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[1] This study investigated the sensitivity of streamflow to changes in climate and glacier
cover for the Bridge River basin, British Columbia, using a semi-distributed conceptual
hydrological model coupled with a glacier response model. Mass balance data were used
to constrain model parameters. Climate scenarios included a continuation of the current
climate and two transient GCM scenarios with greenhouse gas forcing. Modelled glacier
mass balance was used to re-scale the glacier every decade using a volume-area scaling
relation. Glacier area and summer streamflow declined strongly even under the steady-
climate scenario, with the glacier retreating to a new equilibrium within 100 years. For the
warming scenarios, glacier retreat continued with no evidence of reaching a new
equilibrium. Uncertainty in parameters governing glacier melt produced uncertainty in
future glacier retreat and streamflow response. Where mass balance information is not
available to assist with calibration, model-generated future scenarios will be subject to

significant uncertainty.
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1. Introduction

[2] Glaciers influence streamflow variability on a range
of time scales [Fountain and Tangborn, 1985]. In particular,
glacier melt can maintain streamflow during the summer dry
season when rivers with non-glacierized basins experience
extreme low flow. Glaciers also appear to regulate summer
water temperatures in downstream rivers [Brown et al.,
2005; Moore, 2006] and thus maintain high-quality habitat
for cold-water species such as salmonids. There is increas-
ing concern that climatic warming will cause accelerated
glacier retreat, in turn resulting in decreased summer
streamflow [Barnett et al., 2005]). However, changes in
glacier mass balance may not necessarily produce an
immediate decrease in streamflow. Following the initial
shift from a positive or neutral mass balance to a negative
balance, melt water generation may increase due to the
earlier disappearance of high-albedo snow and the exposure
of lower-albedo firn and/or ice, as well as the effects of
increased energy inputs [Braun and Escher-Vetter, 1996;
Singh and Kumar, 1997]. Indeed, recent warming trends in
southwestern Yukon-northwestern British Columbia have
been accompanied by positive streamflow trends in glacier-
fed catchments [Fleming and Clarke, 2003]. Similarly,
streamflow in glacier-fed Himalayan rivers has been in-
creasing [WWF, 2005]. However, an initial increase in
glacier runoff cannot be sustained because, in the longer
term, glacier recession will decrease glacier area sufficiently
to reduce meltwater volumes. While streamflow in glacier-
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ized rivers in Switzerland increased during the summer
heatwave of 2003 [Zappa and Kan, 2007], a modelling
experiment in the glaciated Goldbergkees catchment in
Austria by Koboltschnik et al. [2007] revealed that if the
2003 summer weather had occurred in 1979, when the
glacier area was larger (71% vs 52% of catchment), annual
discharge would have been 12% higher and daily discharge
up to 35% higher than observed in 2003.

[3] As in many other mountain regions worldwide,
most glaciers in British Columbia are currently retreating
[Oerlemans, 2005; Moore and Demuth, 2001; Schiefer et
al., 2007]. Because glaciers are such an important source of
freshwater, current and future retreat raises concerns over
the sustainability of water supplies and fish habitat. Stah!
and Moore [2006] examined trends in August streamflow
for 236 hydrometric stations in British Columbia that
capture a range of glacier cover extents. Glacier-fed streams
exhibited significant negative trends, both with and without
corrections for interannual variability in climatic forcing.
These results suggest that in most regions of BC, the phase
of initially increased melt contribution has passed. Other
mountainous regions in the world show similar patterns
[Collins, 2006] and the issue of potential effects of future
changes in climate regimes and glacier cover on hydrology
has received considerable attention.

[4] Precipitation-runoff models have been used to esti-
mate the effect of climate change on streamflow in glacier-
fed basins. However many of these studies did not adjust the
glacier cover to account for glacier response to the imposed
climatic changes [e.g., Moore, 1992; Singh and Bengtsson,
2005], limiting the time scale over which the results could
apply. Hagg et al. [2006] examined the effect of an assumed
reduction in glacier area in central Asia, but did not model
the transient streamflow response associated with changing
glacier area. Horton et al. [2006] updated the glacier area
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Figure 1. Map of Bridge River basin with DEM of Bridge Glacier.

for simulation of future conditions assuming a constant
accumulation-area ratio, but also did not address transient
responses. Only the study by Rees and Collins [2006]
appears to have considered the transient response associated
with glacier retreat. They assumed a simplified glacier
geometry and removed elevation bands as ice thickness
depleted.

[5s] Glaciologists have used two main approaches to
modelling the transient response of glaciers to climate
changes. The most physically rigorous is through dynamical
modelling [e.g., Oerlemans et al., 1998]. However, this
approach is computationally intensive and not well suited
for extensive regions with sparse climate data and little to
no information about past glacier dynamics. The alternative
approach is to use a specified relation between glacier
volume and glacier area, which was originally derived
empirically [Chen and Ohmura, 1990], but which has since
been derived through considerations of the physics of
glacier flow [Bahr et al., 1997]. This approach involves
using the volume-area scaling relation to estimate future
changes in glacier area that would be associated with
changes in glacier volume based on simulated future mass
balance. While this approach has been used in many
glaciological studies [e.g., van de Wal and Wild, 2001;
Radic and Hock, 2006]. to our knowledge it has not yet
been incorporated into a hydrological simulation.

[6] The objective of this study was to develop and apply a
methodology for estimating changes in streamflow associat-
ed with the coupled effects of climatic change and associated
glacier response, with a specific focus on transient responses.
The approach combines conceptual models of catchment
hydrology and glacier mass balance with a model of glacier
area evolution based on volume-area scaling. After calibra-
tion and validation, the combined model is driven with three
different sets of climate scenarios: a scenario created with a

weather generator that assumes a continuation of the climate
of the last decades; and two scenarios downscaled from a
GCM based on climate response to increased greenhouse-gas
concentrations. The approach will allow comparison with the
aforementioned empirical trends and provide a basis for
assessing the hydrologic effects of future glacier changes.

2. Study Area and Data

[7] This study focused on the Bridge River catchment,
located in the Southern Chilcotin Mountains, a transition
zone from wet coastal mountains to dry interior climate in
southern British Columbia, Canada (Figure 1). The Bridge
River Complex is the third largest hydropower development
operated by BC Hydro. Hence, any future changes in
streamflow are of considerable socio-economic concern.

[¢] Basin boundary and land cover information were
derived by Environment Canada from the base thematic
map (BTM) of British Columbia, which is based on Landsat
Imagery from the early 1990s. The basin drains an area of
152.4 km?, of which the BTM glacier coveris 61.8% (92 km?),
and spans an elevation range from 1400 m.a.s.l. to 2900
m.a.s.l. Hydrometric data are available since the early 1980s
from HYDAT, the database of the Water Survey of Canada.
Average annual runoff during the period of record was ca.
2600 mm/year. Climate data are available from a high
elevation (1829 m.a.s.l.) weather station (““Upper La Joie™),
which has been operated by BC Hydro since 1985 and
provides the climate input routinely used in their inflow
forecasting models. Daily temperature, precipitation and
discharge data of sufficient quality and completeness for
application of a hydrological model are available for the
period 1985 to 2004.

[9] Mass balance surveys on Bridge Glacier were carried
out from 1977 to 1985 [Mokievsky-Zubok et al., 1985;
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Dyurgerov, 2002]. Unfortunately, this period is prior to the
period chosen for the hydrological modelling and hence
cannot be used directly for validation of the glacier model.
However, the total net mass balance record at Bridge
Glacier correlates well (> = 0.83) with that of Place Glacier
[Dyurgerov, 2002], located 80 km to the south-east. For the
purpose of this study, Bridge Glacier mass balance values
were reconstructed at 100 m intervals (1450 — 2850 m)
using simple linear regressions with the mass balance record
at Place Glacier (1850 — 2550 m) at a similar or closest
available elevation. Winter and summer mass balance
reconstructions were performed separately, and net annual
mass balances for each elevation band at Bridge Glacier
were calculated as the sum of reconstructed winter and
summer balances. The strength of the individual regressions
varied from R* = 0.41-0.86 (summer balance) to R* = 0.24 —
0.87 (winter balance), reflecting the broad regional coherence
of glacier mass balance.

3. Methods
3.1. The HBV-EC Model

[10] Streamflow was modelled using the HBV-EC semi-
distributed conceptual hydrological model [Hamilton et
al., 2000], which is based on the Swedish HBV model
[Lindstrom et al., 1997]. An earlier version was applied with
reasonable success to the 17% glacier-covered Lillooet
River catchment, immediately south of Bridge River
[Moore, 1993]. The current HBV-EC model was integrated
into the EnSim™ modelling environment [Canadian
Hydraulics Centre, 2006] to leverage data pre- and post-
processing and model visualization capabilities. The model
allows for discretization of the watershed into climate zones
to account for horizontal gradients in basin climatology.
Within each climate zone, the HBV-EC model uses the
Grouped Response Unit (GRU) concept to group DEM/GIS
grid cells into bins having similar land cover, elevation,
slope, and aspect, in order to maintain computational
efficiency. In this application, Bridge River Basin, which
has four types of land cover (glacier, non-forest land, forest,
and lake), was discretized into 14 elevation bands of 100
vertical metres, two aspects (north/south) and two slope
classes.

[11] The model was run using a daily time step, consistent
with the resolution of climate data. Correction factors for
snowfall (SFCF) and rainfall (RFCF) adjust recorded pre-
cipitation to correct for gauge undercatch as well as bias
associated with differences in precipitation between the
basin and the climate station. Input climate data were
adjusted for elevation using a lapse rate for temperature
(TLAPSE) and separate gradients for precipitation below
(PGRADL) and above (PGRADH) a threshold elevation
(EMID). Both temperature lapse rates and precipitation
gradients do not vary seasonally. The dominant phase of
precipitation (rain vs. snow) occurring within an elevation
band is determined by the threshold temperature (77) and
mixed-phase precipitation can occur within a temperature
interval (777) around the threshold temperature. In forested
areas, interception loss is treated as a constant fraction of
precipitation, with separate fractions applied to rain and
snowfall.
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[12] Snow melt is computed using a temperature index
approach based mainly on HBV algorithms. The parameters
include a threshold temperature for melt (7M) and a base
melt factor (C) that varies sinusoidally from a minimum
value (C\i,) on the winter solstice to a maximum value on
the summer solstice (Cyyin + DC). The melt factor for open,
flat areas is adjusted for slope (s) and aspect (a) following a
simple trigonometric function:

C'(1) = Cylr) - (1 — AM - sin(s) - cos(a)) (1)

where AM is a calibration parameter. In forested areas, the
melt factor is further multiplied by MRF (ranging between 0
and 1) to account for the shading and sheltering effects of
forest cover on melt rates. The melt factor for glacier GRUs
is enhanced by the coefficient MRG once seasonal
snowpack has ablated to reflect a reduction in surface
albedo associated with a bare ice cover.

[13] Refreezing of liquid water can occur when air
temperature is below the melt threshold, at a rate governed
by the parameter CRFR. Soil evaporation, soil moisture
storage and drainage are modelled according to established
HBYV algorithms [Hamilton et al., 2000].

[14] Runoff routing is computed separately for glacierized
and non-glacierized GRUs. For non-glacierized GRU’s,
water draining from the soil reservoirs enters a common
set of lumped reservoirs, representing “fast” and “slow™
drainage, as is common in HBV implementations [Hamilton
et al., 2000]. In contrast, each glacier GRU has a separate
reservoir for runoff routing, outflow from which is calcu-
lated as:

Q.tf“g)zKG“g)SUg) {2)

where S(z, g) is the liquid water stored in the reservoir at
time ¢ for glacier GRU g (mm) and KG(t, g) is a time-
varying outflow coefficient, parameterized as a function of
snowpack water equivalent:

KG(t.g) = KGpin + dKG - exp[—AG - SWE(1,g)]  (3)

where KG(1, g) is the outflow coefficient for time ¢ and
glacier GRU g (time™"); KG,,;, is a minimum value,
representing conditions with deep snow and poorly
develo?ed sub-, en- and supra-glacial drainage systems
(time '); KGin + dKG is the maximum outflow coeffi-
cient, representing late-summer conditions with bare ice and
a well developed glacial drainage system; AG is a
calibration parameter (mm~"); and SWE(1, g) is the
snowpack water equivalent for time ¢ and glacier GRU g
(mm). The streamflow at the basin outlet is the sum of the
outflow from the fast reservoir (Q,). the slow reservoir (Q-)
and the glacier reservoirs (O,(g)).

3.2. Glacier Mass Balance Calculation

[15] The glacier module allows the calculation of annual
glacier mass balances by GRU from the modelled time
series of snow water equivalent (SWE) and ice melt (M;..).
By analogy with the stratigraphic method for mass balance
computation [@strem and Brugman, 1991], the winter
balance for a given year and GRU, b, (t, g), is the maximum
daily value of SWE(t, g) for that year. The summer balance
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Figure 2. (a) Cumulative glacier mass balance versus NS

efficiency for 4000 model runs with random variation of all
parameters and 2000 model runs with constrained climate
input and variation of snow and ice melt parameters,
(b) subset meeting calibration criteria.

(by) depends on whether or not all of the snow melts off the
glacier, with

by(g) =min[SWE(t, g)] — max[SWE(t.g)]
if min[SWE(t,g)] >0

by(g) = — [max[SWE(. @) + Y Mee(2)|
if min[SWE(t.g)] =0 (3)
where XM,..(g) is the cumulative ice melt for the year, up to
the date of the onset of continuous snow cover over the
GRU.
[16] The net balance (b,(g)) for each GRU is then

b:r(g) =bu(g) + b.\'{g) (6)
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and the total mass balance MB (as a volume) for the glaciers
in the basins in a given year can then be computed as

MB=" (dg - bu(g)) (7

where A is area and the subscript g refers to each glacier
GRU.
3.3. Model Calibration and Validation

[17] Modelling highly seasonal hydrographs in snow and
glacier dominated, data sparse catchments commonly has
two major challenges: finding suitable calibration criteria or
objective functions, and potential compensation of errors in
calibrated climate gradients by snow and ice melt parame-
ters. Nash-Suttcliffe efficiencies (NS.) [Nash and Sutcliffe,
1970] in seasonal hydrographs are commonly high, but do
not necessarily provide a suitable objective function. In the
present case, a benchmark model constructed from mean
day-of-the-year values according to Schaefli and Gupta
[2007] already had a NS,y of 0.88. An initial global
parameter search (4000 model runs) revealed many param-
eter combinations exceeding this benchmark with different
combinations of climate gradients and snow and ice melt
parameters. These models resulted in different cumulative
glacier mass balances (Figure 2a).

[18] Schaefli et al. [2005] previously demonstrated the
benefit of using mass balance data in the calibration process.
To calibrate the model for the period 19861995 we
therefore employed a three-step multi-model, multi-criteria
approach that made use of a variety of objective functions
for streamflow comparison, as well as the six years of
reconstructed mass balance data. The objective of the
approach was to determine the best model for streamflow
while realistically reproducing glacier mass balances. First,
the precipitation correction factor was adjusted to fit the
reconstructed winter mass balances at the corresponding
elevation of the climate station (located outside the basin).
Then, in each of the calibration steps, 2000 model runs were
performed with random combinations of the most sensitive
parameters. The parameters were chosen according to an
optimum in the respective objective function and/or by
applying further limiting criteria (Table 1). The model was
validated for the period 1996—-2004 using observed stream-
flow.

3.4. Simulating Glacier Retreat and Advance

[19] Glacier advance or retreat was simulated by combin-
ing the modelled mass balance with the volume-area scaling
relation introduced by Chen and Ohmura [1990], which
was based on measured geometries of alpine glaciers around
the world:

V=b-4" (8)

A=(V/0)"™ )
where V'is the glacier volume (m - km?), b =28.5, and 4 is
the glacier area (km”). The physical basis of the relation was
confirmed by Bahr et al. [1997], who also updated the
empirical relation with additional data. Bridge Glacier lies

4o0f 13



W02422

Table 1. Calibration Approach

Step  Parameters Varied Criterion Selection
Step I Climate 1. MAE winter minimum
gradients mass balance”
Step 2 Snow and glacier 1. Mean August error < 5%
melt factors streamflow
2. Mean annual error < 5%
streamflow
3. MAE summer <310 mm

mass balance”
4. NS.¢ (April—July)
5. NS.q

>().84

best of above
(best model) = 0.91
(uncertainty bounds)

Step 3 Routing 1. Mean August error < 5%
parameters streamflow
2. NS for log of =0.8
streamflow
3. NSuq >0.915

"Mean absolute error between average reconstructed balance and
simulated balance for 6 years and 9 elevation bands.

well within the range of glacier sizes that was used to derive
the empirical volume area scaling relation. As no observa-
tions of the glacier depth exist for Bridge Glacier, the initial
volume was derived from the current glacier area using
equation (8). Each decade, the volume was updated by
adding the computed change in volume, determined from
the accumulated mass balance for the period (MB), and the
new area (A4,.,) was computed using the scaling relation
(equation (9)). The area that had to be removed or added
was computed as

Ad = Apew — Ao]d (10}
The removal (or addition) of glacier cover from the land use
grid was simulated by an algorithm coded in IDL
(Interactive Data Language). The glacier area change was
first converted into the number of glacier pixels to be
removed or added to the glacier. Glacier pixels were then
removed or added along the edge of the glacier using a
morphologic erosion or dilation operator, a common method
in digital image processing to fill holes or remove islands
and to expand/grow or reduce/shrink a binary image. The
erosion or dilation is performed iteratively, removing one
row of pixels in each of “n” passes, stopping when the total
number of desired pixels has been removed or added. To
reduce glacier area, glacier pixels along the glacier edge are
first eroded from the lowest elevation band, then from the
two lowest elevation bands, and so on up to the equilibrium
line elevation (determined from the glacier mass balance
model). This iterative removal mimics the stronger retreat of
the glacier tongue and the effect can be increased by setting
a higher number for the parameter ““n” to erode
proportionally more from lower elevations. Newly glacier-
free areas were considered non-forest land for subsequent
hydrologic simulations. To grow the glacier, the reverse
procedure was performed. The glacier was allowed to grow
into the area of its historical extent.

3.5. Climate Scenarios

[20] Three sets of future climate scenarios were estab-
lished to model future glacier change and its impact on
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hydrology: S0, a continuation of the observed 1986-2004
climate over the next 200 years; and S1 and S2, representing
climate downscaled from the SRES-B1 and A2 scenarios as
calculated by the third version of the Canadian Centre for
Climate Modelling and Analysis Coupled Global Climate
Model (CGCM3) for the IPCC’s Fourth Assessment Report
(AR4). Among all GCMs that participated in the AR4
model intercomparison, the predictions by CGCM3 for the
region rank in the middle for future temperature increase
and at the upper end for precipitation increase [e.g., Mote et
al., 2005].

[21] The climate input variables for SO were derived
using the stochastic weather generator LARS-WG [http://
www.rothamsted.bbsrc.ac.uk/mas-models/larswg.php].
LARS-WG generates weather data based on statistics of wet
and dry spells, the distribution of rainfall amounts and
temperature variability, which is conditioned on the wet
and dry series [Semenov et al., 1998].

[22] Scenarios S1 and S2 were derived using the TreeGen
statistical downscaling model. TreeGen relates observed
synoptic-scale atmospheric predictor fields to observed
surface weather elements, and then, based on these relation-
ships, generates realistic series of weather elements from
GCM fields (details in Appendix A). Predictands in the
TreeGen downscaling model were daily minimum temper-
ature, maximum temperature, and precipitation amounts
observed at the Upper La Joie weather station from
1985-2005. Gridded synoptic-scale mean sea-level pres-
sure, surface air temperature, and surface precipitation data
from the US National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis [Kalnay et al., 1996] were used to define the
historical synoptic map-types controlling daily weather
conditions at Upper La Joie. Daily mean maps were
obtained for the period 1961-2005 for a region covering
western North America and the eastern Pacific Ocean
(30°N—70°N; 160°W—110°W) on a grid subsampled to a

Table 2. Most Sensitive HBV Parameters

Model
Component  Parameter Description Value
Climate PFCF* Precipitation correction factor 1.8
PGRADL  Fractional precipitation increase 0.0016
with elevation (m ")
PGRADH  Fractional precipitation increase 0.0001
above EMID (m™")
EMID Mid point elevation separating 2100
precipitation gradients (m)
TLAPSE  Temperature lapse rate (°C m™")  0.006
Snow AM Influence of aspect/slope on melt  0.25
factor
™ Threshold temperature for —0.69
snowmelt (°C)
CMIN Melt factor for winter solstice in 1.01
open areas (mm-°C~"-day ")
DC Increase of melt factor between 2.08
winter and summer solstice
(mm-°C~"-day ")
Glacier MRG Ratio of melt of glacier ice to 1.52

melt of seasonal snow

“Separate rainfall and snowfall records were not available for this climate
station; hence, RFCF was applied to the total precipitation as a separate
SFCF could not be used.
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Figure 3. Observed and modelled hydrograph at gauging station Bridge River below Glacier.

spacing of 5° by 5°. Synoptic-scale fields matching those
from the NCEP/NCAR Reanalysis were obtained from
transient greenhouse gas plus aerosol runs of CGCM3 for
simulated years 1961-2100.

[23] Forcing data for the scenarios S1 and S2 were from
the IPCC SRES Bl and A2 scenarios, respectively. The
SRES B1 scenario assumes low population growth, rapid
changes towards a service and information economy, and
the introduction of clean and resource-efficient technolo-
gies, whereas the A2 scenario assumes high population
growth, an emphasis on regional economic development,
and slower technological change. Equivalent CO, concen-
trations for the B1 scenario are projected to increase to 1.5
times year 2000 levels by 2100, while those for the A2
scenario are projected to increase to 2.5 times year 2000
levels by 2100.

[24] As LARS-WG and TreeGen both have stochastic
components, ten realisations were computed for each sce-
nario, creating an ensemble of ten members (M1, M2, .. .,
M10). Each member consists of a time series of daily
temperature and precipitation. In the case of SO these are
200 years long and are based on the statistics of the
observed data from 1986 to 2005; in the case of S1 and
S2 the time series represent the transient climate change as
modelled by the GHG forced GCM scenarios. All scenarios
were then used to drive the HBV-EC model with the glacier
being re-scaled at the end of every decade based on the
decade’s cumulative mass balance. The effect of glacier re-
scaling on streamflow was tested by applying a scenario run
Sla, which had the same climate input as in S1 but without
application of glacier scaling throughout the scenario period.
That is, Sla maintained the glacier at its current extent.

4. Results
4.1. Calibration and Validation of HBV-EC

[25s] The calibration procedure successfully identified
models that reproduce observed streamflow and recon-
structed mass balances. While Step 2 of the calibration
reduced the number of viable models, a considerable subset
still met the criteria using a range of snow and ice melt
parameters. Figure 2b shows that this subset of models
results in cumulative net balances between —12.4 m and
—9.7 m for the calibration period. Such differences will

affect the simulations of future glacier change. Hence,
besides the best model, we also used the models producing
the upper and lower bound of mass balances to illustrate the
uncertainty in future model simulations due to the choice of
snow and ice melt factors. Model results with these param-
eter combinations are added to following numbers and
graphs as an uncertainty range.

[26] The best model achieved an efficiency of NS =
0.91 for the calibration period and NSy = 0.93 for the
validation period. Values for the most sensitive model
parameters (Table 2) are comparable to those found in other
applications of HBV-based models in glacierized catch-
ments [e.g. Moore, 1993].

[27] The calibrated model reproduces the interannual
variation in snowmelt and the glacial hydrograph, but it
systematically underestimates the (low) winter streamflow
(Figure 3). The range of mass balances and their variation
with elevation during the calibration period are reproduced
correctly by the model (Figure 4), except for the modelled
summer balance in the lowest elevation bands, which is
lower than the summer balances reconstructed from Place
Glacier. However, Place Glacier’s lowest elevation is about
2000 m.a.s.l. Therefore, the mass balance reconstruction for
Bridge Glacier’s lower elevation bands had to be based on
correlations with much higher elevation bands on Place
Glacier and reconstructed values may, therefore, not be as
reliable as for higher elevations. Mass balances in the higher
elevation bands were represented well and the interannual
variability of the mass balance for the entire glacier is
particularly well reproduced from the beginning of the
1990s.

[28] The modelled cumulative net mass balance of the
glaciers in Bridge River Basin for the calibration period was
—11.8 m. The initial volume-area scaling for the period
1995-2004 resulted in a loss of glacier area of 7.67 km’
from the initial 91.7 km” in the 1990s, for an updated area
of 84.04 km® (Figure 5) with an uncertainty of +1.2 and
—0.1 km®. Modelled glacier change between 1995 and 2004
compares well with recent pictures from Bridge Glacier,
though the north branch lost connection with the main
glacier tongue during that period.

[29] As the downscaling was performed from the tran-
sient CGCM3 scenario for the period 1961 to 2100,
downscaled climate variables for 1986—2004 scenario years
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Figure 4. Reconstructed and modelled winter (upper
panel) and summer (lower panel) mass balances for
different elevation bands on Bridge Glacier.

could be compared with the observed climate and were used
to run the HBV-EC model with the calibrated parameters.
The average of the ten realisations shows slightly higher
mean annual temperatures and slightly lower amounts of
annual precipitation (Table 3). Seasonally, autumn was the
most difficult to downscale, generally resulting in an over-
prediction of temperatures and an underprediction of pre-
cipitation in most realizations. However, observed averages
and extreme values values lie well within the span of the ten
realisations. Most important for the specific application in
this study, however, is the validation of the downscaled
climate in terms of the correct reproduction of mass balance
and runoff variables, which show only small differences
(Table 3).

4.2. Future Conditions Under Scenarios S0-S2

[30] While Scenario SO maintains stationary climatic
conditions, downscaled scenarios S1 and S2 mainly exhibit
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changes in temperature (Table 4). Annual temperatures for
S2 increase particularly strongly after the middle of this
century. A projected increase in winter precipitation is offset
by a decrease in summer precipitation. Annual precipitation
totals therefore remain relatively constant. Annual runoff
decreases strongly for all scenarios and most strongly for S0,
for which the decrease is entirely due to a decrease in ice melt.
S1 and S2 are additionally influenced by seasonal changes in
evapotransporation and snow accumulation and melt.

[31] The application of scenario SO results in several more
decades of negative mass balances, which causes further

a) Initial landuse 1995

Legend

Ml Water

[ Glacier
B Forest

[ Non Forest

Figure 5. Land cover in Bridge basin: (a) initial glacier
extent (b) re-scaled glacier after validation period in 2005
(c) photograph of Bridge Glacier in 2006.
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Table 3. Mean Annual Variables Modeled for 19862004 (Range
of 10 Realizations of Weather Sequences in Parentheses)

Basin
Climate Basin Air Precipitation, Net Mass Runoft,
Input Temperature, °C mm Balance, m mm
Observed —0.19 2162 —1.24° 2680
Sl —0.03 (0.58) 2095 (394) —1.16 (1.02) 2665 (417)
S2 —0.02 (0.50) 2023 (297) —1.26 (0.62) 2646 (265)

*Mass balance for 19862004 is reconstructed, not observed directly,

retreat of the glacier over the next few decades. Mass
balances then gradually approach zero and the glacier reaches
an equilibrium with the current climate (where net mass
balances fluctuate around zero) after ca. 90 years of simula-
tion time (Figure 5). The glacier area decreases from the 84
km? in 2004 to 67 (+4) km”, representing a loss of 20% of the
present glacier area. Assuming no further climate change, the
glacier coverage of the Bridge River basin could hence be
expected to shrink from the original 62 % in the 1990s BTM
map to ca. 43% at the end of the 21st century. In the new
equilibrium, most of the two present glacier tongues disap-
pear (Figure 6). The glacier shrinks even more rapidly in the
downscaled climate change scenarios (Figures 6 and 7). Mass
balances remain negative for SI and strongly negative for
S2 at the end of the century, with glacier area shrinking to
58.5 km? and 50 km?, reducing basin glacier cover from the
initial 62% to 38.5% and 33%, respectively.

[32] The glacier recession in all scenarios produces a
decline in annual streamflow (Table 4). The streamflow
decline is strongest in the summer months in the next few
decades. For scenario SO the initial drop of flow in August
is followed by an asymptotic approach to an equilibrium
flow of ca. 27 m*/s with an uncertainty of +0.5 to — 1 m"'js,
which is a reduction of 35% from the current 41 m’/s
(Figure 8). For S1 and S2, mean August streamflow will be
even further reduced to about 25 m”/s by 2095. The results
for scenario S2 reflect the effect of a change in temperature
increase by the middle of the century, when mass balances
are even more negative and a relative increase in melt
partially offsets the decrease in glacier area. The difference
between streamflow trends for SO and S1/S2 in other
months show that increasing temperatures also result in a
longer melt season with an earlier onset and longer duration
of icemelt, which moderates the decrease of annual stream-
flow relative to SO (Table 4), but increases glacier retreat.

Table 4. Change of Mean Annual Climate Input and Runoff
Output Modeled for Future Time Slices Compared to 19862004
(Mean of 10 Realizations of Weather Sequences)

Time Climate Basin Air Basin Runoff,
Slice Scenario  Temperature, °C  Precipitation, mm mm
2045-2055 S0 +0 +25 —554
Sl +0.8 +17 —422
S2 +0.9 =21 —338
2085-2095 S0 +0 —44 —699
Sl +1.2 —16 —574
52 +2.4 -3 —450
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[33] To illustrate the effect of glacier re-scaling on
streamflow patterns, Figure 9 shows mean monthly stream-
flow for three time-slices for Sla and S1. With the same
climate input, modelled streamflow increases considerably
when the glacier area is kept constant, while it decreases
considerably when the glacier area is reduced.

5. Discussion

[34] In general, the model fit to both streamflow and
glacier mass balance is good and within the performance
range of similar modelling applications in glacierized
watersheds. The model tended to produce some systematic
under- and overestimation of discharge, including an un-
derestimation during winter. However, winter streamflow
data are often influenced by ice cover and the record
contains many periods of ‘estimated’ values, which may
be higher than in reality. The error of about 5% in the annual
flow is well within the range of common gauging errors.
The climate station used in this study is located ca. 20 km
from the basin outlet at a relatively high elevation of 1829 m.
Though this station is fairly close to the basin, considering
the remoteness of the area, the strong climatic gradients in
the area required that some adjustments be made to the daily
weather data. The value of PFCF = 1.8 reflects the drier
climate at the station location compared to the glacier.

a

l 44 Glacier mass balance

5 0

t 8 m Validation period

= M1 to M10 (S0)

@ -129 M1 to M10 (S1)
-16 —— M1 to M10 (S2

n

~ median (S0)
- === uncertainty
—— median (S1)
—— median (S2)

T T T T T 1
2040 2080 2080 2100 2120

— T
2000 2020 2140

Glacier area

o
< 109 =-
0 ' I L I ¥ I ¥ 1 % 1 y 1 . 1
2000 2020 2040 2060 2080 2100 2120 2140
Year

Figure 6. Development of (a) simulated decadal glacier
mass balance and (b) glacier area: all scenario members
(upper panel) and median for each scenario (lower panel).
The dashed lines around the medians for SO represent the
effects of uncertainty in the melt parameters.
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Year 2045
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Year 2095

Scenario SO

Figure 7. Glacier coverage in the Bridge River basin in 2045 and 2095 under different climate scenarios
(Legend as in Figure 4: white: glacier, light grey: non-forest, grey: forest, black: current proglacial lake

and river).

[35] Additional sources of error for the calibration period
include the land cover from the mid-1990s (i.e. the end of
the calibration or beginning of validation period). Glacier
extent during the calibration period (1985—-1994) may have
been somewhat greater, given that glacier retreat likely
occurred through that period [Schiefer et al., 2007]. As a
result, average August flow was underestimated by ca. 4%
for the calibration period and overestimated by ca. 4% in the
validation period. Furthermore, mass balance survey data
for Bridge Glacier used a slightly different glacier hypsom-
etry and the entire Bridge River basin (and hence the
hydrological model) includes additional small glaciers,
which may cause some difference in the overall modelled
mass balance.

[36] An important source of uncertainty is the use of the
temperature-index approach for calculating melt. While the
energy balance approach has been implemented in spatially
distributed models of catchment hydrology [e.g., Lehning et
al., 2006], it is unclear whether it can be applied success-
fully in regions of complex topography and a low density of
(typically valley bottom) stations that record only air
temperature and precipitation. This situation describes many
glacierized parts of the world, including those in western
North America. However, the temperature-index approach
has proven to be robust for both hydrological and glacio-
logical simulation over a broad range of geographic con-
ditions, and can provide reasonable results once calibrated,
especially for daily to seasonal time scales [Hock, 2003]. In
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Figure 8. Decadal mean August streamflow: all scenario
members (upper panel) and median for each scenario (lower
panel). The dashed lines around the medians for SO
represent the effects of uncertainty in the melt parameters.

our study, the use of glacier mass balance information in
conjunction with stream hydrographs helped constrain the
calibration of the melt factors. Therefore, we are confident
that the calibrated model is valid for simulating snow and
ice melt under the no-change scenario (S0), which reveals
that significant glacier shrinkage will occur. Unfortunately, it
is uncertain how the melt factor may vary under changed
climatic conditions, introducing uncertainty into the mod-
elled transient glacier and streamflow responses. The stability
of melt factors under changing climatic conditions is an
important question that deserves further consideration, given
the continuing popularity of the temperature index approach
in both the hydrological and glaciological communities.

[37] The use of volume-area scaling for modelling glacier
changes assumes that there are no lags in response. Glacier
dynamics can stall retreat or even maintain advance for
some time following an initial shift to negative mass
balance. Even discounting dynamic effects, mass loss may
initially be dominated by thinning rather than terminal
retreat. In this application, Bridge Glacier was already in
a state of retreat, suggesting an initial stage of thinning had
already occurred. A related issue is that the coefficients in
the volume-area scaling relation are not specific to the
region, but stem from a dataset of glaciers worldwide [Chen
and Ohmura, 1990]. However, Radic et al. [2007] showed
with simulations of hypothetical glaciers that projections are
relatively insensitive to the exponent value and are compa-
rable to those from ice flow modelling. They also demon-
strated that V-A scaling can produce robust simulations
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under transient conditions if mass balance-elevation feed-
back is approximated by removing/adding elevation bands
as the glacier retreats/advances (as was done in this study).
Nevertheless, the use of V-A scaling to model temporal
changes should be tested against observed glacier changes.
Subsequent model applications therefore need to verify
carlier glacier extents using maps and airphotos and test
the sensitivity to the assumed volume-area scaling relation,
One source of bias in our approach is that we do not
decrease glacier elevations to represent thinning as the
glacier retreats. This bias would mean that elevations on
the glacier would be biased upward. which would tend to
increase accumulation and decrease ablation. The net effect
would be to reduce the rate and ultimate amount of retreat.

[38] Additional processes not captured in the current
model could influence streamflow in a changing climate.
For example, Braun and Escher-Vetter [1996] showed that
the retreat of firn cover can have a strong influence on
glacier runoff in the period following a shift from positive to
negative net balance. However, this process may not be so
important in the southern Coast Mountains, where sign-
ficant firn depletion already appears to have occurred
[Moore and Demuth, 2001]. In addition, the current model
does not represent the effects of vegetation establishment
following glacier retreat or other vegetation changes driven
by climate change, such as tree establishment at higher
elevations. However, these processes are likely to have a
second-order effect on streamflow at Bridge River, relative
to the effects of glacier retreat.

[39] Despite these issues, the study clearly shows the
importance of re-scaling glaciers when assessing the influ-
ence of a warming climate on hydrology. The assumption of
a continuation of the climate of the past 20 years in S0 was
useful for determining the theoretical equilibrium geometry
of Bridge Glacier (and hence streamflow from Bridge
Basin) under current conditions. As the glacier is in fact
far from its equilibrium, it will retreat rapidly within the
next few decades and if temperatures further rise the retreat
will continue thereafter. As the glaciated area in the basin
shrinks rapidly, streamflow reductions for the summer
months follow the same pattern. The decrease may only
temporarily be slowed during times when temperature
increases more strongly as was shown in the second half
of the century for S2. Predicted precipitation increases in
BC during the winter months are not large enough to offset

40 | no glacier scaling ’_:fh__h‘_:l“\
— 2005-2015 v b
354 |---- 2045-2055 4
% .. ]|——2085-2095 _
a= 304 |glacier scaling /
E 05 | |——2005-2015 /
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E !
& 15
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Figure 9. Streamflow response to the first member of S
(with glacier scaling) and Sla (without glacier scaling).
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this development. Some tests with precipitation increases of
5% to 15% added to SO (not shown), as well as the results
from the downscaled scenarios, illustrate this point. This
result confirms that glacier retreat appears to be a major
cause for the negative streamflow trends in August found
across most of BC [Stahl and Moore, 2006] and that the
period of initial meltwater increase has passed.

[40] The results suggest that climate warming and asso-
ciated glacier retreat will have significant implications for
water resources and aquatic ecology. Glacier-fed rivers are
likely to experience a shift from a glacial regime with high
flows in mid and late summer, with an associated moder-
ating effect on stream temperature, to a regime that responds
to the summer dry period with streamflow recession, low
flows and increased temperatures. The simulations, even for
the no-change scenario, show that dramatic changes could
occur on the time scale of decades, which may be too rapid
for some aquatic communities to adapt.

6. Conclusions

[41] In this study we presented a methodology to simulate
the transient effects of glacier retreat on streamflow patterns
by coupling a semi-distributed hydrological model with a
glacier mass balance and glacier scaling model. The vol-
ume-area scaling approach has been applied in glaciological
studies and is implemented into global climate models, but
this appears to be its first application in predictions of future
streamflow with a hydrological model. It proved to be a
viable approach for generating first-order estimates of
coupled glacier and streamflow response to climate change.
However, it requires that the model simulates not only
streamflow but also glacier mass balance correctly. We
showed that, particularly in data sparse areas where climatic
gradients are unknown, surveyed mass balances can aid
calibration of model parameters and hence greatly reduce
the uncertainty in the predictions.

[42] The model results revealed that Bridge Glacier is
significantly out of equilibrium with the current climate, and
even when a continuation of current climate is assumed,
the glacier decreases in area by 20% over the next 50 to
100 years. This retreat is accompanied by a similar decrease
in summer streamflow. Under the two warming scenarios,
glacier retreat occurred even more rapidly, and the glacier did
not appear to approach a new equilibrium after 100 years,
These results highlight the need to account for glacier retreat
in hydrological simulations, especially for decadal and
longer time scales.

Appendix A: The TreeGen Downscaling
Algorithm

[43] The TreeGen downscaling algorithm consists of four
steps: (1) common principal component analysis (PCA) of
observed/GCM predictor fields [Imbert and Benestad,
2005]: (2) synoptic map-type classification via a multivar-
iate regression tree [Cannon et al., 2002a, 2002b]; (3) a
nonparametric weather generator based on conditional
resampling of weather elements from each map-type
[Buishand and Brandsma, 2001]; and (4) within-type extrap-
olation based on stepwise linear regression and linear trend
analysis [/mbert and Benestad, 2005]. Each step is described
in turn.
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[44] To mitigate potential biases between the NCEP/
NCAR Reanalysis and GCM simulated predictors, common
PCA was applied to the two datasets [/mbert and Benestad,
2005]. First, predictor fields from the reanalysis and GCM
were standardized so that the time series for each grid point
had zero mean and unit variance during a common 1961 —
2000 baseline period. Second, standardized data from the
reanalysis and the GCM were concatenated to form a single
data matrix. Third, PCA was applied to the correlation
matrix of the concatenated predictors. Finally, common
PC scores from the GCM were rescaled so that their means
and variances in the simulated baseline period matched
observed values from the same period. To ensure consis-
tency of the simulated seasonal cycle, rescaling was per-
formed on each month separately.

[45] Following the common PCA, synoptic map-types
were defined using a multivariate regression tree (MRT)
model that recursively split the observed data into groups
based on thresholds in the common PC scores [Cannon et
al.. 2002a, 2002b]. Values of the thresholds were optimized
so that the associated daily surface weather elements at the
Upper La Joie station were placed into groups (or map-
types) that were as homogeneous as possible. Thirteen map-
types were selected via cross-validation using the *1-SE’
criterion described by Cannon et al. [2002a].

[46] Once the synoptic map-types were defined from the
historical record, common PC scores from the GCM were
then entered into the MRT and each day was classified into
one of the map-types. Next, surface weather conditions on a
given day were predicted using a nonparametric weather
generator based on conditional resampling from cases
assigned to that day’s map-type [Buishand and Brandsma,
2001]. The probability p(i) of randomly selecting weather
elements observed on day i as the predicted values on day ¢
was taken to be inversely proportional to the Euclidean
distance d(t — 1,7 — 1) between the predicted values on the
previous day + — 1 and historical values of the weather
elements on day i — 1,

1/(d(t=1,i—1)+b)*
> o1/t —1,h—1)+b)"

hel

pli) =

where / is the set of historical days assigned to the predicted
map-type occurring on day ¢ and  and b are parameters that
modify the shape of the nonparametric probability density
function. In this study, values of @« = 7 and b = 0.1 were
selected to minimize the absolute bias between predicted
and observed lag-1 and lag-2 autocorrelations.

[47] As the nonparametric weather generator sampled
cases from the historical dataset, future trends in surface
climate conditions were due exclusively to changes in the
frequency and timing of the synoptic map-types simulated
by the GCM. Additional processing was thus needed to
generate values above/below the highest/lowest records in
the historical dataset and to accurately reflect trends occur-
ring within map-types. To capture both between- and
within-type trends, a modified version of the extrapolation
algorithm described by Imbert and Benestad [2005] was
adopted. For each map-type, multiple linear regression
equations linking the common PC scores and the surface
weather elements were first created via stepwise regression
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based on the Bayesian Information Criterion [Schwarz,
1978]. For precipitation, separate models were built for
occurrence of precipitation (via regression estimation of
event probabilities) and log-transformed precipitation
amounts on wet days. Linear trends in predicted temper-
atures and precipitation amounts relative to baseline from
the regression equations were then estimated for each map-
type. Finally, these trends were superimposed onto the time
series derived from the conditional resampling.
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