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Abstract. Like many high latitude areas, the mountainous and flood plains. The Mackenzie River is the largest river
region of subarctic Canada has experienced recent warnmn North America that brings freshwater from the subarctic
ing and is an area of large inter-annual temperature variaand Arctic environments in Canada to the Arctic Ocean. The
tions, most notably during the winter. Quantifying how cli- mountainous Liard River Basin, an area that has experienced
mate tendencies affect streamflow, especially in the springvarming in recent decades (Zhang et al., 2000) is a major
melt season, is critical not only to regional water resourcetributary of the Mackenzie River. Freshwater input to the
management, but to understanding the influence of freshArctic Ocean from the Mackenzie River forms a surface layer
water on the Arctic sea-ice cover and global climate sys-on the denser saline seawater that allows the formation of sea
tem. The impact of projected atmospheric warming on theice. The extent and duration of the sea ice cover, in turn, af-
discharge of the Liard River is unclear. Here, uncertaintyfects oceanic evaporation and hence, moisture and heat fluxes
in climate projections associated with GCM structuré@2 into the Arctic atmosphere. An increase in freshwater dis-
prescribed warming) and magnitude of increases in globatharge will reduce sea ice volume and thereby potentially
mean air temperature (1 to°€) on the river discharge are reduce thermohaline circulation (Rennermalm et al., 2006).
assessed using a well-tested, semi-distributed hydrologicaChanges in freshwater inputs to the Arctic Ocean will there-
model. Analyses have shown that the hydrological impactsore have global climatic implications beyond the drainage
are highly dependant on the GCM scenario. Uncertaintiedbasins from which the water is derived.
between the GCM scenarios are driven by the inconsisten- The QUEST-Global Scale Impacts project (Todd et al.,
cies in projected spatial variability and magnitude of pre- 2011;http://www.met.reading.ac.uk/research/quest) §si
cipitation, rather than warming temperatures. Despite thesgjlobal attempt to improve quantification of impacts and un-
uncertainties, the entire scenario simulations project that theertainty associated with different rates and degrees of cli-
subarctic nival regime will be preserved in the future, but themate change on freshwater (and other) resources in a con-
magnitude of change in river discharge is highly uncertain.sistent way. Using specific climate scenarios, a unified cli-
Generally, spring freshet will arrive earlier, autumn to spring mate change impact assessment was conducted on a num-
discharge will increase whereas summer flow will decreaseper of river systems, including the Liard River Basin, despite
leading to an overall increase in annual discharge. the use of different hydrological models. Hydrological sim-
ulations of the freshwater resources from this mountainous
high latitude environment are an important contribution to
this global study.

One way to examine future changes in freshwater inputs

A quantitative understanding of the runoff response of sub-S through the use of General Circulation Models (GCMs).
arctic rivers to climate change and variability is important for Current climate projections from GCMs indicate preferential
planning and development, environmental conservation, sowarming of the Canadian Arctic, relative to the global mean,

cial well-being and the livelihood of communities on valleys Which can have substantial secondary impacts on the envi-
ronment (Bonsal and Kochtubajda, 2009). The major con-

cern with assessing hydrological impacts using GCMs is the
Correspondence tdR. Thorne amount of uncertainty involved. Notable sources of uncer-
BY (thornerf@mcmaster.ca) tainty within an impact study are due to (1) GCM algorithms,
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parameterization and feedback mechanisms, (2) downscaling 1w 1200

ALASKA Beaufort Sea

techniques, and (3) hydrological modelling (Bormann, 2005;
Hughes et al., 2010; Krigiuniere et al., 2009; Ludwig et

al., 2009; Prudhomme and Davies, 2009a). Prudhomme and
Davies (2009a) found that hydrological uncertainty can be as,_, |
large as the natural variability in the hydrological regime, but |
in comparison, uncertainty in the monthly mean flow simu-
lated with input of climate data from different GCMs is much
larger.

This inclusion of future climate uncertainty on hydrolog-
ical impacts with the use of climate change scenarios is of
recent concern (Cameron et al., 2000; Horton et al., 2006;"™
KriauGiuniere et al., 2009; Maurer, 2007; Minville et al.,
2008; Nawaz and Adeloye, 2006; Prudhomme and Davis,
2009a,b). For an Arctic climate, several studies have ex-
amined the impacts of future climate scenarios (Bonsal and
Kochtubajda, 2009; Kattsov et al., 2007; Nohara et al., 2006),
however, few have examined the hydrological impacts in this **
region. One exception is the study by Pohl et al. (2007) who , "
examined the effects of GCM projections on a small Arctic 2 ™ miic ALBERTA
headwater basin. Another is a study by Woo et al. (2008), 0-300 {
who examined the response of the Liard River to climate Ei(’&;}(‘f“" A s
change projected by the Canadian Centre for Climate Mod-_ |o 100 20 i Eamonian S SK‘}W@
eling and Analysis (CCCMA) GCM under the more conser- — i
vative B2 emissions scenario. Since the largest uncertainty igig. 1. Location of the Liard River in the Mackenzie River Basin.
found in the choice of the GCM selected, it is strongly rec-
ommended that outputs from several GCMs are used in an
impact study (Prudhomme and Davis, 2009b). in the spring (Woo and Thorne, 2003). The Liard River

Considering all of the above, this study will use a well- Basin, a major tributary of the Mackenzie River, drains an
tested, semi-distributed hydrological model to examine thearea of 275000kfmand is a large, complex, mountain-
uncertainty in the impacts of different projected climate ous, subarctic catchment in the Western Cordillera (Fig. 1).
change scenarios on the quantity and seasonality of wateFhree northwest-southeast trending mountain chains (Stikine
resources for a large, complex, mountainous, subarctic enviRanges, Selwyn and Rocky Mountains) occupy most of the
ronment located in an area influenced by climatic warming.basin, with elevation exceeding 3200m. Located at higher
The major source of uncertainty considered is that derivedatitudes (57-63 N), the basin has a cold temperate to sub-
from several GCM scenarios where (1) parameters and algoarctic setting, with a strong vertical zonation in the moun-
rithms in the hydrological model have been held constant, again climate. The Cordillera is effective in blocking most
determining the range in which the values will vary is diffi- moisture-bearing winds from the Pacific Ocean and oro-
cult to determine and has been found to contribute little to-graphic precipitation is most notable in the western sector.
wards the uncertainty (Kingston et al., 2011); (2) the day-to-Precipitation in the mountainous basin is significantly cor-
day variability has been confined; and (3) it is assumed thatelated with altitude and latitude, increasing with proxim-
there is no change in the land cover response to climate duiy to the Pacific Ocean but decreasing northeastward (Woo
to the difficulties in determining the future impacts on the and Thorne, 2006). Snow is a major form of precipitation,
loss of permafrost with respect to vegetation cover and soibut rainfall is common in the summer and autumn seasons.
properties (Yi et al., 2007). These constraints are consisterfRunoff is characterized by a subarctic nival regime, in which
with the climate impact assessment approach by Parry an@nowmelt dominates, generating annual high flows in com-
Carter (1998) adopted by the other papers within this speciabination with summer rainfall (Woo and Thorne, 2003). Au-
issue (Singh et al., 2010). tumn rainfall gives rise to a secondary peak that is lower

in magnitude than the spring flood. Winter runoff is low

and sustained by groundwater discharge (van der Linden and
2 Study area Woo, 2003). Land cover in the basin is largely comprised of

tundra, and both deciduous and evergreen forests. A com-
The Mackenzie River receives half of its annual runoff plex basin of this nature would have many factors to con-
from mountainous regions that occupy less than one thirdsider in terms of uncertainty in the impact on the hydrologi-
of the total basin area, and most of this flow is producedcal regime.
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3 Data and methods The Liard River is gauged at its mouth (at Fort Simpson,
_ 61°4449"N 121°1325" W), above the confluence with the
3.1 Climate data Mackenzie River starting in 1973. Discharge data from this

. . ) gauging station are used for calibration and for comparison
Mountainous environments, with complex topography andyih values simulated by the hydrological model.
diverse surface covers, are subject to large variations in cli-

matic conditions over short distances. Several weather stag 3 Analysis
tions provide point measurements of daily temperature and

precipitation, but as these stations are located in valleys offemperature and precipitation distribution across the basin
flat ground, they do not provide adequate spatial coverage of examined, in addition to total basin annual precipitation
climatic conditions within the vast area of the Liard River gpq runoff, and monthly hydrographs produced by each fu-
Basin. Without a good coverage of weather stations, hyre scenario. To simplify the analysis of both temperature
drological models have to resort to interpolations of input 5, precipitation, four seasons were examined: winter (De-

values, an approach found suitable for remote mountainougemper to February), spring (March to May), summer (June
areas such as those in subarctic Canada (Thorne and Wog, August) and autumn (September to November).

2006).

To generate the required daily climate data for the model
(precipitation, mean and minimum temperature), gridded, Hydrological model and calibration
(0.5° x 0.5°) monthly observations (CRU TS3.0) and climate
projections (ClimGen) were transformed using a stochastig=or hydrological simulations, any hydrological model can be
weather generator (Arnell, 2003; Todd et al., 2011). Theseful for this type of study; however, the SLURP (Semi-
weather generator was conditioned using climate station datgjstriputed Land Use-based Runoff Processes) model (ver-
statistics from five climate stations (Dease Lake, Fort Liard,gjgn 12.2) was selected for use as it has been well-tested in
Fort Nelson, Fort Simpson and Watson Lake) within and mountainous basins (Kite et al., 1994), particularly the Liard
around the Liard River Basin (Fig. 1). These include: the co-ggsin (Thorne and Woo, 2006; Woo and Thorne, 2006).
efficient of variation of daily precipitation (on days whenrain g yrp divides a large catchment into aggregated simula-
occurs) and the standard deviation of daily temperature (aftjony areas (ASAs). The present study subdivides the Liard
ter the seasonal cycle in temperature has been removed). Thysin into 35 ASAs, which partitions the basin into distinc-
baseline dataset spans the period 1961 to 1990 during whicfe sub-basins, based on the United States Geological Sur-
the quality of the data generally increases towards the Iatte(,ey (USGS) GTOPO-30 digital elevation model. Each ASA
part of the period (Zhang et al., 2000). Although there are €rencompasses a number of land cover types, derived from
rors associated with the application of gridded, global-scalghe UsGS 1 km digital land cover map of the world, charac-
datasets, discrepancies most likely occur where the historicakyised by a set of parameters. Mean elevation, area and areal
meteorological observations are sparse. percentages occupied by each land cover type are estimated

In this study, future climate scenarios for temperaturefrom hoth the digital elevation data and land cover map. For
and precipitation were generated using the ClimGen pattermayapotranspiration calculations, the Spittiehouse/Black evap-
scaling technique described in Todd et al. (2011). Scena”o%transpiration method (Spittlehouse, 1989), a modified form
were generated for a prescribed warming of a global meanyt the Priestley and Taylor approach, was chosen. Simula-
temperature of 1, 2, 3, 4, 5, and®® using the UKMO  {jons using SLURP are based on: (1) a vertical component
HadCM3 GCM (HadCM3), and for a °C global mean  ¢onsisting of daily surface water balance and flow genera-
warming with six additional GCMs: CCCMA CGCM31  {jon from several storages; and (2) a horizontal component
(CCCMA), CSIRO Mk30 (CSIRO), IPSL CM4 (IPSL), of flow delivery within each ASA and channel routing to the
MPI ECHAMS5 (MPI), NCAR CCSM30 (NCAR), and pasin outlet.
UKMO HadGEM1 (HadGEM1) applied to the baseline pe- 1 model only allows calibration of parameters at the out-

riod (1961 to 1990) for this study. Year-to-year variability et of 5 basin, but simulated discharge may be observed from
was excluded in the analysis of hydrological changes in the,ach ASA within the basin. Thorne and Woo (2006) found
basin. The simulations assumed no change in land cover anh ¢ aithough the model was able to generate streamflow that
soil conditions under a natural setting. satisfactorily fits the measure discharge at the basin outlet,
it does not imply the capability of the model to correctly
simulate runoff contributions from various ASAs. Rather,

Rivers in the Liard Basin are not regulated and the hydrome € model makes use of the compensatory effects of over-

teorological records permit the assessment of flow response&Stimation and underestimation in simulated discharge from
to changes in climatic conditions without the need to con-Various ASAs to yield an aggregate discharge that agrees
sider human interferences. well with the basin outflow. In addition, van der Linden and

Woo (2003) found that parameters calibrated at a basin outlet

3.2 Hydrometric data
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may yield erroneous results when applied to basins of various 12000
sizes, or with divergent physical characteristics, even within

the same basin. Based on the results from these experiments,
discharge will only be examined at the outlet of the Liard
River Basin at Fort Simpson.

As discharge records started in 1973, the hydrological
model was calibrated with the gauged station from 1973
to 1990 (Fig. 2) using gridded (0.% 0.5°) climate ob- ‘ | | A
servations, CRU TS3.0 (Mitchell and Jones, 2008tp: |
/Ibadc.nerc.ac.uk/data/cju/The Shuffled Complex Evolu- | | 1
tion method of model autocalibration incorporated in SLURP | | | \
was used to optimize the parameter values. The designated J J Uy
parameters and procedures used in the calibration are fur- 0 1975 1980 1985 1990
ther described in Thorne and Woo (2006) and Woo and 1200
Thorne (2006). To eliminate any uncertainty created by the ® s
hydrological model, the parameters and algorithms were held
constant.

The calibration yielded a Nash and Sutcliffe (1970) statis-
tic of 0.75 and a root-mean-square error of 134&m or a
normalized root-mean-squared error of 8 %. Comparison of
the monthly hydrographs (Fig. 2a) shows that the model sim-
ulates the measured discharge fairly well, but for some years,
simulated high flows are lower than that observed. This is . g .
further highlighted in Fig. 2b, a scatter plot of measured ver- R T
sus generated monthly discharge values. Compared to the &“" ’
1:1 line, it can be seen that the simulation is underestimat- ; 000 12000
ing the high flow in some instances. Finally, mean monthly c000 Observed discharge (m’s)
discharge values for 1973 to 1990 show the observed and ©
simulated streamflow regimes (Fig. 2c) are similar despite a
higher hydrograph rise in March and April, and lower peak
and summer flow.

While no validation period was available to further test the
model performance, and due to the time constraints of both
the observed discharge records and gridded climate data, th
calibration period shows a suitable fit to the observed dis-
charge and the simulation can be effective in assessing the
impacts on discharge.
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5 Uncertainty in climate variables

. o Fig. 2. Measured and simulated monthly discharge of the Liard
5.1 Spatial distribution of temperature and River, at its outlet near Fort Simpson, are compared through the use
precipitation of (a) hydrographs(b) a scatter plot of the monthly values plotted
with respect to a 1:1 line, an@) the mean monthly discharge from
Spatial variations of the 30-year mean temperature and pret973 to 1990.

cipitation generated by the CRU TS3.0 data set and distri-

bution of seasonal changes projected by the future climate

scenarios were mapped over the Liard River Basin (Figs. 3nd generally has low winter precipitation (Fig. 4a). For the
and 4) These maps a|d in ana'yzing hOW river dischargépring, heaVier precipitation iS seen in the SOUtheaStel’n cor-
is affected by specific changes in temperature and precipita®€r of the basin. Summer produces the largest precipitation
tion_ Temperatures are Shown to be genera”y warmer in thén all of the seasons, while autumn rainfall varies across the
southeast and decrease northwest towards high latitude arRgsin.

higher elevation (Fig. 3a). Snowfall is highest at the south-

western corner of the basin during the winter season, while

the eastern sector lies to the lee of the prevailing westerlies

Hydrol. Earth Syst. Sci., 15, 1483492 2011 www.hydrol-earth-syst-sci.net/15/1483/2011/
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Winter Spring Summer Autumn

‘

Fig. 3. (a) Spatial distribution of the 30-year mean seasonal temperature generated by the CRU TS3.0 (tatspseial variability of the
absolute value between the maximum and minimum projected temperature between the seven GCMs ufi@eptascBibed warming
scenario; distribution of seasonal changes in projected air temperature under the prescribed inq@a&s®S dtl) 4°C and(e)6°C in the
global mean air temperature by the UKMO HadCM3 GCM. The Liard Basin is outlined in black.
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5.2 Uncertainty in projected changes in air temperature Comparisons between all of the scenarios show an in-
crease in air temperature for all seasons, in some cases with a
Each climate scenario projected an increase in air temperyariation of only 1°C. However, even a°C temperature dif-
ature for each season across the basin. Instead of corerence would impact the evaporation and freeze/melt rates
paring the spatial changes projected by the individual scewithin the basin. Winter has the largest range of projected
narios, the spatial variability of the absolute value betweenyarming, with 0-2C warming by the HadCM3 scenario and
the maximum and minimum projected change between theip to 6°C for the CCCMA, MPI and HadGEM1 scenarios
seven GCMs were mapped to highlight areas of the basifindividual projections not shown). On an annual basis, the
where more uncertainty in the temperature projections exishighest projected temperature changes were by the MPI and
(Fig. 3Db). IPSL scenarios. Most climate projections suggest a warming
In the winter, the largest variation of temperature is in temperature in the Liard Basin greater than the global pre-
the eastern portion of the basin, decreasing westward. Thecribed warming of 2C.
spring shows a variation of 2<€ in the headwater area of  The steady global temperature increase in the HadCM3
the Liard, with the rest of the basin varying by 12 A scenario projects a steady increase for all seasons. Only the
variation of 2—-3C is projected in northeastern pOI’tiOI’] of the temperature increases for the 2, 4 arfdC6scenarios are il-
basin during the summer, with the southwestern having onlystrated in Fig. 3. Winter and spring seasons have a tem-
a 1-2°C deviation. The entire basin varies by P&2be-  perature increase of 022, while summer and autumn both
tween the scenarios in the autumn. increase by 2—4C in the 2°C scenario (Fig. 3c). These tem-
perature changes double in thé@l scenario, with higher

www.hydrol-earth-syst-sci.net/15/1483/2011/ Hydrol. Earth Syst. Sci., 15, 1482-2011



1488 R. Thorne: Uncertainty in the impacts of projected climate change: Liard River Basin
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Fig. 4. (a) Spatial distribution of the 30-year mean seasonal precipitation generated by the CRU TS3.0 ¢laxasatial variability of the
absolute value between the maximum and minimum projected precipitation between the seven GCMs urftigpiies@ibed warming
scenario; distribution of seasonal changes in projected precipitation under the prescribed incrgd23Xf(d) 4°C and(e) 6°C in the
global mean air temperature by the UKMO HadCM3 GCM. The Liard Basin is outlined in black.

temperature increases in the northern portion of the basin In the winter season, most scenarios project a large in-
in the winter, and a small area near the outlet for the sum-<crease of precipitation in the western sector of the basin, al-
mer (Fig. 3d). Finally, the 8C scenario doubles the tem- though the magnitude varies with each scenario, which gives
perature increases seen in theGiscenario, except in the rise to the large variation in mountain areas. The largest win-
spring where northern and southern areas of the basin haver increases are projected by the CCCMA and HadCM3 sce-

increased by 4-8C (Fig. 3e). narios, while the CSIRO, NCAR and HadGEM1 scenarios
o _ _ S have the lowest (individual projections not shown). Spring
5.3 Uncertainty in projected changes in precipitation has the smallest seasonal increase by all the scenarios, with

. L ) , an increase of 10—20 mm for the CCCMA and HadGEM1
Spatial precipitation changes projected by the future climate;cenarios and a projected decrease in precipitation over the

scenarios for each season were also generated, but similahstern portion of the basin from the IPSL scenario. Sce-
to temperature, the spatial variability of the absolute valuep,4iq projections in the summer differ greatly from one an-

between the maximum and minimum projected change beqher The CCCMA scenario has the largest increase of up

tween the seven GCMs were mapped in Fig. 4b. Precipy, 40mm in the eastern sector, while the IPSL, MPI and

itation projections generally show an increase in the Liardy,4GEM1 scenarios project a decrease in this area. The
River Basin, but these projections vary greatly spatially andy3qcm3 scenario has little change across the basin. These
by magnitude depending on the scenario, unlike the projeCyifferences produce the largest variability seen in all the sea-
tions for temperature. sons, especially in the eastern portion of the basin, with a
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Table 1. Calculated percent differences of average and standard deviation (squared brackets) values for annual basin precipitation and annus
computed runoff between baseline (1961 to 1990) and future scenarios in the Liard River Basin. Round brackets indicate a negative value.

Scenario Average Average Scenario Average Average
precipitation ~ computed precipitation ~ computed
runoff runoff
Baseline 481 mm 231mm Baseline 481 mm 231 mm
CCCMA 18%[2%] 15%[1%] HadCM31°C 5%[3 %] 49%[1%]
CSIRO 8 %[1 %] 4%[2%] HadCM32°C 10 %[4 %] 9% [3 %]
HadCM3 10944 %] 9%[3%] HadCM33C 15 %[4 %] 12 %[5 %]
IPSL 6%[8%] (3)%[5%] HadCM34°C 21%[4 %] 189%[8 %]
MPI 139%([22 %) 6%[3%] HadCM35°C 26 %[3 %) 23%[9 %]
NCAR 12 %[4 %] 9%I[2%] HadCM36°C 31%[2%] 28%[13%]

HadGEM1 6 %5 %] 0% [8 %]

r_ang_e of 45mm. Autumn projections show high preCIplta- Table 2. Calculated differences of seasonal runoff between the
tion increases by the CCCMA and HadCMS3 scenarios, whileyasejine (1961 to 1990) and future scenarios in the Liard River

other scenarios show moderate increases basin-wide. Modegasin. Round brackets indicate a negative value.
ate variations in projected precipitation are seen in the south-
western portion of the basin, decreasing northeast towards

the outlet. The CCCMA and MPI scenarios have the largest ~ Scenario Winter Spring Summer Autumn
increase in annual precipitation, with the CSIRO, IPSL and Runoff (%)  Runoff (%)  Runoff (%)  Runoff (%)
HadGEMZ1 scenarios projecting the lowest increase. CCCMA 11 28 10 21
For the steadily warming HadCM3 scenarios (Fig. 4c—e), CSIRO 5 19 ©) 12
temperature increases in the basin also project an increase:';,zijg g ff (22§ if
in precipitation. In each season there is a large increase yp 12 33 (11) 28
of precipitation in the north and a moderate increase in the NCAR 7 24 2 14
south, except in the spring, where an opposite pattern oc- Eggg’a’;"lloc 25 13?? (13) 91
curs. For the 2C.scenar|o: the agtgmn and yvaer seasons .. icuz »c 1 26 1 14
have the largest increase in precipitation, with little change nHagcm3s ¢ 7 39 1 22
in the spring and summer. As the scenario temperature in- HadCM3 4°C 12 54 2 32
creases, basin-wide precipitation increases by at least 10 mm,HadCM3 5°C 20 1 0 44
: o : . "HadCM3 6°C 31 86 @ 56
except in the summer, where precipitation only increases in
the northwest sector.
6 Streamflow Response 6.2 Uncertainty in projected changes in intra-annual

o ) ) river discharge
6.1 Uncertainty in projected changes of basin runoff
. . . . To investigate changes in the streamflow response brought on
After running the hydrological model using climate data by the future scenarios, hydrological simulations were per-

from each scenario as input, percent differences of averag%rmed and the results were averaged into monthly intervals

and standard de\_/|at|0n values betv_ve_en_ the baseline perio Ver the 30-year period (Table 2).
and future scenarios for annual precipitation and annual com- . . .
Monthly hydrographs simulated using thé@ prescribed

puted runoff were calculated for the basin (Table 1). Com- . i0s (Fia. 5) indicat lteration to the h
pared to baseline values, all scenarios project an increase jyarming scenarios (Fig. 5) indicate an alteration to the hy-

precipitation (6 to 18 %) however; runoff yielded highly un- dr_ological regime and ma}gnituo_le of discharg_e to the Liard
Flver. A notable feature is the increase of winter low flow

certain results ranging from a decrease of 3% to an increas i 0 . :
of 15%. The HadGEM1 scenario simulates a similar amount " all scenarios (4 to 12 %) due to the higher recession flow
from the larger autumn rainfall events. Warmer spring tem-

of runoff compared to the baseline, while the IPSL scenario . .
eratures lead to an earlier arrival of snowmelt runoff. The

generates a loss of 3%. With each degree of warming und Pl and IPSL s h the hiahest Spri &
the HadCM3 GCM, both precipitation and runoff increased and fr scenarios have Ihe Nighest spring runott as a
result of higher projected temperatures for the spring season

by at least 5 %. i i L .
y 0 (Sect. 5.2). With the increased precipitation in the winter and
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Fig. 5. Comparison of baseline and projected mean monthly riverFig. 6. Comparison of baseline and projected mean monthly river
discharge under the ° prescribed warming scenario for seven discharge under prescribed increases of 116 é global mean air
GCMs. temperature by the UKMO HadCM3 GCM.

spring for most scenarios, the high flows (with increases ofdischarge. Results show that the subarctic nival regime of
19 to 41 %) continue into the summer. An earlier melt sea-the Liard River will be preserved. Winter and spring flow
son and an increase in winter snow accumulation can extendiill increase generating an earlier rise in spring freshet. Pri-
the basin snowmelt over a longer period. An early melt yearmary and secondary discharge peaks will be maintained but
depletes the snow gradually so that runoff becomes less corwill show an advancement of the monthly flows. Summer
centrated (Woo and Thorne, 2006). flow will decrease, but will be balanced by an increase in the
Beyond the spring flow, the MPI, IPSL and HadGEM1 autumn. However, the magnitude of change in flow differs
scenarios (higher temperatures in the summer, an increase lsetween the scenarios.
winter snowfall, and spring and summer precipitation lower
than the baseline) result in a lower peak flow, or in the case of
the HadGEM1 scenario, a similar peak flow compared to the7 Discussion and conclusions
baseline. The IPSL scenario projects the primary peak flow
to occur a month earlier than the baseline. The CCCMA andLike many high latitude areas, the mountainous region of
HadCM3 scenarios both have the highest peak flow. Sumsubarctic Canada has experienced recent warming and it is
mer flow from the scenarios, with the exception of a 10 % an area of large inter-annual temperature variations, notably
increase by CCCMA, is projected to be lower than the baseduring the winter season (Zhang et al., 2000). Quantify-
line, with a loss of up to 22 % (Table 2). For these scenariosjng how climate tendencies affect streamflow, especially in
an increase in summer rainfall does not compensate for athe spring melt season, is critical not only to regional wa-
increase in evaporation created by higher temperatures. Thier resource management but to understanding the influence
autumn months show an increase in the secondary peak faf freshwater on the Arctic sea-ice cover and global climate
all scenarios (1 to 28%). The highest flow is generated bysystem (Rennermalm et al., 2006). The scarcity of climate
MPI, which also has the largest increase in autumn precipistations in the remote region prevents a comprehensive ap-
tation. praisal of climatic influences on discharge, but results from
The impact by the warming HadCM3 scenarios on the dis-global gridded observations (CRU TS3.0) and projections
charge of the Liard River (Fig. 6) shows similar findings. As permit the analysis through the availability of spatial infor-
the temperature warms, discharge increases from autumn tmation.
spring months due to an increase in precipitation, with the Uncertainty in the impacts of (1) seven GCMs witRQ
largest increase during the spring (up to 86 %, Table 2). Anprescribed increase in global mean air temperature and
increase in temperature, which will increase the evaporation(2) scaled increases in global mean air temperature of 1 to
rate, balanced by an increase in precipitation will create little6°C using the HadCM3 GCM on river discharge were ex-
change in total summer runoff. The autumn secondary pealamined. Hydrological modelling was used to simulate the
is enhanced by each degree of warming (up to 56 %). effects of climate change on streamflow. To avoid the po-
Uncertainty in projected temperature and precipitationtential effects of uncertainties caused by the hydrological
changes by the ZC prescribed warming scenarios cre- model SLURP, model parameters were held constant. Un-
ates discrepancies with regards to the projections of rivercertainties between the GCM scenarios were driven by the
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30 — Current studies on trends and variability in the Liard Basin
(Abdul Aziz and Burn, 2006; Burn, 2008; Burn et al., 2004;
Woo et al., 2008) indicate that the results projected by the cli-
mate scenarios are plausible since historical records indicate
HadCM3 41 an increase in winter flow, an earlier onset of spring runoff
due to increasing trends in temperature, and a summer flow
decrease related to more frequent warm summers, that leads
’ ‘ to greater evaporation. Uncertainty in the current projections
- - Y of the impacts of climate change in the Liard River presents
s ’ ‘ ’ ‘ e 1o an indication of projected changes in the quantity and sea-
’_‘ sonality of water resources. Reducing uncertainty associated
T r— with the scenarios is problematic due to the inherently differ-
ent model structures of the GCMs in addition to inadequate
-5 ground-based measurements. Consideration into the use of
] ) ] ) several different GCMs is recommended, and to assist with
Fig. 7. Differences in the total annual discharge between the base- rojections in an area sensitive to climate forcing, hydrom-

line values and future climate scenarios. Values from the seve teorological monitoring networks must be maintained, and
GCMs are shown by the grey bars whereas values generated by the

scaled increase in global mean air temperature of 1°06 Gsing even intensified.

the HadCM3 GCM, are shown with dash lines. AcknowledgementsClimate scenarios and support for this
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