hydrologic parameter
uncertainty ranged up to 55%, (average 31 % ) for winter runoff anomalies, which was less than the uncertainty
associated with GCMs and emissions scenarios that ranged up to 135% and 78% (average 84% and 58%,
respectively). The uncertainty results were variable across the three hydroclimate regimes. Coastal headwater
systems in British Columbia experience more uncertainty associated with changes during winter and the
summer, whereas interior systems experience the greatest uncertainties during the winter and spring. Changes
projected for the 2050s at the coastal site fell outside of the range of natural variability, a robust shift that may
result in a very different regime for this basin within the short planning horizon of 50 years. A small, semiarid
watershed located on the Chilcotin Plateau exhibited changes to the hydrologic regime that were projected to
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be small in absolute terms and fell within the range of natural variability.

1. Introduction

Preparation for water resource adaptation to climate
change requires an understanding of the uncertainty as-
sociated with future projections of changes in stream-
flow and hydrologic budgets. Assessments of future
hydrologic impacts that are provided without addressing
the associated range of impacts may appear certain but
could in fact mislead decision makers who use these
results within a management context. Developing a
method to assess the uncertainty in hydrologic simula-
tions based on global climate model (GCM) projections
will enable managers and decision makers to move
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forward more effectively with planning and adaptation
measures.

Previous work to characterize hydrological responses
in the context of the multiple sources of uncertainties
present in GCMs, emissions scenarios, downscaling
methods, hydrologic models, and the hydrologic model
parameter solutions has been considered in a number
of research studies (Fowler et al. 2007; Kay et al. 2009;
Maurer 2007; Murphy et al. 2007; Nawaz and Adeloye
2006; Prudhomme and Davies 2009a,b; Prudhomme
et al. 2003; Tebaldi et al. 2005). Studies have been un-
dertaken on basins worldwide (Todd et al. 2011), in
variable hydrologic environments (Horton et al. 2006;
Minville et al. 2008), and across different models utiliz-
ing contrasting computational methodologies (Bae et al.
2011; Maurer et al. 2010). Other work has examined the
uncertainties associated with concurrent future climate
change and shifts in land use and soil properties (Feddema
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et al. 2005). Overwhelmingly, these studies show that
uncertainty is attributed primarily to the GCMs em-
ployed in the study, although many studies allude to the
fact that land use is often overlooked and could play
amajor role in the uncertainty of climate change impacts
on hydrology.

In British Columbia (BC), there are few examples
of uncertainty analysis for climate impacts studies on
hydrology. Examining the impacts of climate change
on hydrology and basin water budgets within British
Columbia is uniquely difficult owing to ubiquitous nival
or mixed-nival watershed regimes across the province,
which might be a reason why uncertainty analysis has yet
to be undertaken. Modeling in snow-dominated basins,
such as those found in the largest of BC’s watersheds
including the Peace and Fraser River basins, must ac-
curately account for all components of snow accumula-
tion, ablation, and related processes, while also accounting
for the correct rainfall patterns present at lower eleva-
tions. Measuring hydrologic change in these mountain-
ous watersheds is also difficult because of the lack of
representative climate and hydrometric networks that
adequately capture the range and variability of historical
temperature, precipitation, and streamflow. Conversely,
there is a lack of comprehensive, finescale landscape
(i.e., vegetation and soils) data available for broad re-
gions to provide consistent parameterizations across the
province.

BC has a diversity in hydroclimate regimes that
makes it particularly difficult to make assumptions re-
garding climate impacts owing to the range in orography
and synoptic circulation patterns that create complex
hydroclimatic interactions across the province (Stahl
et al. 2006b). The coarse resolution of GCM grid boxes
(~200 to 400 km per side) results in model topographic
biases for mountainous regions, which leads to a sub-
stantial scalar mismatch between GCM grid and hy-
drologic model grid boxes, and thus creates an added
challenge for downscaling techniques to deal adequately
with both climatological biases and topographic relief
bias. Thus, there is an outstanding research question
regarding the uncertainty associated with the projected
impacts from climate change on hydrology of moun-
tainous regions (Bergstrom et al. 2001). For these rea-
sons, presenting uncertainty results based on multiple
scenarios and parameters for climate change impact
studies in BC watersheds is vital for responsible scien-
tific delivery of climate change impacts on hydrology to
water managers and planners working in this region.

This study characterizes uncertainty in hydrologic
projections of changes to water balance components
because of (i) GCM, (ii) emissions, and (iii) hydrologic
parameter uncertainty, which along with downscaling
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(which is not addressed in this paper) are broadly rec-
ognized as the major sources of uncertainty in climate
change studies (Arnell 1999). Hydrologic parameter
uncertainty is represented by applying 25 different op-
timal parameter sets or “‘Pareto solutions” for a hydro-
logic model. These parameter sets were applied to
simulate the hydrologic response using hydrologic
model forcings from three different emissions scenarios
and five different GCMs, for a total of 15 GCM and
emission scenario combinations. Results are presented
for temperature and four different hydrologic budget
components: precipitation, runoff, snow water equiva-
lent, and evapotranspiration, within the context of
“natural variability,” which is assessed for the baseline
climate. The analysis was run using an implementation
of the Variable Infiltration Capacity (VIC) hydrologic
model (Liang et al. 1996, 1994), driven by downscaled
temperature and precipitation data for the 2050s and the
2080s, in three headwater basins in British Columbia.
The basins were carefully selected to represent a range
of climatologic, topographical, and hydrological re-
gimes. To the authors” knowledge, this study is the first
to assess the uncertainty of climate change projections
on hydrology for multiple subwatersheds located across
British Columbia using a range of GCMs and emissions
scenarios.

The results of this study are anticipated to be useful
for water managers, planners, and scientists interested in
the uncertainties in climate change and hydrologic im-
pact analyses, especially on the west coast of Pacific
North America. The paper is organized as follows: the
methodological approach is outlined in section 2 of the
paper, followed by a description of the results and dis-
cussion of these findings in section 3. Conclusions and
future research directions are summarized in Section 4.

2. Methods
a. Model overview and implementation

The VIC hydrologic model is a macroscale model that
can be used to simulate the impacts of climate change on
large basins (Liang et al. 1996, 1994). The model has
been developed in this capacity for several recent stud-
ies of climate change impacts in Pacific North America
(Christensen and Lettenmaier 2007; Elsner et al. 2010;
Hamlet and Lettenmaier 1999; Hamlet et al. 2007). The
model was applied at a '/16° grid scale or approximately
28-32 km* (dependent on latitude) in BC The model,
which explicitly accounts for vegetation effects on snow
accumulation, snowmelt, and evapotranspiration, solves
the full water and energy balances to generate daily
baseflow and quickflow fluxes for individual grid cells.
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FIG. 1. The three watersheds and subbasins selected for analysis in this study. (right) Subwatersheds situated within their larger basin
location in British Columbia with an inset showing the location of British Columbia in North America. (left and middle) The SRTM
DEMs for each subbasin. Topographic relief is illustrated using a consistent color ramp to intercompare elevation profiles for each basin.
Environment Canada gauges are illustrated with red circles at the outlets of each watershed.

These fluxes are then collected and routed downstream
using an offline routing model to simulate streamflow
(Lohmann et al. 1998). In this study, the model was driven
using boundary conditions of daily maximum and mini-
mum temperature, daily precipitation, and daily average
wind speed interpolated from station observations over
the period 1950 to 2006. Future daily runoff projections

were provided by running the model using daily data
that was generated from statistically downscaled monthly
GCM projections, as described in section 2d.

Three watersheds across BC were selected for this
analysis (Fig. 1). The watersheds range in size from the
4500 km? Ingenika River basin to the 1193 km* Camp-
bell River basin. Table 1 provides data on basin size and

TABLE 1. Statistics from each basin, including the area of basin (km?), elevation range, average elevation, hydrologic regime, climate
classification, and temperature and precipitation, rainfall, and snowfall statistics. Results are provided for the 1961-90 period.

Basin Baker Creek Campbell Ingenika
Basin characteristics

Area (km?) 1564 1193 4500

Elevation range (m) 464-1524 158-2027 672-2303

Average elevation (m) 1089 932 1488

Hydrologic regime Nival Hybrid (pluvial-nival) Nival

Climatic classification Continental (dry) Maritime Continental (humid)
Temperature

Average minimum January temperature (°C) —-11 —4 —14

Average maximum July temperature (°C) +15 +16 +13
Precipitation

Total average annual precipitation (mm) 1161 5716 3000

Total average annual rainfall (mm) and percent (%) of total 648 (56) 4392 (77) 1101 (37)

Total average annual snowfall (mm) and percent (%) of total 513 (44) 1324 (23) 1900 (63)
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FIG. 2. (top) Simulated (based on observed maximum and minimum temperature and pre-
cipitation) rain (RAIN, white bars), and snow (SNOW, gray bars) in mm month ! as barcharts.
(middle) Precipitation minus evapotranspiration in mm (P minus ET, gray boxes) as box and
whisker plots (described in text). (bottom) Mean temperatures in °C (7, white boxes): (a)
Baker Creek, (b) Campbell, and (c) Ingenika. Data from gridded observed forcing data (de-

scribed in the text).

other physiographic details, and Fig. 1 illustrates the
ranges in topographic relief for each basin. Climate
classifications are taken from Demarchi (1996). Baker
Creek, situated on the Chilcotin Plateau in the BC in-
terior, is a subwatershed of the Fraser River basin and
exhibits bench-like relief across its basin, indicative of its
position in the plateau region (Fig. 1). The predominant
land cover in Baker Creek is conifer forest. Soils are
loam and clay loam at depth (Global Soil Data Task
Group 2000). The Campbell River watershed is located
on Vancouver Island, and this basin is the most south-
erly in the study and proximal to the Pacific Ocean (Fig.
1). The Campbell River basin is predominantly covered

by conifer vegetation, with alpine tundra at upper ele-
vations (Demarchi 1993). Soils are primarily sandy loams
with a thick organic layer overtop (Global Soil Data Task
Group 2000). The Ingenika River watershed is located in
the Peace River headwaters in the Cassiar Mountain
Ranges in north-central BC (Demarchi 1996) and is the
largest and most northern of the watersheds examined in
this work. It is predominantly forested by conifers, with
shrub and tundra at high elevations (MacKinnon et al.
1990). Soils are primarily mineral, with a thin organic
layer overtopping the underlying soil horizon. These soils
are comprised of rapidly draining morainal and colluvial
materials, namely loam, underlain by clay loam at depth
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o
& 7|00 RAIN (mm/menth) b)
[0 SNOW (mm/month)
= B [
E
E 8 |
S— ©
g (=]
c B 1
2]
T g
= 5 7
g
£ o
£ - H
: H
8 4
3]
5 H [ n
8 | O Gridded Observed Precipitation minus ET
o T
g T :
H T
S | ! '
E g ' T ' !
E &7 . o
- ' ' '
o ! ' ' ]
T i : g2 N : '
g 1
8 = l : | : :
E 8 : [ —_— : '
E : i :
o % B u ] T
'
(] . T
& @
o -
g T 8 = = ¢
8
O Gridded Observed Temperature
& - H i T
I '
o | 4 H 1 ! T
- L
r o+ I & =5 1 - H T .
~ o d | | = H H i
O T 8B &= T = .
— ! L L K
e 24 oL i
ﬁ. &
(=]
8
o
¥ T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep QOct Nov Dec

FI1G. 2. (Continued)

(Centre for Land and Biological Resources Research 1996;
Global Soil Data Task Group 2000).

The watersheds share similar characteristics in vege-
tative cover (primarily conifer forest), soils, and maxi-
mum summertime temperatures. The watersheds differ
in their size, elevation ranges, and geographic location
(Fig. 1) and hence, hydroclimatic regime (Fig. 2, Fig. 3).
This is reflected in the different types of precipitation
and streamflow regimes observed in each watershed
(Table 1, Fig. 3). While the Ingenika and Baker water-
sheds are interior snow-dominated regimes, the Campbell
River stands apart in its hybrid nature. The Campbell
River basin receives a higher amount of rainfall than
the other basins, with the greatest amount falling during
early winter. This is also the most temperate basin of
the three, with average wintertime minimum temper-
atures close to 0°C, but with high elevations contributing

snowfall, making it a nival-pluvial regime (Table 1, Fig.
2). The other systems experience comparatively lower
amounts of precipitation; the majority of the precipitation
peaks in fall and winter, with approximately 50% or greater
of winter precipitation falling as snow (Table 1). The
Baker Creek watershed is the driest basin of the three
examined in this study (Eaton and Moore 2010), its
freshet begins in March and peaks in May (Fig. 3). The
Ingenika freshet begins in April and peaks in June (Fig. 3).
Precipitation exceeds evapotranspiration in the basins
for most of the year except in summer; in the Campbell
River system this pattern is particularly pronounced
during winter in comparison to the other basins. Evapo-
transpiration (median, black line in box plots in Fig. 2)
is greater than precipitation during May to September
in the Campbell, while in the interior systems, the me-
dian evapotranspiration tends to exceed precipitation
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Ingenika River Basin
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FIG. 2. (Continued)

in March through September, elongating the period of
moisture deficit.

b. Model parameterization

Gridded climate forcings covering the time period of
1950-2006 at a spatial resolution of i6° grid scale were
generated based on methods developed by Maurer et al.
(2002) and Hamlet and Lettenmaier (2005). Daily Na-
tional Climatic Data Center (NCDC) Cooperative Ob-
server (COOP) network and Environment Canada (EC)
daily station data were interpolated to a '/16° grid using
the Symap algorithm (Shepard 1984). The U.S. Histor-
ical Climatology Network (HCN) and Adjusted His-
torical Canadian Climate Database (AHCCD) data were
used to correct for temporal biases caused by inhomo-
geneities in the COOP and EC station assemblages
through time. Daily wind speed surfaces were generated

by regridding estimates of 10-m wind speed from the
National Centers for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCAR)
reanalysis (Kalnay et al. 1996). A modified version of
Precipitation Regression on Independent Slopes (PRISM;
Daly et al. 1994,2002) 1961-90 monthly normals (Hamann
and Wang 2005; Wang et al. 2006) was then used to
scale precipitation and temperature for orographic
influences.

Soil classification was prepared using the Soils Pro-
gram in the Global Soil dataset (Batjes 1995; FAO 1995;
Global Soil Data Task 2000), available at a resolution
of 0°5' (approximately 50 km?). Some soils parameters
were extracted directly from the dataset, and other pa-
rameters, such as field capacity, were estimated from
empirical formulas (Cosby et al. 1984; Rawls et al. 1993,
Fig.5.1.2 and Table 5.3.3). Soil depths were estimated by



1 SEPTEMBER 2012

BENNETT ET AL.

5717

Baker Creek
0 own
T T
o
g
£
8 o
g 7
£
3
2
2
Z wA
5
=
T T T ] T T T T T L} T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Campbell River
—~ i=3
A
o
o
o
E
g 37
F=
]
a o
o -
> ©
£
5
2 o ]
4
T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Ingenika River
—~ o
Tu o
@
]
E o
S 8
P
=
o
F=
S o
2 S+
8 *
>
=
§ 2
T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

FI1G. 3. Monthly average long-term hydrographs using Environment Canada streamflow
gauges of the Baker, Campbell, and Ingenika rivers (m> s !). The y axis varies based on the
maximum flow values (top to bottom) for each watershed. Months are January through to
December. Years illustrated are based on data availability: Baker 1974-2003, Campbell 1963-92,

and Ingenika 1978-2007.

relating soil depth to elevation and slope using minimum
and maximum depth limits of 0.1 and 3.7 m, respectively
(the algorithm was originally designed for estimating soil
parameters in the University of Washington’s DHSVM
model). Vegetation parameters were developed using
the 1-km modally indexed Earth Observation for Sus-
tainable Development (EOSD, circa 2000) land cover
classification (Wulder et al. 2002). Monthly leaf area
index (LAI), a key variable required to calculate water
budgets in forested regions, was measured for each land
cover class based on the Canada-wide 1-km monthly
SPOT4-Vegetation LAI 10-day time series (Latifovic
2006). Subgrid topography is represented in the VIC
model via the application of elevation bands; a maxi-
mum of five elevation bands per grid cell is used in this
model implementation. The Consultative Group on In-
ternational Agricultural Research (CGIAR)-Consortium
for Spatial Information (CSI) Shuttle Radar Topogra-
phy Mission (SRTM) digital elevation model (Jarvis
et al. 2008) was used to develop elevation bands.

c. Model calibration and validation

The VIC model simulates fluxes, such as runoff, base-
flow, evapotranspiration, and snowmelt, for each grid cell
but applies a separate routing model to transport surface
runoff and baseflow from each grid cell through the river
system (Lohmann et al. 1998). Modeled and observed
daily streamflow are compared during calibration, using
a continuous observed streamflow record from Envi-
ronment Canada. Calibration in the VIC hydrologic
model is achieved primarily by adjusting the soils pa-
rameters that were not explicitly defined by the soils
classification, namely infiltration and baseflow param-
eters that moderate the rate and volume of water that
enters and exits the soil column. The method results in
uniform values for each calibration parameter across grid
cells within each calibrated basin. The basins are vali-
dated using an alternate time period to the calibration
period (referred to as a split-sample approach to model
calibration and validation, see Singh and Woolhiser 2002).
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TABLE 2. Hydrologic parameter ranges applied for calibration in

this study.

Parameter Range
BI 0.00001-0.5
Ds 0.00001-0.05
Ws 0.05-1.0
EXPN 1.0-3.0
Dsmax 0.1-30.0
PADJ 0.7-1.3

For this application six parameters governing in-
filtration, percolation, baseflow, and precipitation amount
are used for calibration. The B-infiltration (BI) parameter
describes the amount of available infiltration capacity as a
function of relative saturated grid cell area. Three pa-
rameters define baseflow, namely Dsmax, the maximum
baseflow that can occur in one day in mm day ', Ds, the
fraction of Dsmax where nonlinear baseflow begins, and
Ws, the fraction of maximum soil moisture where non-
linear baseflow occurs. The exponent parameter from the
Brooks—Corey relationship EXPN, (e.g., Table 5.1.1 in
Rawls et al. 1993) was also included in the model cali-
bration. This parameter empirically defines the pore size
distribution of soils and constrains the ability of the soils to
retain water; a large value of this number indicates uni-
form pore sizes and leads to a greater water retention, that
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is, lower runoff and baseflow and higher evapotranspira-
tion. The parameter ranges are defined based on values
determined from previous VIC applications (Table 2,
Fig. 4; Schnorbus et al. 2010; Shi et al. 2008).

Within the complex topography of BC where pre-
cipitation is spatially variable, bias in precipitation data
is unavoidable. Bias is a result of a climate network with
low station density weighted toward lower elevations
(Adam et al. 2006; Stahl et al. 2006a) and subject to
gauge undercatch, particularly for solid precipitation
(Adam and Lettenmaier 2003). Consequently, these pre-
cipitation bias correction factors are commonly required
for modeling alpine hydrology and are a feature of hy-
drology models applied in BC (e.g., Quick 1995; Stahl
et al. 2006a). Thus, an adjustment is applied in this study
to correct for precipitation bias PADIJ. This adjustment
varies by basin and is diagnosed during the automatic
calibration process [Multi Objective Complex Evolution
(MOCOM), described below] to correct for over or un-
derestimation of the observed mean annual volume of
runoff. Streamflow errors diagnosed from long-term wa-
ter balance modeling suggest that precipitation bias
throughout BC is most frequently between +30% and
—30% (Moore et al. 2011).

Calibration of the six selected parameters was per-
formed using the automated MOCOM method (Yapo
et al. 1998). MOCOM is a technique that treats hydrologic
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FIG. 4. Resulting range in Pareto sets for each hydrologic parameter calibrated for each watershed (B = Baker,
C = Campbell, I = Ingenika).
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model calibration as a multiple objective global opti-
mization problem without a unique solution. Therefore,
MOCOM provides the so-called Pareto set solution,
which is the set of all parameter vectors that produce
nondominated values of the objective functions. For the
current application a Pareto set of 25 parameter vectors
was generated for each study basin (Fig. 4 illustrates
the results of these for each calibrated parameter and
all watersheds). Three performance measures (objective
functions) were applied in this analysis: Nash-Sutcliffe
(NS; Nash and Sutcliffe 1970) of daily discharge, Nash—
Sutcliffe of the daily log-transformed discharge (NSlog),
and the relative volume bias (VB). The NS function pre-
dominantly responds to the magnitude of phase and
timing errors in daily discharge but is also affected to a
lesser degree by the presence of bias between the ob-
served and modeled runoff. The NS function emphasizes
the high—peak flow periods and therefore produces pa-
rameters that optimize hydrograph performance during
the freshet. The NSlog objective tends to place more
uniform emphasis through the entire flow range and
therefore will generate parameter sets that have better
hydrograph performance during the recession and low
flow periods of the annual hydrograph. The VB objec-
tive strictly emphasizes volume conservation over the
calibration period and is not responsive to errors in
streamflow timing or seasonality.

The calibration approach assumes that the calibrated
parameters are stationary in that they are valid under
both the historical and projected climate (Prudhomme
and Davies 2009a). This is considered a reasonable as-
sumption because the transformation of rainfall and
snowmelt to streamflow is representative of underlying
physical processes (i.e., soil properties and infiltration,
and baseflow constraints based on the translation of
water through the soil column) that are assumed to re-
main consistent over the next 100 years. Further, many
of the processes in the VIC model, which are uncalibrated
(such as evaporation, transpiration, and snowmelt) are
physically based, allowing for more confident extrapola-
tion of hydrologic processes into unobserved future cli-
mate regimes (Leavesley 1994; Ludwig et al. 2009).
Nevertheless, the assumption of stationarity is likely not
held with regards to land cover; however, the explicit
incorporation of dynamic land cover is outside the scope
of the current study.

d. Future GCM emissions scenarios selection
and downscaling technique

The Coupled Model Intercomparison Project phase 3
(CMIP3) archived 25 models as part of the Lawrence
Livermore National Laboratory’s (LLNL’s) Program
for Climate Model Diagnosis and Intercomparison
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(PCMDI; Meehl et al. 2007). Because of the extensive
modeling and processing required to analyze the influ-
ence of each GCM and emissions scenarios on projected
hydrologic and water balance changes on three water-
sheds in BC, a subset of all available GCMs was applied
in this work. The methodological approach to select the
GCMs was aimed at maintaining a range in future pro-
jected climate changes and evaluating model perfor-
mance based on past records. This approach does not
provide information on future model performance but
provides support for their credibility and is one of the
only means available to evaluate GCMs (Knutti 2008;
Knutti et al. 2010b). Given these constraints, a solid ra-
tionale is outlined for model selection based primarily
on recent studies documenting GCM performance.

Gleckler et al. (2008) was used to screen model per-
formance over the globe and the Northern Hemisphere.
Models were eliminated if their relative error was greater
than 50% of the “‘typical” model error when compared to
observational datasets for multiple climatic variables
globally. Additionally, selected models were ranked
within the top 10 according to the Model Climate Perfor-
mance Index (MCPI) in the Northern Hemisphere, which
combines comparisons of multiple variables as simulated
by GCMs to observed values (Gleckler et al. 2008).
Models were also screened based on their performance
for several metrics over North America and western
North America. Radic and Clarke (2011) evaluated the
CMIP3 models that had sufficient available data over
both of these domains using much of the same metrics
applied by Gleckler et al. (2008) including the MCPIL
Additionally, they evaluated the model skill in replicating
variability in the climate system created by modes such as
the El Nifio-Southern Oscillation (ENSO) and the Pa-
cific decadal oscillation (PDO) using the model variability
index and tested the ability of models to mimic the
characteristic synoptic patterns found in the North
American Regional Reanalysis for each season using
self-organizing maps (Radic and Clarke 2011). Those
models not ranked as lowest in any category were con-
sidered for selection. Based on all of these metrics, five
of the most robust GCMs (identified in Table 3) were
selected for this work.

Run one from the CMIP3 monthly ensemble database
is most widely available and hence was applied in this
analysis. Three Special Report on Emissions Scenarios
(SRES) (Nakicenovic et al. 2000) emissions scenarios,
covering a range of low, medium, and high projected
emissions scenarios (B1, A1B, and A2, respectively) to
the end of the twenty-first century were included to test
the influence of emissions scenario uncertainty. The
ALL forcings (GHG, aerosols, solar, volcanic) scenario
was used as the historical baseline in all selected models.
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TABLE 3. Modeling laboratory, GCM, version, and abbreviation, followed by codes used for GCM and emissions scenarios versions used
in the study and referred to in text and figures. The numeric order for the x axis in Fig. 7 is also provided.

Naming code Emissions Numbering

Modeling laboratory (GCM name and version) (used in text) scenarios in Fig. 6
Geophysical Fluid Dynamics Laboratory Climate Model version 2.1 GFDL2.1 B1, A1B, A2 1,6,11
Hadley/Met Office third climate configuration of the Met Office HadCM3 B1, A1B, A2 2,7,12

Unified Model (HadCM3)

Max Planck Institute for Meteorology ECHAMS ECHAMS B1, A1B, A2 3,8,13
Community Climate System Model, version 3 CCSM3 B1, A1B, A2 4,9,14
Canadian Centre for Climate Modelling and Analysis Coupled CGCM3 B1, A1B, A2 5,10, 15

General Circulation Model, version 3.1 (T47)

The spread of the readily accessible CMIP3 models
(22 of the 25 from PCMDI) is shown for the 2050s winter
and summer in Figs. 5a, and 5b, respectively. All avail-
able run 1 models were compared to the 15 GCMs and
emissions scenarios selected for this work. In the win-
tertime [December—February (DJF), Fig. 5a], the model
spread captured by the 15 GCM and emissions scenarios
used in this study extends over the range of the avail-
able CMIP3 models with the exception of the most ex-
treme warm/dry and warm/wet conditions exhibited by
a few model scenarios combinations. For the Ingenika,
Campbell, and Baker basins, run 1 of the Institute of
Atmospheric Physics (IAP) Flexible Global Ocean—
Atmosphere-Land System Model gridpoint version 1.0
(FGOALS-g1.0) GCM run under the A1B emissions
scenario provides this extreme condition. The FGOALS-
¢1.0 GCM appears to have known biases (i.e., Randall
et al. 2007) and was ranked in the lower categories
(ranked 21st or 22nd out of 22 models) for two per-
formance metrics over North America (see Fig. 7 in
Radic and Clarke 2011). In the summer [June-August
(JJA), Fig. 5b], the selected model spread represents
the range of conditions with the exception of the ex-
treme warm—dry conditions. The U.K. Hadley Centre
Global Environmental Model (HadGEM) model run
under the A1B emissions scenario for the Baker and
Campbell provides the extreme warm and dry projec-
tion. The U.K. HadGEM model was excluded from this
study because it does not have a B1 run and therefore
would not retain the balance in the tri-emission scenario
approach used for this work. Additionally, the U.K.
HadGEM did not have sufficient data available for it
to be fully evaluated under the Radic and Clarke (2011)
study.

GCM emissions scenarios were downscaled using a
technique referred to as Bias Correction Spatial Disag-
gregation (BCSD, based on methods described by
Salathe 2005; Widmann et al. 2003; Wood et al. 2002).
BCSD is a widely applied statistical downscaling tech-
nique, which has been shown to be one of the more suc-
cessful approaches for downscaling the coarse-resolution

GCM results (Hayhoe 2010). BCSD’s strengths include
the ability to capture projected changes across all per-
centiles, an approach to local scaling that accounts for
local and regional spatial variability, and applicability in
creating gridded data suitable for driving spatially dis-
tributed hydrologic models (Salathe et al. 2007; Werner
2011; Wood et al. 2004). BCSD is calibrated for each
individual GCM against the gridded historical forcing
dataset (described in section 2b) based on the 1950-99
period. The quantile mapping bias correction ensures
that the monthly mean and variances of the gridded
observed data are matched in the corrected GCMs
(Wood et al. 2004). The GCM versus BCSD winter
temperature and precipitation anomalies are illustrated
in Figs. 6a and 6b, respectively.

The statistical paradigm that informs our methodol-
ogy of GCM selection and interpretation of climate
projections can be classified as ‘“‘indistinguishable
weighted” (Knutti et al. 2010a). The use of five of the
original suite of models from CMIP3 effectively applies
a binary weighting (i.e., 0 or 1) to the full set of results.
Climate projections from the final ensemble of GCM
runs are treated as statistically indistinguishable (Annan
and Hargreaves 2010; Knutti et al. 2010a). Each en-
semble member is considered indistinguishable from
all possible outcomes of the earth’s chaotic processes
(Annan and Hargreaves 2010). Also, each of the emis-
sions scenarios is treated as an equally likely assumption
of the possible trajectory of atmospheric greenhouse gases
over the coming century (Bray and von Storch 2009).

e. Uncertainty analysis

The hydrologic model was run from 1950 to 2099 using
the set of 25 Pareto solutions (unique parameteriza-
tions) for each of the five GCMs and three emission
scenario combinations for a total of 375 simulations in
each subbasin. The range in uncertainty resulting from
BCSD downscaled GCMs, emissions scenarios, and
parameter sets for each basin are presented as box-
plots of the projected anomalies for several water
balance variables: runoff, snow water equivalent, and
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FI1G. 5. The range of models from the CMIP3 GCMs (22 of the 25 models) plotted (open
symbols) against the 15 GCMs and SRES emissions scenarios (filled symbols) selected for this
study for (a) winter and (b) summer for the 2050s in the basins analyzed (see legend).
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FIG. 6. Scatterplots illustrate the relationship of the GCM input
data compared to downscaled BCSD results for anomalies of (a)
winter temperature (°C) and (b) winter precipitation (% ). Results
for Baker Creek are illustrated in clear, Campbell River in gray,
and Ingenika in black symbols. Each global climate model and
impacts scenario is illustrated with corresponding symbols as
shown in the legend.

evapotranspiration. Percentage anomalies are calcu-
lated by subtracting the future GCM and emissions
scenarios by the median of all of the historical GCM
scenarios (1961-90 baseline), dividing by the median
baseline, and multiplying by 100. The boxplots illustrate,
for each GCM and emissions scenarios anomaly, the first
and third quartile ranges (box), the median (dark line),
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1.5 times the interquartile range (whiskers), and outliers
(circles) of the projected changes from all 25 Pareto
solutions. The analysis was undertaken for two future
time periods (the 2050s as 2040-69, and the 2080s as
2070-99). The future time periods begin on the even
climatological year, for example, 2040 and not 2041)
because not all GCM model runs were available for
the last year of the twenty-first century. Nevertheless, we
chose to retain the commonly accepted definition of
1961-90 for the historical period.

To place the future changes in context of the historical
range or natural variability of a given variable, the co-
efficient of variation is included as a backdrop to the
boxplots. The coefficient of variation is a normalized
measure of dispersion used to quantify historical inter-
annual variability, which incorporates elements of both
low-frequency (e.g., PDO) and high-frequency vari-
ability (e.g., ENSO). The coefficient of variation was es-
timated from the seasonal mean and the standard
deviation over the historical period (1961-90) for all
water balance variables as

Cv, = 100(o /p,),

where u; and o are the estimated seasonal mean and
sample standard deviation, respectively. The Cv; is
given as a relative anomaly to the 1961-90 period for
each GCM emission scenario, averaged across hydro-
logic parameterizations.

The differences between hydrologic projections result-
ing from the use of different downscaled GCM emissions
scenarios are referred to as GCM and emissions uncer-
tainty, while the differences between hydrologic projec-
tions based on the use of separate parameter solutions
sets is referred to as hydrologic parameter uncertainty.
GCM uncertainty is tested by comparing the range be-
tween GCMs run under the same emissions scenario,
while emissions uncertainty is tested by comparing the
range over all three emissions scenarios, that is, A1B,
A2, or Bl for one GCM. Statistical significance was in-
cluded using a Wilcox test for two samples to determine
if future changes were statistically different at the 5%
significance level; significantly different samples are il-
lustrated in Figs. 7a—1 by gray triangles.

3. Results and discussion
a. Model calibration and validation results

Because of the limitations in the forcing data and
ranges in hydroclimatic complexity, not all basins cali-
brate equally well under the same approach. This diver-
gence amongst basins may have implications for the
range in parameter uncertainty and therefore is discussed
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FIG. 7. (top to bottom) Projected range in winter (DJF), summer (JJA) runoff, 1 Apr SWE, and summer (JJA) ET
anomalies (%) for (left to right) the Baker, Campbell, and Ingenika River basins to the 2050s for GCM emissions
scenarios (each box and whisker) compared to Pareto set results (range of box and whiskers plots). Boxplots are
described in the text. Corresponding numbers are provided in Table 5. The coefficient of variation as a percentage is
calculated using the historic record (1950-2006), shown by gray boxes. Statistically significant (5% significance level)
scenarios are illustrated with small gray triangles. Table 3 lists numerical order for the GCMs on the x axis.

further here. Model calibration and validation results
are summarized in Table 4 for the 25 hydrologic pa-
rameterizations for each basin. For the calibration pe-
riod, NS mean values range from 0.63 (Baker) to 0.72
(Campbell). NSlog results tend to be higher for most
watersheds, indicating that during the calibration period,
the calibration approach was better able to tune the
model to simulate baseflow more so than runoff peaks
(Table 4). The exception is the Campbell River basin,
where the NSlog is lower than the NS value. This result
may be expected in the Campbell River basin because of

its mixed rainfall-snowmelt streamflow regime. Because
of the (limited) calibration parameters in the VIC model
and the simplicity of the routing model, it was chal-
lenging to calibrate both the peaks and recessions of
rainfall and snowmelt events equally. NSlog and NS
statistics ranged the most in hydrologic parameteriza-
tions in the Ingenika basin (standard deviations of 0.04
and 0.05 for NS and NSlog, respectively). Volume bias
ranged the most in the Baker Creek watershed during
the calibration and validation period as indicated by
a standard deviation of 5%, and the least in the Campbell
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TABLE 4. Summary of calibration and validation results (maxi-
mum, mean, minimum, and standard deviation) from the 25 Pareto
parameter solution sets for three performance measures, for each
river basin. The calibration and validation time period is provided.
The quantity NS is Nash-Sutcliff, NSlog is log Nash-Sutcliff, and
VB is the percent volume bias of runoff.

Basin Baker Campbell Ingenika
Calibration 1985-90 1990-95 1990-95
period NS NSlog VB NS NSlog VB NS NSlog VB
Calibration Max 0.65 0.80 25 0.73 0.59 4 078 0.84 17
Mean 0.63 0.79 17 0.72 0.57 2 0.68 0.78 10
Min 059 077 6 070 052 0 0.62 0.65 4
SD 001 001 5000 002 1 004 005 4
Validation
period 1991-95 1985-89 1985-89
Validation Max 0.61 0.76 35 0.73 0.68 8 0.86 0.84 16
Mean 0.57 0.72 28 072 0.66 6 083 0.75 5
Min 048 0.64 18 071 0.62 4 081 058 0
SD 003 003 5000 002 1 001 007 4

(1%). The larger ranges in statistics suggest more sen-
sitivity to the calibrated parameters BI, Ds, Dsmax, Ws,
EXPN, and PADJ in the Baker and Ingenika basins.
Volume bias tends to be lower during the calibration
period in Baker and Campbell and higher in Ingenika
compared to the validation period, which might be due
to some overfitting from the use of the PADIJ cali-
bration parameter in the Baker and Campbell River
basins.

Generally, in the validation period, mean NS statistics
were reduced, although this was not the case for the
Ingenika River basin, where results improved from the
calibration period. In 1990, there was one very large peak
flow event recorded for Ingenika that was not captured by
the model (not shown). During the validation period,
1985-89, there were no such anomalous events, thus NS
values were higher.

b. Impact of downscaling on GCM emissions
scenarios by basin

GCM projections were downscaled to a /16° grid-scale
resolution to make them suitable for driving the hydro-
logic model. Here we explore the influence of BCSD
downscaling on the projected temperature and precip-
itation change. As only one downscaling approach is
being used we intend to show how it modifies the GCM
signal before discussing the range of uncertainty in-
troduced by the GCMs and emissions scenarios.

Downscaled projected temperature and precipitation
changes for each of the 15 scenarios were analyzed for
the 2050s for all basins and seasons (Figs. 6a and 6b,
spring, summer, and fall, not shown). In the winter, by
the 2050s, projected temperature changes fall close to
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the 1:1 line for all GCM emissions scenarios combina-
tions (Fig. 6a). In summer (not shown), projected tem-
perature increases were amplified by the BCSD process
by nearly one degree under all GCMs, emissions sce-
narios, and in most basins, while some were reduced by
up to one degree (HadCM3; Campbell). Precipitation
anomalies in winter in the 2050s were amplified in the
Baker Creek basin and reduced in the Campbell and In-
genika basins, under most scenarios by ~*+15% (Fig.
6b). This reflects the local scaling inherent in the BCSD
process, which corrects precipitation signals from the
GCM to better match regional variability in pre-
cipitation due to orography and distance from the ocean.
Summer precipitation anomalies (not shown) were
modified less so by BCSD, to within ~*=10% for most
models and basins. The HadCM3 A1B projection in the
Campbell basin was the only model that was adjusted by
approximately 20% (from ~—40% to ~—20%). Thus,
while the downscaling technique bias corrects the GCM
results against gridded observations to provide precip-
itation and temperature projections at a spatial and
temporal scale appropriate for use with the VIC model,
the technique does not vastly alter the projected anomaly
on a seasonal basis. BCSD maintains the monthly patterns
of the GCM and corrects proportionally by quantile for
each grid tile (Wood et al. 2004), therefore it likely modifies
the projected transient change from the GCM less than
more coarse techniques, such as the delta approach, which
provide bias corrections based on a 30-yr average, uni-
formly across basins and distributions (Elsner et al. 2010).

c. Uncertainty analysis

Uncertainty in projected runoff anomalies were ana-
lyzed for all seasons and annually for two future time
slices and are summarized in Table 5. Projected differ-
ences are shown as percentage anomalies from the me-
dian historical GCM emission scenario, organized by
season. This normalizes the results across the three ba-
sins. Results illustrate a range in variability across all
watersheds against the historical median scenario. During
the season with the largest relative change (winter,
December—February), the range within the boxplots
(hydrological parameter distribution, maximum anom-
aly range 55%) is less than the range between GCM
scenarios (maximum anomaly range 135%; Table 5;
Fig. 7a) and the emissions scenarios (maximum anomaly
range of 78%, Table 5; Fig. 7a). Spring runoff changes
(not shown) are similar to the changes observed in winter
but are of slightly smaller magnitude for the snowmelt
dominated systems. In the Campbell, changes are of
a much smaller magnitude in spring. Winter runoff in-
creases for most watersheds and scenarios and decreases
in summer (Figs. 7a—c and 7d-f, respectively).
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TABLE 5. 2050s and 2080s runoff ranges for the % anomaly for winter (December-February), spring (March-May), summer (June—
August), and fall (September-November), and annually for the hydrological parameter sets. The minimum represents the range
between min and max percentage anomalies for all 25 parameter sets for one projection—GCM and emissions scenario (i.e., CGCM3 A2),
and maximum represents the range between min and max percentage anomalies for all 25 parameter sets for one projection—GCM and
emissions scenario (i.e., GFDL2.1 B1). The count of the number of GCMs and emissions scenarios that fall outside natural variability is
also provided (NV), except for annual averages. For emissions scenarios and GCMs, the difference in median percent anomalies for the 5
GCMs run under B1, A1B, and A2 is provided. Maximum difference in median percent anomalies due to the B1, A1B, and A2 emissions

scenarios by GCM (i.e., CCSM3) (B = Baker, C = Campbell, I = Ingenika).

Winter Spring Summer Fall Annual
2050s runoff for each basin Range B C I Avg B C I Avg B C 1 Avg B C I Avg B C I Avg
Range due to hydrologic Min 918 6 60 1 2 4 1 2 2 303 2 300 1
parameterizations per projection Max 35 255 31 24 2 13 13 23 7 5 12 481612 25 16 2 1 6
NV 41315 11 4 0 14 6 115 1 6 113 2 ——— —
Range between GCMs run under B1 Total 135 39 78 84 115 17 58 63 129 19 23 57 117 21 24 54 115 12 8 45
emissions scenarios
Range between GCMs run under A1B Total 111 52 58 74 63 9 46 39 40 18 19 26 51 37 36 41 61 23 13 32
emissions scenarios
Range between GCMs run under Total 111 54 77 81 63 11 49 41 332622 27 582820 35 5617 10 28
A2 emissions scenarios
Range between emissions Max 78 3561 58 954103 55 247727 43 7112 9 31 7112 9 31
scenarios by GCM
Range due to GCMs, emissions scenarios Total 162 74 84 107 125 17 81 74 129 27 34 63 119 40 36 65 128 25 17 57
and hydrologic parameterizations
Winter Spring Summer Fall Annual
2080s runoff for each basin Range B C I Avg B C I Avg B C I Avg B C I Avg B C I Avg
Range due to hydrologic Min § 127 12 6 1 5 4 3 2 3 3 509 5 300 1
parameterizations per projection Max 45 4107 52 21 3 36 20 14 7 6 9 471718 27 14 2 1 6
NV 615 15 12 5 2 15 7 015 8 8 12 9 4 _— —
Range between GCMs run under Total 118 33 67 73 92 12 44 49 57 16 12 28 102 30 17 50 88 16 10 38
B1 emissions scenarios
Range between GCMs run under Total 192 51 141 128 54 12 56 41 45 616 22 61 3143 45 6514 9 29
A1B emissions scenarios
Range between GCMs run under Total 258 70 130 153 8534 85 68 32 18 20 23 57 53 50 53 93 26 13 44
A2 emissions scenarios
Range between emissions scenarios Max 115 42 155 104 5122 72 48 492222 31 611523 33 5112 9 24
by GCM
Range due to GCMs, emissions scenarios Total 258 85 183 175 116 34 116 89 64 29 35 43 118 53 50 74 107 26 15 49

and hydrologic parameterizations

As stated above, the greatest amount of spread is
observed between projections from multiple GCMs
across all watersheds. The GCM anomaly range in winter
runoff for the 2050s (Fig. 7a; Table 5) is greatest in the
Baker Creek watershed (135% for the B1 scenarios);
runoff projections in this watershed may be positive or
negative depending on the GCM under consideration.
The large percentage anomalies for Baker Creek under
the B1 scenario in winter (Fig. 7a) and summer (Fig. 7d)
are due in part to low absolute runoff during these pe-
riods in the historical record. This is likely due to the
lack of a marked increase in temperatures under these
scenarios by the 2050s (and hence preservation of snow
cover; see Fig. 7b) and projected higher fall (not shown)
and wintertime precipitation that results in higher runoff
projections for the future. This doubling of discharge

during a low-flow period (a 100% relative increase) al-
though small in absolute terms, can be quite significant
from an in-stream flow perspective for fish habitat.
Individual GCM responses are not synchronous across
basins, which illustrates the importance of selection of
GCMs on a regional basis for impact studies.
Emissions scenarios exhibit a range that is smaller than
the range in the GCMs and larger than the hydrologic
parameterization in these watersheds. Baker Creek ex-
hibits the largest spread in uncertainties across the
emissions scenarios. The ranges in runoff anomalies do
not follow a distinct pattern in the 2050s; however, by the
2080s, those scenarios with a large projected increase in
greenhouse gases (i.e., A2) have larger ranges in
runoff anomalies and the range in runoff anomalies per
emissions scenarios approximates the GCMs range
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under the A2 scenario (Table 5). This highlights the
need to consider multiple GCMs over multiple emis-
sions scenarios, particularly for planning horizons
beyond the mid-twenty-first century.

Hydrological parameterizations and their spread, as
illustrated by the range within the boxplots in Fig. 7,
indicate variable influences of the selected parameteri-
zations in these watersheds. In general, the hydrologic
parameter spread tends to be larger when GCM and
emissions anomalies are larger (more positive). This
indicates that increasing the amount of runoff in the
system leads to greater uncertainty associated with dif-
ferent hydrologic parameterizations. The Ingenika has
the greatest range in terms of wintertime spread in vari-
ability across the hydrological parameter sets (maximum
value of 55%, Table 5, Fig. 7c). Meanwhile, in the sum-
mer the Baker Creek watershed has the greatest range in
hydrological parameter results, which is largely due to the
two B1 scenarios (Table 5, Fig. 7d).

For the two interior subbasins the hydrologic pa-
rameterizations are more responsive to the increased
projected change in runoff because there is more water
in the system to present a wider range of possible out-
comes given different soil conditions and precipitation
adjustments. The coastal Campbell River system ex-
hibits almost no range in responses to different hy-
drologic parameterizations during the winter period,
as opposed to the other watersheds examined in this
study (Table 5). This is likely occurring because of the
nature of the Campbell River system (hybrid regime),
which has saturated soils throughout the winter; thus
the changes to soil parameters have little effect on flow
amounts because under almost all circumstances in-
coming water will exit the basin directly as runoff (see
Fig. 4). Therefore, for the Campbell, the hydrologic
parameterizations are not as responsive as the effect
of different GCMs and emissions scenarios in most
seasons. In fall, the maximum range in hydrologic pa-
rameterizations is wider than in any other season and
closer to the range between emissions scenarios or
GCMs.

In the 2080s, the hydrological parameter set spread of
runoff uncertainty for the winter is almost always higher
than in the 2050s, and in some cases by almost double
(Ingenika), although in other watersheds it increases
only slightly (Campbell; Table 5). However, GCM and
emission scenario uncertainty do not change in equal
proportions to the parameter uncertainty in all basins.
For example, while the maximum change in hydrologi-
cal parameters set in Baker Creek increases from 35%
to 45% by the 2080s winter, the GCM scenarios range
increases from 135% to 258% (Table 5). However, the
other two basins appear to follow the pattern of double
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the 2050s hydrological parameter and GCM emission
scenario uncertainty by the 2080s.

The hydrologic parameter, emission, and GCMs un-
certainty in summer runoff appears to decrease or stay
relatively the same by the 2080s, however, once again the
Baker Creek watershed is the exception to this pattern.
Baker Creek’s summer hydrological parameter un-
certainty and GCM uncertainty decrease by approxi-
mately half from the 2050s to the 2080s. For this
watershed, it is clear that by the 2080s, the B1 temper-
ature projections are high enough to cause a shift in
snowpack and/or precipitation is lower. Despite these
outliers, in general the hydrological parameter ranges
tend to increase particularly in the A1B and A2 sce-
narios into the 2080s (not shown), suggesting that the
scenarios that project greater change out to the longest
planning horizons have a stronger influence on response
of the model to a range of hydrologic parameterizations
(Table 5). This makes sense because as noted above,
more robust increases in temperature and precipitation
lead to larger shifts in runoff.

Uncertainty in snow water equivalent (SWE) for
1 April SWE was also examined and shows a small but
important relative uncertainty response in comparison
to runoff (Figs. 7g-i). The available SWE on 1 April is an
indication of the amount of snowpack storage that will
eventually melt off as runoff, infiltrate into soils, or be
held in shallow groundwater reserves over the summer.
The range in SWE hydrological parameter sets for
Campbell, Ingenika, and Baker is almost negligible,
and the range between GCM scenarios for these wa-
tersheds is between +20 and —60% in almost all cases
(with the exception of one GCM in the Baker Creek
watershed). The smaller response in SWE as opposed
to runoff is to be expected given that the boxplots (Fig.
7g to 7i) strictly reflect variability because of differ-
ences in PADIJ and the fact that the range in PADJ
values is small (Fig. 4). The Baker Creek and Campbell
River watersheds illustrate the same pattern for 2050s
SWE—declining snow water equivalent under most
scenarios. The Ingenika River basin illustrates slight
decreases in SWE according to some GCMs and slight
increases according to other models. The 1 April SWE
anomalies become increasingly less negative to mixed
negative—positive (Campbell versus Ingenika) with
increasing basin elevation, which is perhaps an in-
dication that high-elevation snowpacks are being
preserved.

The range in summer evapotranspiration (Figs. 7j-1)
GCM and emission scenario uncertainty is smaller
compared to runoff (approximately +20% ) and reflects
both the change in temperature and the amount of water
availability (i.e., the PADJ parameter). Available soil
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water (from precipitation and snowmelt), ET, and soil
moisture are linked in terms of their response to climate
change (Elsner et al. 2010). In the Ingenika basin, for
example, little change or increased SWE along with in-
creased summer rainfall tends to result in modest in-
creases in summer ET because there is available soil
moisture stored in the soil column for ET processes (if
it has not runoff), which is a known feature of the VIC
hydrologic model (Maurer et al. 2010). In the Campbell
and the Baker Creek watersheds, where declines in
SWE are projected, approximately half of the A1B and
A2 scenarios show declines in ET. The range in the
ET hydrological parameter set solutions is relatively
wide in the Campbell and Ingenika basins in comparison
to the lack of variability exhibited in the Baker Creek
watershed.

At Baker Creek in winter and summer, and during
the summer at the Ingenika basin, most of the median
anomalies fall within the range of historical variability
for runoff, snow water equivalent, and evapotranspi-
ration (illustrated for runoff, snow water equivalent,
and evapotranspiration by the gray boxes in the Figs.
7a-1, and shown in Table 5 as total counts of the GCMs
and emissions scenarios that fall outside the range of
natural variability, with a maximum value of 15). Al-
though the approach to presenting natural variability
could be calculated using more rigorous methods (see
Prudhomme and Davies 2009b), the results point to
a consideration regarding historic variability in terms
of future projected changes. Although changes could
appear extreme, it is useful to examine those changes in
the context of the historical hydroclimatic regime,
particularly in regions of high climatic variability. The
projected changes should not be discounted if they fall
within the range of natural variability but should be
explored further. In the Campbell River system, where
all scenarios point to large declines in summer run-
off and most 1 April SWE projections are outside
the range of natural variability, this can be consid-
ered a robust shift in the hydroclimate regime of this
watershed.

4. Conclusions

This study assessed uncertainty in the hydrologic re-
sponses of watersheds spanning different hydroclimatic
regimes for climate change impact analyses. The fol-
lowing sources of uncertainty (i) GCM response, (ii)
emissions scenarios, and (iii) hydrologic parameteriza-
tions were explicitly analyzed to determine which factor
had the greatest amount of uncertainty associated with it
for water balance parameters including runoff, snow
water equivalent, and evapotranspiration at three unique
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headwater basins across British Columbia. The major
finding is that GCMs, followed by emissions scenarios
and then hydrologic parameterizations, exert the
greatest influence on uncertainty of impact projections
for the water balance parameters analyzed in these three
subwatersheds in British Columbia. For the 2050s time
period, runoff anomalies examined for winter had the
largest range in GCMs over other seasons, emissions
scenarios, and the hydrologic parameterizations, in that
order, with an average range for all basins of 84%, 58%,
and 31%, respectively.

Coastal headwater systems in British Columbia, such
as the Campbell River watershed analyzed in this study,
may be responding more severely to changes in climate,
whereas interior systems (Ingenika) may have storage
reserves (i.e., snowpacks at high elevation) that buffer
the changes projected by GCMs, resulting in a relatively
smaller response. GCMs differences were greatest in
a small, headwater system with a responsive hydrologic
regime (Baker); in this basin small absolute changes rel-
ative to the baseline conditions resulted in large anomaly
responses.

The changes observed in this study at the Campbell
River watershed fell largely outside of the range of
natural variability, a robust shift that may result in a very
different future projected for this basin even within the
relatively short planning horizon of 50 years. The shifts
projected for a small, interior headwater system, Baker
Creek, is an example of a system where projected change
largely falls within natural variability; however this result
necessitates further investigation to consider the full
scope of natural variability and how it may be applied in
current planning measures. In the Ingenika watershed, all
future winter runoff anomalies fall outside of the range of
natural variability.

Future work in this area includes expanding the un-
certainty analysis to include a greater number of wa-
tersheds to sample a wider physiographic range. Further
work is required to explore some remaining open ques-
tions. These include assessing how the range in uncertainty
associated with hydrologic parameterization may be
related to watershed size or other physiographic properties.
It is also apparent from recent literature (Bae et al. 2011,
Maurer et al. 2010) that the choice of hydrologic model
can have an impact on uncertainty estimates, such that it
would be valuable to assess the effects of model choice
on projection uncertainty, particularly in the semiarid
watersheds of the province, such as Baker Creek. Un-
derstanding the effect of land cover changes (i.e.,
Mountain Pine Beetle impacts in BC watersheds) is also
an important research avenue that could be explored.
Improving the assessment of natural variability is a key
area of study that could be expanded upon. A complete
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uncertainty analysis identifying the role of downscaling
techniques, hydrologic model selection, emissions sce-
narios, and GCMs is required for a rigorous assessment
of uncertainty in projections of climate change in
British Columbian watersheds.
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