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ABSTRACT

This study analyzed potential hydroclimatic change in the Peace River basin in the province of British

Columbia, Canada, based on two structurally different approaches: (i) statistically downscaled global climate

models (GCMs) using the bias-corrected spatial disaggregation (BCSD) and (ii) dynamically downscaledGCM

with the Canadian Regional Climate Model (CRCM). Additionally, simulated hydrologic changes from the

GCM–BCSD-driven Variable Infiltration Capacity (VIC) model were compared to the CRCM integrated

Canadian Land Surface Scheme (CLASS) output. The results show good agreements of the GCM–BCSD–VIC

simulated precipitation, temperature, and runoff with observations, while the CRCM-simulated results differ

substantially fromobservations. Nevertheless, differences (between the 2050s and 1970s) obtained from the two

approaches are qualitatively similar for precipitation and temperature, although they are substantially different

for snow water equivalent and runoff. The results obtained from the five Coupled Global Climate Model,

version 3, (CGCM3)-driven CRCM runs are similar, suggesting that the multidecadal internal variability is not

a large source of uncertainty for the Peace River basin. Overall, the GCM–BCSD–VIC approach, for now,

remains the preferred approach for projecting basin-scale future hydrologic changes, provided that it explicitly

accounts for the biases and includes plausible snow and runoff parameterizations. However, even with the

GCM–BCSD–VIC approach, projections differ considerably depending on which of an ensemble of eight

GCMs is used. Such differences reemphasize the uncertain nature of future hydroclimatic projections.

1. Introduction

Global climate models (GCMs) are the primary tools

for projecting climate. However, direct GCM output is

difficult to interpret from a basin-scale hydroclimatic

perspective owing to the limited resolution and lack of

sufficiently detailed representation of land surface pro-

cesses at the basin scale. Thus, at a basin scale, it is

customary to employ a downscaling technique for a finer

spatial-scale representation of the climatic variables.

Statistical or empirical downscaling techniques that re-

late the GCM output to the local climate have been

widely used for this purpose, such as bias-corrected

spatial disaggregation (BCSD) (Wood et al. 2002),

TreeGen (Stahl et al. 2008), and constructed analog

(Maurer andHidalgo 2008). For hydrologic impact studies,

a commonly used approach (hereafter referred to as

approach 1) is to statistically downscale GCM outputs

to drive a hydrologic model, which is set up and cali-

brated at a basin scale (e.g., Wood et al. 2004; Hidalgo

et al. 2009; Allen et al. 2010).

Dynamical downscaling, in which a GCM provides

boundary conditions for a regional climatemodel (RCM),

provides an alternate pathway for projecting future

hydroclimatic conditions. The RCMs offer finer spa-

tial resolution (typically 25–50-km resolution) than the

GCMs, allowing for greater topographic complexity and

finer-scale atmospheric variability to be simulated, and

arguably representing a more adequate tool for gener-

ating information required for regional impact studies

(Sushama et al. 2006). Compared to statistical down-

scaling, the main advantage of using RCMs is their

ability to respond in a physically and spatially consistent

way to different external forcings such as land surface or

atmospheric chemistry change (Wilby et al. 2000) and to

maintain dynamic balances across a range of climate

variables. Nevertheless, RCMs have biases and de-

ficiencies of their own (e.g., Plummer et al. 2006). Re-

cent improvements in RCMs include the integration of

sophisticated land surface schemes to provide lower

boundary conditions for the atmosphere and handling
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surface energy and moisture fluxes. Such advances have

led to the use of RCMs, such as the Canadian Regional

Climate Model (CRCM) (Sushama et al. 2006; Poitras

et al. 2011), the Regional Climate Model (RegCM)

(Winter and Eltahir 2011a,b), and the Weather Re-

search and Forecasting Model (WRF) (Salath�e et al.

2010) without further downscaling, for regional- and

basin-scale hydroclimatic diagnostics. These studies

demonstrated the effectiveness of RCMs in capturing

hydroclimatic change signals, such as increased evapo-

rative demand (Winter and Eltahir 2011b), reduced

snowpack (Salath�e et al. 2010), increased winter stream-

flow, and earlier snowmelt-driven peak flow (Sushama

et al. 2006; Poitras et al. 2011). Such projected changes

are similar to the projections using the approach 1 (Merritt

et al. 2006; Rauscher et al. 2008; Elsner et al. 2010; Vano

et al. 2010; Shrestha et al. 2012a,b). Given such advances,

and the availability of multiple RCMs [e.g., the North

American Regional Climate Change Assessment Pro-

gram (NARCCAP) (Mearns et al. 2009) and the Co-

ordinated Regional Climate Downscaling Experiment

(CORDEX) (Giorgi et al. 2009)], the use of the RCM-

based approach (hereafter referred to as approach 2) for

evaluating future hydroclimatic changes can be ex-

pected to become more popular.

However, the ability of the RCMs to simulate hydro-

climatic changes is not entirely clear, especially given that

the RCMs are typically biased (e.g., Plummer et al. 2006;

Sushama et al. 2006; Rivington et al. 2008; Teutschbein

and Seibert 2012; Muerth et al. 2013). The biases arise

from both the driving GCM and RCM structure, and the

driving GCM biases may be reduced or amplified by the

RCM (Gao et al. 2011). The effect of biases in the driving

variables (e.g., precipitation and temperature) on hy-

drologic variables (e.g., runoff and snow) is also not fully

understood. In contrast, statistical downscaling methods,

such as BCSD, correct the biases in a given GCM for the

current climate by comparing GCM values with obser-

vations and assuming that biases for the future climate

are equivalent to the current climate. Furthermore, the

two approaches differ significantly in model structure,

resolution, and scale. Specifically, while the hydrologic

models are set up at a watershed or river basin scale with

a detailed representation of topography, land cover, and

soil (typically at a resolution of 100m to 5km), the RCMs

are set up for a larger domain (typically continental or

subcontinental scale) and discretized at a coarser reso-

lution (typically 25–50 km resolution). The effect of

model resolution can be critical in mountainous regions,

such as the physiographically heterogeneous and hydro-

climatologically complex PacificNorthwest region.Given

the large domain size and atmosphere–land surface pro-

cess integration, multiple RCM runs are computationally

expensive, and, in general, only a limited number of en-

semble members are available. However, for end users,

RCM outputs are easy to extract and analyze for hydro-

climatic assessments. In contrast, hydrologic models

generally require limited computational time; therefore,

they can be used efficiently to run large ensembles of

climate scenarios. Another major difference is in the

parameterization of the two models. While a hydrologic

model is typically parameterized by calibrating with ob-

served streamflow, the RCM land surface parameters are

not normally tuned to match observed streamflow from

a catchment.

The results obtained from the two approaches also

need to be considered in the context of associated un-

certainties. Kay et al. (2008) outlined different sources

of uncertainties in the assessment of hydrologic impacts

of climate change, which include future greenhouse gas

emissions (forcings), GCM/RCMstructure, downscaling

method, hydrologic model structure, hydrologic model

parameters, and natural variability of the climate sys-

tem. In particular, studies using approach 1 with en-

sembles of GCMs (e.g., Kay et al. 2008; Prudhomme and

Davies 2008a,b; Najafi et al. 2011; Bennett et al. 2012)

indicate that GCM structure (i.e., differences due to the

physical processes as represented by different GCMs) is

the largest source of uncertainty in projected hydrologic

impacts. The climate’s natural chaotic internal vari-

ability, which is also simulated by climate models, could

also have appreciable impacts on the sensitivity of some

of the outputs (e.g., Lucas-Picher et al. 2008; Kendon

et al. 2010; Deser et al. 2012).

Given the differences and uncertainties in these two

structurally different approaches, an important question

arises concerning the confidence that we can have in the

model-simulated hydroclimatic changes. This paper at-

tempts to fill this gap in our understanding. The novelty

of this paper is to provide insights on climate change

signals in light of propagated biases and uncertainties

and to provide an assessment of the general suitability of

using the two approaches for future hydroclimatic pro-

jections. Precipitation and temperature outputs from

the statistical downscaling (using BCSD) (approach 1)

and dynamical downscaling (with CRCM) (approach 2)

were compared. Simulated hydrologic response (to the

meteorological inputs) from the GCM–BCSD-driven

Variable Infiltration Capacity (VIC) model (Liang et al.

1994, 1996) were compared to the CRCM integrated

Canadian Land Surface Scheme (CLASS) (Verseghy

1991; Verseghy et al. 1993; Verseghy 2000) output. An

evaluation of the sensitivities of the external forcings

for the two approaches was undertaken by using

an ensemble of eight GCMs and five CRCM runs,

respectively.
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2. Study basin and data

The Peace River basin study area covers a drainage

area of approximately 101 000 km2 upstream of Taylor

in interior northeastern British Columbia (BC), Canada

(Fig. 1). The river has its headwaters in the northern

Rocky Mountains and relief ranges from 400 to about

2900m (Fig. 1). The Peace River and its tributaries flow

through diverse physiographic regions, including the

Central Canadian Rocky Mountains and the Alberta

Plateau ecoregions (Demarchi 2011), and discharge into

the inland Peace–Athabasca delta and ultimately into

Great Slave Lake.

The Peace River basin has a cold continental climate,

which is typical for northern North America. Mean an-

nual precipitation is about 810mm, with a slightly higher

seasonal amount in the summer (31% of the annual ac-

cumulation) and lower amount in the winter (17%) (based

on gridded data primarily derived from the Environment

Canada climate station observations). Approximately

54% of annual precipitation falls as snow, mostly during

October through April (based on the VIC model parti-

tioning of the gridded precipitation data). The mean

annual cycle of air temperature (monthly means) varies

between 2128 and 1128C, with the basin remaining

below freezing fromDecember toMarch. ThePeaceRiver

is regulated for hydroelectric power by the W. A. C.

Bennett Dam that forms the Williston Lake Reservoir

and the Peace Canyon Dam that forms the Dinosaur

Reservoir System (Fig. 1). This study does not consider

regulated flow from the reservoir system but instead

uses naturalized flow for the hydrologic model cali-

bration. The naturalized flow from each reservoir is

estimated based on outflow and the reservoir level,

which is routed together with flows from unregulated

tributaries to a downstream station (BC Hydro 2004,

unpublished data). The use of the naturalized flow con-

tributes to uncertainty in the observed runoff used in this

study. However, since the comparisons are made at a

monthly time step, error in estimating the naturalized

FIG. 1. Location map and elevation range of the Peace River basin.
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flow (such as daily flow) is not considered to be critical.

The mean annual naturalized streamflow (1968–90) of

the Peace River at the Taylor hydrometric station (at the

Water Survey of Canada hydrometric station 07FD002)

is about 1400m3 s21, with the maximum and mini-

mum monthly mean flows in June (;4700m3 s21) and

February (;300m3 s21), respectively. The Peace River

basin has a snowmelt-driven hydrologic regime in which

about 65% of the annual flow occurs between May and

July. The glaciated area in the Peace River basin is very

small (;0.4%) and is not considered in this study.

3. Methods

a. Statistical downscaling of GCMs and
hydrologic modeling

In approach 1, daily gridded observations (spatial

resolution of 1/168) were used for calibrating/validating

the VIC model and simulating baseline hydrologic

conditions. Gridded maximum and minimum tempera-

ture and precipitation data were generated for the entire

province of British Columbia primarily from the Envi-

ronment Canada climate station observations, with sup-

plementary inputs from the U.S. Cooperative Station

Network, the British Columbia Ministry of Forests and

Range’s Fire andWeather Network, the British Columbia

Ministry of Environment’s Automated Snow Pillow

(ASP) network, and the BCHydro climate network (see

Schnorbus et al. 2011). Daily average wind speed is based

on estimates of 10-m wind speed from the National

Centers for Environmental Prediction–National Center

for Atmospheric Research (NCEP–NCAR) reanalysis

(Kalnay et al. 1996).

BCSD (Wood et al. 2004) was employed to statistically

downscale the coarse-resolutionGCMoutputs. Previous

studies (e.g., Maurer and Hidalgo 2008; B€urger et al.

2012) have demonstrated the effectiveness of BCSD in

capturing many aspects of historical daily variability,

including temperature extremes, and found the method

to be competitive in this respect with many other statis-

tical downscaling methods. BCSD performs downscaling

in three steps: (i) bias correction of the large-scale

monthly GCM fields against aggregated gridded obser-

vations using quantile mapping (rescaled based on

mean and variance), (ii) spatial disaggregation of the

bias-corrected monthly fields to a finer resolution (to

match the resolution of the VIC model) using a ‘‘local

scaling’’ approach, and (iii) temporal disaggregation of

the locally scaled monthly fields to the daily historic re-

cords. The BCSD was calibrated with the observed pre-

cipitation and minimum and maximum air temperature

for the period 1950–90 and validated for the period

1991–2000. Future wind data were created based on the

historical wind data as represented in theNCEP–NCAR

reanalysis (Kalnay et al. 1996). First analogmonths were

selected based on having sufficient precipitation vol-

umes to support the amount of precipitation in the fu-

ture GCM (Werner 2011). Temperature and wind were

then taken from the same precipitation day, with the

temperature scaled so that the monthly value matches

those of the GCM being downscaled, while the winds

were taken as is from the NCEP–NCAR reanalysis.

Hence, future wind speed was not downscaled from the

GCMs. A detailed description of the GCM selection,

BCSD, and gridded data generation for hydroclimate

projections over BC is available in Werner (2011).

The spatially distributed macroscale VIC hydrologic

model version 4.0.7 (Liang et al. 1994, 1996) was em-

ployed in a water balance mode for the Peace River

basin. VIC computes water fluxes for a range of hydro-

logic processes such as evapotranspiration, snow accumu-

lation, snowmelt, infiltration, soil moisture, and surface

and subsurface runoff. The model represents soil mois-

ture processes in three soil layers and represents subgrid

variability of land surface vegetation classes and to-

pography by partitioning each grid cell into a number of

mosaic-type land cover tiles and elevation (snow) bands,

respectively. Simulated fluxes as well as state variables

for each grid cell are calculated as area averages of

subgrid values. VIC explicitly accounts for snow accu-

mulation and ablation by using a two-layer snowpack

model individually for each land cover/elevation tile.

The model uses variable infiltration curves for runoff

generation and the Arno conceptual model (Todini

1996) for subsurface flow generation. Surface runoff

from the upper two soil layers is generated when the

moisture exceeds the storage capacity of the soil. A

detailed description of the VIC model is available in

Liang et al. (1994, 1996, 2003).

The VIC model was set up at a 1/168 spatial resolution
and daily temporal resolution. Geospatial data for the

VIC model were derived from (i) a 90-m resolution

digital elevation model from the National Aeronautics

and Space Administration Shuttle Radar Topographic

Mission (SRTM) (Jarvis et al. 2008), (ii) a 25-m res-

olution land cover dataset from the Earth Observation

for Sustainable Development of Forests (Wulder et al.

2003), and (iii) a 1/128-resolution soil classification and

parameterization dataset based on the Soils Program in

the Global Soil Data Products CD-ROM (Global Soil

Data Task 2000). The VIC model for the Peace River

basin was divided into 23 subbasins (based on Water

Survey of Canada hydrometric station locations), and

streamflow in each subbasin was calibrated by varying

six runoff generation parameters. Additionally, fresh
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snowpack albedo and its decay rate during snowmelt

were adjusted to replicate a slower snowmelt response in

the BC river basins (Schnorbus et al. 2010, 2014). A

comparison of the 1 April snow water equivalent (SWE)

data from 21 snow course sites in the Peace River basin

and corresponding model grid boxes showed that the

VIC-modeled SWE generally captured the magnitude

of observed SWE (Schnorbus et al. 2014). The down-

scaled GCM outputs (1950–2098), consisting of daily

precipitation and minimum and maximum air temper-

ature, were used as inputs to the calibrated VIC model

for the simulation of the baseline and future climates.

For a detailed description of the VIC model setup, cal-

ibration, and climate change projections for the Peace

River basin, readers are referred to Schnorbus et al.

(2011) and Schnorbus et al. (2014).

b. Regional climate model and land surface scheme

In approach 2, hydroclimatic variables for the Peace

River basin were extracted from CRCM version 4.2.3

(Music and Caya 2009). The CRCM covers the North

American domain at a 45-km grid resolution (true at

608N on a polar stereographic projection). It is driven at

the boundary by the Canadian Global Climate Model

version 3 (CGCM3, T47 L32) (Scinocca et al. 2008), and

the future climate (2041–70) projection corresponds to

the Special Report on Emissions Scenarios (SRES) A2

emissions scenario, which is the emissions scenario used

in the NARCCAP (Mearns et al. 2009). Future hydro-

climatic projections for 2041–70 are not highly sensitive

to the choice of the SRES emission scenarios for BC

watersheds (Schnorbus et al. 2014).

The CRCM version 4.2.3 includes the CLASS version

2.7 (Verseghy 2000; Bartlett et al. 2006), which describes

the water and energy exchange between the atmosphere

and land surface. CLASS comprises three soil layers,

a variable-depth snow layer, and a separate vegetation

canopy. The subgrid-scale variability in the CLASS

model is represented by dividing each grid cell into

vegetated and bare soil areas, which are further sub-

divided into snow-covered and snow-free fractions as

necessary (Bartlett et al. 2006). The model considers

energy and water fluxes for each soil layer and calculates

energy fluxes at the top and bottom of the snowpack

(Verseghy 2000). Snowmelt occurs when surface tem-

perature (calculated from the surface energy budget

equation) exceeds 08C (Music and Caya 2007). If the

temperature of snow layer falls below 08C, the water

generated by snowmelt or rainwater (in case it rains)

refreezes. CLASS uses Darcy’s equation (Maidment

1993) to evaluate water fluxes between the layers. When

the infiltration capacity is exceeded, water is considered

ponded at the surface up to a maximum surface retention

capacity, beyond which surface runoff occurs. Sub-

surface flow is calculated from the deepest soil layer as

a function of saturated hydraulic conductivity and vol-

umetric liquid water content. More details on the

CLASS model are available in Verseghy (1991, 2000)

and Verseghy et al. (1993) and its implementation in the

CRCM is summarized in Music and Caya (2007, 2009).

Evaluation of the CRCM outputs for the study basin is

described in detail in Rodenhuis et al. (2011) and Music

et al. (2012).

Unlike VIC, CLASS is not explicitly calibrated to

local basin streamflow. Nevertheless, some level of pa-

rameter tuning is involved; for example, field measure-

ments from specific locations are used to constrain the

empirical relationships for hydrologic properties (as

a function of texture) or snow thermal conductivity (as

a function of density) (Sulis et al. 2011).

c. Comparison of the two approaches

The two approaches employed in this study have

considerable differences, which include model resolu-

tion, model scale, hypsometry (Fig. 2), driving GCMs,

downscaling, bias correction, and hydrologic model

structure and parameterization (Table 1). In particular,

differences due to model resolution could be consider-

able as it affects the spatial discretization of land cover,

soil and hypsometry, and elevation and orographic ef-

fects on precipitation. The hydroclimatic change signals

from such structurally different approaches was evaluated

using the experimental setup summarized in Fig. 3.

FIG. 2. Hypsometry plots using SRTM DEM (;90-m resolu-

tion), VIC grid (;5.5 km) with elevation bands aggregated from

the SRTM, and CRCM grid (;45 km) for the Peace River basin.
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Differences due to the two different downscalingmethods

and hydrologic models were considered by comparing

the CGCM3 (run 4)–driven BCSD–VIC [referred to as

the GCM–BCSD–VIC–Single (GBVS)] with the

CGCM3 (run 4)–driven CRCM [referred to as the

GCM–RCM–Single (GRS)]. Sensitivity of the RCM

results to the climate model’s internal variability was

considered by using an ensemble of five CGCM3-driven

CRCM runs, referred to as the GCM–RCM–Multiple

(GRM). Additionally, the sensitivity of theGBVS results

to the differences in the GCM structure was considered

by using an ensemble of eight GCMs participating in

phase 3 of the Coupled Model Intercomparison Project

(CMIP3) (Meehl et al. 2007) (see Table 2), referred to as

the GCM–BCSD–VIC–Multiple (GBVM). The GCMs

used in theGBVMexperiment correspond to run 1 for all

GCMs except for the CGCM3 (run 4).

For these evaluations, the baseline climate was rep-

resented by the period 1961–90 (1970s), which corre-

sponds to the climate of the twentieth-century run. Since

CRCM results are only available for the A2 emissions

scenario, the future climate represented by the A2

emissions scenario for the period 2041–70 (2050s) was

used. Average basin precipitation, air temperature, and

runoff were compared, which were derived by spatially

averaging individual grid values. Since the CRCM does

not include a routing routine, runoff from both CRCM

and VIC were considered without routing. Naturalized

streamflow at the basin outlet was normalized by the

basin area and the naturalized runoff was generated to

allow comparison with the unrouted model output. It

should be noted that the unrouted model runoff lacks

the effects of routing delays when compared to the

naturalized runoff. However, since the mean travel time

for the fast runoff component for the basin is about

9 days (from unit hydrograph analysis) and temporal

intercomparisons are made at a monthly time step, the

effect of such routing delays is not considered to be

critical. The outputs were compared for the median

values and ranges, with each of the 30-yr values treated

as one sample. Future changes were expressed relative

to the median value of the 30-yr baseline simulation of

TABLE 1. Comparison of model structure and inputs for the two approaches used in this study.

Approach 1 Approach 2

Resolution Downscaling of GCM outputs and hydrologic

modeling at 1/168 (approximately ;5.5 km2,

depending on latitude/longitude)

CRCM 4.3.2 grid of 45-km horizontal mesh

(true at 608N on a polar stereographic projection)

Scale Hydrologic model set up at a basin scale CRCM set up for the North American domain

Hypsometry Representative hypsometry of the basin (Fig. 2)

by 1/168 grids with 500-m interval elevation bands

(compared to 90-m SRTM DEM; Jarvis et al. 2008)

Very approximate hypsometry of the basins

(Fig. 2) by CRCM grids (compared to

90-m SRTM DEM)

Hydrologic model

structure

Hydrologic simulation using a basin-scale hydrologic

model (VIC 4.07)

Hydrologic simulation extracted from the CRCM

(which includes the CLASS 2.7 model for water

and energy exchange between the atmosphere

and land surface)

Hydrologic

parameterization

The VIC hydrologic model divided into 23 subbasins

and the model parameters calibrated with the

subbasin streamflows

Parameters of the CLASS model not calibrated

to reproduce local streamflow

Climate inputs CGCM3 run 4 (for GBVS) and a set of eight different

GCM runs (for GBVM; Fig. 3)

CGCM3 run 4 (for GRS) and a set of five

CGCM3 runs (for GRM; Fig. 3)

Downscaling

method

GCM outputs statistically downscaled to the resolution

of the VIC model using the BCSD method

CGCM3 dynamically downscaled with the CRCM

Bias correction GCM biases removed by the BCSD method

(nonparametric quantile-mapping technique)

CGCM3/CRCM outputs used without bias correction

FIG. 3. Summary of the experimental setups using the two ap-

proaches. The block arrows show the comparisons performed in

this study. The CLASS hydrologic model is integrated into the

CRCM and enclosed in parentheses.
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the corresponding GCM member or run. Additionally,

the two-sided Student’s t test with autocorrelation cor-

rection (see von Storch and Zwiers 1999) was employed

to evaluate whether the mean future changes are dif-

ferent from zero at a 5% significance level. Since pooling

together the ensembles (in GRM and GBVM) into one

sample to test for statistically significant differences was

considered problematic (see von Storch and Zwiers

2013), each member of the ensemble was evaluated

separately.

4. Results and discussion

a. Comparison of GBVS and GRS results

We begin with a comparison of monthly precipitation,

temperature, evapotranspiration (ET), snow water equiv-

alent (SWE), and runoff derived (Figs. 4a–j) from the two

downscaling approaches when using the same driving

GCM simulation, CGCM3 run 4 (GBVS andGRS). The

red hashed areas show the natural interannual vari-

ability as represented by observations for the 30-yr

1961–90 baseline period (Figs. 4a,c,i). Since BCSD was

calibrated with the gridded-observed precipitation and

temperature data, the 5th, 50th, and 95th percentiles of

the observations are closely replicated by the GBVS.

The GRS-simulated precipitation has a smaller range,

mainly because the range (between 5th and 95th per-

centiles) has not been scaled to match the distribution of

observations (Fig. 4a). The coarser resolution of the

CRCM precipitation also implies that there are limita-

tions in resolving elevation and orographic effects. The

GRS-simulated precipitation and temperature are bi-

ased, with the median precipitation and temperature

indicating dry and cold biases, respectively, when com-

pared to the observations (Figs. 4a,c). Specifically, the

GRS-simulated precipitation and temperature are drier

and colder, respectively, for all seasons (Table 3), with

annual precipitation ;18% lower and annual tempera-

ture;68C colder than observed. Rodenhuis et al. (2011)

compared the CRCM results with the driving GCM and

observations, which revealed that the precipitation and

temperature biases originate predominantly from the

driving GCM, and the biases were reduced for pre-

cipitation and amplified for temperature by the CRCM.

The biases are also reflected in the future period (Figs.

4b,d), with the GRS simulation producing lower median

precipitation and temperature values and a narrower

precipitation range, compared to the GBVS simulation.

The GBVS and GRS results differ considerably for

the ET and SWE results. Specifically, compared to the

GBVS results, the GRS-simulated ET values are lower

and SWE values are higher (Figs. 4e–h), illustrating the

effect of the cold temperature bias. The comparison of

the GBVS- and GRS-simulated runoff outputs with

normalized observed runoff (Fig. 4i) shows that the

GBVS simulates the magnitude and timing of the runoff

TABLE 2. Eight GCMs participating in CMIP3 (Meehl et al. 2007) used in this study.

Model ID Model Institution

Atmospheric

resolution

Primary

reference

CCSM3 Community Climate System

Model, version 3

National Center for Atmospheric Research

(United States)

T85 L26 Collins et al.

(2006)

CGCM3 (T47) Canadian Centre for Climate

Modelling and Analysis

(CCCma) Coupled Global

Climate Model, version 3

Canadian Centre for Climate Modelling

and Analysis (Canada)

T47 L31 Scinocca et al.

(2008)

CSIRO Mk3.0 Commonwealth Scientific and

Industrial Research

Organisation, Mark 3.0

Commonwealth Scientific and Industrial

Research Organization (Australia)

T63 L18 Rotstayn et al.

(2010)

ECHAM5 Max Planck Institute for Meteorology

(Germany)

T63 L32 Roeckner et al.

(2006)

GFDL CM2.1 Geophysical Fluid Dynamics

Laboratory limate Model,

Cversion 2.1

NOAA Geophysical Fluid Dynamics

Laboratory (United States)

N45 L24 Delworth et al.

(2006)

HadCM3 Hadley Centre Coupled

Model, version 3

Hadley Centre for Climate Prediction and

Research/Met Office (United Kingdom)

T42 L19 Collins et al.

(2001)

HadGEM1 Hadley Centre Global

Environment Model, version 1

Hadley Centre for Climate Prediction and

Research/Met Office (United Kingdom)

N96 L38 Martin et al.

(2006)

MIROC3.2

(medres)

Model for Interdisciplinary

Research on Climate, version 3.2

Center for Climate Systems Research (The

University of Tokyo), National Institute

for Environmental Studies, and Frontier

Research Center for Global Change

(JAMSTEC) (Japan)

T42 L20 K-1 Model

Developers

(2004)
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peak reasonably well. Such agreement of the VIC-

simulated runoff with observations illustrates the effi-

cacy of the bias correction (of driving precipitation

and temperature) and calibration (of VIC model pa-

rameters). In contrast, the GRS-simulated runoff for

the baseline period is noticeably different from the

observations and GBVS-simulated runoff. Specifically,

the GRS show little or no runoff in winter, while spring

runoff is substantially higher than observations (Fig. 4i,

Table 3). Additionally, despite lower annual precipitation

(;18%), the GRS-simulated annual runoff volume is

higher (;14%) than the observed. The runoff ratios

FIG. 4. Comparison of the 1970s and 2050s precipitation, temperature, evapotranspiration (ET), snow water

equivalent (SWE), and runoff from theGBVS andGRS. The lower and upper bounds of the ranges show the 5th and

95th percentiles, and the thick lines in the middle show the median values. The observed runoff is based on natu-

ralized flow normalized by the basin area.
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(expressed as the ratio of median annual runoff to pre-

cipitation) also differ, with the GBVS value (0.50) close

to the observed value (0.52) and the GRM value (0.73)

higher than observed. Similarly, the runoff ratio for the

GRM (0.68) is higher than the GBVS (0.49) for the

2050s. This discrepancy in the GRS can be again at-

tributed to the cold temperature bias, which results in

a lower ET (Fig. 4e), higher SWE (Fig. 4g), and conse-

quently higher annual runoff. Furthermore, the magni-

tude and timing of the April–June runoff peak from the

GRS are substantially different from observations and

GBVS-simulated results (Fig. 4i), with the GRS results

showing earlier snowmelt and peak runoff timing.

Such discrepancies cannot be explained by the biases in

the driving data (i.e., mean temperature and precipita-

tion biases) since the cold temperature bias in the GRS

should cause delayed snowmelt and a delayed runoff

peak (when compared to the GBVS simulation). Fur-

thermore, although the CRCM elevations above the

median elevations of the region (;1200m) are lower

than in VIC (Fig. 2), snowmelt should still occur later

because of the cold bias. Such early snowmelt and runoff

peak despite the cold bias was also noted in the previous

study of the upper Columbia basin (Shrestha et al. 2011)

and in other studies using the CRCM version 4.2 (Gao

et al. 2011) and CRCM version 3.5.3 (Langlois et al.

2004). Snowmelt in the CRCM–CLASS is calculated

using an energy budget equation (Music andCaya 2007),

but a detailed evaluation of different components of the

energy budget is beyond the scope of this paper. How-

ever, we examined the diurnal temperature cycle in the

CRCM and found that, although the mean temperature

between March and April remains below 08C, the maxi-

mum temperature changes from238C to 38C (not shown).

Such temperature increase could cause partial snowmelt

and rainfall and increase in runoff. Additionally, the GRS

results also depict a rapid decline of the SWE storage,

which could be partly due to CRCM–CLASS parame-

terizations, such as those for the albedo of fresh snow-

pack and snowpack metamorphism, which are not locally

calibrated. Specifically, fresh snowpack albedo value for

the CLASS model (0.84) (Bartlett et al. 2006) is lower

than the value used in the VIC model (0.90) (Schnorbus

et al. 2010) and remains lower in the CLASS model

(compared to the VIC model) with snowmelt (not

shown). This would cause faster spring depletion of

the snowpack in CLASS and thus faster runoff increase

compared to VIC. Furthermore, as illustrated by Davison

et al. (2006) and Dornes et al. (2008), calibration of the

vegetation, runoff generation, and snow parameters of the

CLASS model could potentially improve the snow and

surface fluxes.

The biases in the driving precipitation and temperature

from the GRS simulations, which have also been docu-

mented by the previous RCM-based studies (Sushama

et al. 2006; Rivington et al. 2008; Poitras et al. 2011), re-

inforce the need to account for biases on the CRCM-

simulated outputs. A simple method is to express the

results in terms of changes (or differences between 2050s

and 1980s), provided that the structure of biases between

the two periods remains consistent. Figure 5 provides

such a comparison for the annual values and shows sim-

ilarities as well as differences between the GRS and

GBVS approaches. Specifically, the range of annual

precipitation, temperature, ET, and runoff changes are

similar, and changes in means are statistically significant

(according to the Student’s t test) for the two approaches.

Additionally, both precipitation increase (median: 20%)

and runoff increase (19%) are higher for the GBVS

compared to the GRS (precipitation increase: 15%,

runoff increase: 15%), while temperature increases are

similar (GBVS: 3.08C,GRS: 2.98C). This indicates similar

sensitivities of the runoff change to the precipitation

change in both approaches. In contrast, the sensitivities of

1 April SWE changes to the precipitation and tempera-

ture changes differ in the two approaches, with the me-

dian GBVS values depicting a decline, the median GRS

depicting essentially no change, and only the GBVS

showing a statistically significant change in the mean.

Differences in the rainfall–snowfall partitioning in the

two approaches probably cause the discrepancy in the

SWEvalues. Specifically, whilemorewinter precipitation

in the GBVS is likely to fall as rain (owing to warming),

this happens to a lesser extent in the GRS (owing to its

lower temperature). The complex relationship of pre-

cipitation and temperature with SWE suggests that the

use of the simulated SWE changes for the projection of

future changes can be problematic when precipitation

and temperature are biased.

TABLE 3. Comparison of the 30-yr (1961–90) median precipitation

and temperature and available 23-yr (1968–90) runoff.

Winter Spring Summer Autumn Annual

Precipitation (mm)

Observed 189 136 247 222 795

GBVS 183 136 236 225 780

GRS 154 117 183 198 651

Temperature (8C)
Observed 210.4 0.3 11.2 0.1 0.3

GBVS 211.2 0.2 11.3 0.2 0.1

GRS 217.1 26.3 6.3 25.7 25.7

Runoff (mm)

Observed 28 96 225 68 416

GBVS 33 102 189 69 393

GRS 1 246 184 43 474
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Monthly precipitation, temperature, and runoff changes

from the two approaches show large ranges (Fig. 6),

owing to the variability of the 30-yr future climate data.

Precipitation and temperature changes from the two

approaches are mostly consistent (Figs. 6a,b). The results

from both approaches depict increased precipitation and

temperature, except for the GRS-simulated July precip-

itation. Projected changes are statistically significant in

most months for precipitation and all months for tem-

perature. Since the ranges of 1970s and 2050s GBVS-

simulated precipitation are larger (Figs. 4a,b), the range

of differences in precipitation is larger when compared to

the GRM.

In the case of runoff, the changes are statistically sig-

nificant for most months and both approaches. Neverthe-

less, the magnitude of changes from the two approaches

differs considerably, especially for December–March

and June–August (Fig. 6c). Specifically, theGRS-simulated

runoff depicts smaller winter changes (owing to lower

temperature) andmore pronouncedApril–May increases

and June decreases when compared to the GBVS results.

These pronounced changes in the GRS-simulated runoff

are related to the rapid decline in the SWE storage. Al-

though a shift to an earlier freshet is also projected by the

GBVS, the changes are less pronounced because of

smaller winter SWE accumulation and its slower decline

FIG. 5. Annual precipitation, ET, runoff, 1 Apr snow water

equivalent (SWE), runoff changes (%), and temperature changes

(8C) from the CGCM (run 4)–driven GBVS and GRS. Future

changes are expressed relative to median values of the 30-yr

baseline simulation. Each box plot illustrates the 25th, 50th, and

75th percentiles, and the whiskers illustrate the 5th and 95th per-

centiles of the 30-yr period. The triangles and dots at the bottom

signify the results with statistically significant changes using the

Student’s t test.

FIG. 6. As in Fig. 5, but formonthly (a) precipitation, (b) temperature,

and (c) runoff changes.
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(Fig. 4). The complex relationship of precipitation and

temperature with snow accumulation, melt, and runoff

again illustrates the problem of using the differences

(between two periods) of the resultant variables for the

projection of future changes when driving precipitation

and temperature are biased. This also leads to an impor-

tant question on the reliability of the future projections

obtained from the two approaches. In summary, given that

the temperature and precipitation biases are explicitly

accounted for and the snow and runoff parameterization

are representative (for the baseline period), the GBVS-

simulated changes (i.e., increased winter and spring

runoff and decreased summer runoff) can be considered

physically plausible. In the case of GRS-simulated run-

off, although the direction of spring (increased) and

summer (decreased) runoff can be considered plausible,

the magnitudes of the SWE and runoff changes do not

seem plausible. Hence, the GBVS approach, for now,

remains the preferred approach for projecting hydro-

climatic changes. However, agreement of some of the

GRS-simulated annual and monthly change signals (es-

pecially, for the driving precipitation and temperature)

with GBVS shows there is potential for using RCMs for

future hydroclimatic projections.

b. Comparison of GRM results

The analysis to this point has not considered the un-

certainty in projections that derives from natural in-

ternal variability of the climate on multidecadal time

scales. Here we consider its effects as represented by

differences between the members of an ensemble of five

CGCM3 simulations in theGRMexperiment (see Fig. 3).

The results show that the direction of change is consistent

and statistically significant for all ensemble members

(except for the SWE) (Fig. 7). Differences between the

individual members are also generally modest; for in-

stance, the median annual precipitation and tempera-

ture changes from the GRM ensemble members range

from 12% to 21% and 2.48 to 2.98C. Except for the rel-

atively larger differences in the ET values (median

range from 8% to 24%), variation in the range of 1 April

SWE (0%–10%) and runoff (14%–17%) changes are

also moderate. In all cases, variations in the medians

between runs are within the interquartile range of the

GRM ensemble (Fig. 7).

The results also generally depict small differences

between runs in the monthly GRM simulations, both in

terms of median values and ranges (Fig. 8). The changes

obtained for most ensemble members are statistically

significant and directions of changes, such as increased

temperature and increased precipitation (for most mem-

bers and most months), agree. The magnitude of changes

are also similar, including greater precipitation increases

in September–December and smaller increases in April–

June, aswell as greater temperature increases inDecember–

February and smaller increases in March–May. The

runoff changes obtained from the GRM ensemble mem-

bers are alsomostly similar in terms of bothmagnitude and

timing of changes (Fig. 8c). Specifically, the peculiarities of

the GRS runoff, that is, small January–March change

followed by pronounced April–May increase and June

decrease, are repeated for all CGCM3 runs. These re-

sults suggest that the multidecadal internal variability

(as expressed by five CGCM3-driven CRCM runs) is not

FIG. 7. Annual precipitation, evapotranspiration (ET), runoff, 1 Apr SWE changes (%), and

temperature change (8C) from the GRM approach. Future changes are expressed relative to

median values of the 30-yr baseline simulation of the corresponding GCM run. Each box plot

illustrates the 25th, 50th, and 75th percentiles, and whiskers the 5th and 95th percentiles of the

30-yr period. The numbers at the bottom refer to the number of ensemblemembers (out of five)

with statistically significant changes using the Student’s t test.
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a big source of uncertainty for the Peace River basin. A

previous study using the five ensemble members of the

CRCM (Music and Caya 2009) also found smaller dif-

ferences in water budget components as a result of in-

ternal variability than those resulting from altering the

land surface scheme or driving data. However, such

small differences could also be due to the limited number

of ensemble members, as previous studies using

larger ensembles (e.g., Lucas-Picher et al. 2008; Deser

et al. 2012) found considerable differences for some

of the variables owing to the climate model’s internal

variability.

c. Comparison of GBVM results

We have shown, using the GBVS and GRS experi-

ments for the historical period, that the GBVS approach

provides a more plausible hydrologic response owing to

explicit accounting of temperature and precipitation

biases and representative snow and runoff parameteri-

zations. Above, we have also shown that multidecadal

FIG. 8. As in Fig. 7, but for monthly (a) precipitation, (b) temperature, and (c) runoff changes.
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internal climate variability (as expressed by five

CGCM3-driven CRCM runs) contributes only modestly

to projected uncertainty in the Peace River basin. In this

GBVM experiment, we consider uncertainty that is in-

troduced by the choice of driving GCMs for the VIC

model. Note that the range of annual and monthly re-

sults (Figs. 9 and 10, respectively) incorporates the un-

certainties due to GCM structure (as represented by

eight different GCMs) and associated internal variabil-

ity. However, these figures do not depict the uncertainty

inherent in the choice of downscaling method (BCSD in

this case) or choice of hydrologic model (VIC in this

case). Thus, overall projection uncertainty is greater

than we show here, even if we do have greater confi-

dence in the GBVS approach.

The results show noticeable differences in the annual

hydroclimatic responses from different GCMs and their

ensemblemeans (Fig. 9). The directions of precipitation,

temperature, ET, 1 April SWE, and runoff changes are

mostly consistent, and changes for most ensemble

members are statistically significant. However, the mag-

nitude of changes from the two approaches differs con-

siderably. Specifically, the median annual precipitation

and temperature changes from the GBVM ensemble

members range from 3% to 21% and 1.88 to 3.78C. These
differences in the driving variables also lead to highly

varied hydrologic responses, as illustrated by the range of

medianET (7%–21%), 1April SWE (–42% to 26%), and

runoff (24% to 30%) changes. In all cases, variations in

the medians between the driving GCMs are greater

than the interquartile range of the GBVM ensemble

(Fig. 9).

In the case of monthly precipitation, temperature, and

runoff changes, most ensemble members show statisti-

cally significant changes for most months. Besides, large

differences among the different GBVM simulations can

be seen in Fig. 10. For instance, some of the GCMs show

greater fall–winter precipitation increases [e.g., MIROC3.2

(medres)] and summer decreases (e.g., GFDL CM2.1).

The ranges (between 5th and 95th percentiles) also vary

considerably. Temperature changes are also variable,

with the median values showing large differences in

January–March and the ranges showing large differences

in November–March. These differences in the precip-

itation and temperature changes are reflected in the an-

nual SWE and runoff changes (Fig. 9). Specifically, the

influences of differences in seasonal change are evident,

such as the greater October–January precipitation in-

crease forMIROC3.2 (Fig. 10) resulting in greater 1April

SWE and larger runoff increase (Fig. 9). The monthly

median and range of changes also show large variability,

especially for May–June runoff. Such large differences

in the annual and monthly hydroclimatic change signals

illustrate that even with the GBVM approach, large un-

certainty in the projected future hydroclimatic changes

derives from the choice of GCM.

5. Summary and conclusions

The hydroclimatic response for the Peace River basin,

British Columbia, was analyzed using two approaches:

approach 1 (GBVS) in which statistically downscaled

GCM outputs drive the VIC hydrologic model and ap-

proach 2 (GRS) in which GCM outputs are dynamically

FIG. 9. Annual precipitation, evapotranspiration (ET), runoff, 1 Apr SWE changes (%), and

temperature change (8C) from the GBVM approach. Future changes are expressed relative to

median values of the 30-yr baseline simulation of correspondingGCM.Each box plot illustrates

the 25th, 50th, and 75th percentiles, and the whiskers illustrate the 5th and 95th percentiles of

the 30-yr period. The numbers at the bottom refer to the number of ensemble members (out of

eight) with statistically significant changes using the Student’s t test.
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downscaled with an RCM. The GBVS-simulated pre-

cipitation, temperature, and runoff agree well with ob-

servations during the baseline period thanks to bias

adjustment and hydrologic model calibration. In con-

trast, the GRS-simulated precipitation, temperature,

and runoff showed large discrepancies when compared

with observations. In particular, the GRS produced an

annual hydrograph with much higher and earlier peak

runoff and lower winter runoff than naturalized runoff.

Additionally, in spite of lower annual precipitation, the

GRS approach produced higher annual runoff volume.

The discrepancies (relative to observed) in the GRS-

simulated precipitation and temperature can be mainly

attributed to the systematic errors (biases), while dis-

crepancies in the hydrologic response can be attributed

to the propagated biases (mainly temperature bias) and

model structure and parameterization.

The projected changes in the hydroclimatic variables

(relative to the baseline period) from the two ap-

proaches reveal that changes in direction are mostly

FIG. 10. As in Fig. 9, but for monthly (a) precipitation, (b) temperature, and (c) runoff changes.
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consistent and changes in means are mostly statistically

significant. Furthermore, themagnitude of change in the

driving variables (i.e., precipitation and temperature) is

similar. In the case of projected resultant hydroclimatic

variables (e.g., snow water equivalent and runoff), the

magnitudes of changes are considerably different, es-

pecially for the monthly results. In particular, the GRS

approach projects smaller winter–spring runoff change

followed by more pronounced summer runoff change,

while GBVS projects appreciable winter–spring in-

crease and smaller summer decline. These results sug-

gest that the use of the GRS-simulated runoff and SWE

changes for the projection of future changes can be

problematic, when driving precipitation and tempera-

ture are biased. The assessment of the CRCM results

driven by an ensemble of five CGCM3 runs (GRM)

showed that these characteristics are common to all

ensemble members and the variation in the medians

between runs represents only a small fraction of inter-

annual variability (range) within runs. This suggests that

multidecadal internal variability (as expressed by five

CGCM3-driven CRCM runs) is not a large source of

uncertainty for the Peace River basin projections.

Overall, the differences between the GBVS and GRS

projections emphasizes that RCM outputs should be

carefully evaluated before using them for future hydro-

climatic projections. For now, the approach 1 (such as the

GBVS approach) remains the preferred approach for

projecting basin-scale future hydrologic changes, pro-

vided that it explicitly accounts for the biases, and in-

cludes plausible snow and runoff parameterizations.

However, as illustrated by an ensemble of eight GCM–

VIC simulation results (GBVM), large uncertainty in the

future hydroclimatic projection derives from the choice

of GCM. Large differences in the annual and monthly

outputs in both the driving (precipitation and tempera-

ture) and resultant (SWE and runoff) variables re-

inforce the need for considering the GCM uncertainties

in projecting future hydroclimatic changes.

Uncertainties in driving GCMs will also affect the

RCM-simulated results, which should be a focus for fu-

ture research, for example, by employing multiple RCMs

driven by multiple GCMs from the NARCCAP projects

(Mearns et al. 2009). Similarity of some of the GRS-

simulated changes with the GBVS (especially annual)

shows that there is potential for using RCMs for hy-

droclimatic projections. Some of the issues related to the

RCMs, such as the coarser spatial resolution, can be ex-

pected to be addressed in future generations of RCMs

(e.g., CORDEX) (Giorgi et al. 2009). Further enhance-

ments such as reduction of biases and better representa-

tion of the land surface parameterization can also be

expected in the future versions of regional climate

models. With such enhancements, the RCMs can be

expected to provide improved representations of basin-

scale hydroclimatology.
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