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BCCR-BCM2.0 | all seasons
CGCM3.1(T47) 3 seasons
CGCM3.1(T63) 2 seasons
CSIRO-Mk3.0 1 season
CNRM-CM3 | none
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Figure 5.8. Portrait diagram display of number of seasons for which the correlation of node frequency
between NARR and GCM is significantly different from zero (at the 95% confidence level). Columns
refer to the SOM size (4%3, 4x4, and 5x4) and spatial domain (large and small). Red squares mark models
where all seasons have correlation significantly different from zero, while dark blue squares mark models
where no season has a correlation significantly different [rom zero.

5.4 Criteria for the selection of GCMs

In this section we identify a set of criteria for selecting an ensemble of GCMs whose climate projections
will be used in our glacier and hydrologic modelling in the Columbia basin. The criteria are primarily
derived from the evaluation of GCMs with a set of performance metrics as presented in the previous
sections. We choose a methodology which rejects every GCM that does not satisfy a certain condition.
Thus, the final ensemble consists of the GCMs that satisfy each of the following criteria:

1. GCM data for 20th and 21st century are [ully accessible (archived at the LLNL) [or the purpose
of our model evaluation analysis, downscaling, and glacier and hydrologic modelling. The
emphasis is on availability of daily GCM data because TreeGen downscaling and the hydrologic
model operate on daily time scales.

2. A model’s relative error for 1980—1999 annual cycle climatology calculated in Gleckler ef al.
(2008) 1s not greater than 0.5 for any considered climate variable over the full global domain (see

Figure 3a in Gleckler et al., 2008). In other words, models with relative errors larger than 50%
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from the typical error (median of relative errors across the 22 GCMs) are excluded from the
ensemble.

3. When ranked according to our set of statistical metrics (relative error, MCPI and MVI) the model
is not in the bottom place for any climate variable and spatial domain (Figure 5.4). Thus, models
that have at least one blue square in the portrait diagram in Figure 5.4 are excluded.

4. According to GCM cvaluation with SOM, the model produces node frequencies that are
significantly correlated to node frequencies from NARR for at least one season, over both the
large and small domain, and all SOM sizes (Figure 5.8). In other words, models with no

significant correlation for any season are excluded from the ensemble.

The results of our model selection are summarized in Box 5.1. The final ensemble consists of the
lollowing six models listed alphabetically:

1. CGCM3.1(T47)

2. CGCM3.1(T63)

3. CSIRO-MK3.0

4. GFDL-CM2.0

5. MIROC3.2(hires)

6. ECHAM/MPI-OM.
Our aim is to use the 21st century climate projections from these six models, run under atmospheric
greenhouse gas concentrations from three SRES scenarios: A2, A1B, and B1 (Alley et al., 2007). The

summary of the three emission scenarios, adopted from Alley et al. (2007), is given in Box 5.2.
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Box 5.1. Selection of GCMs

GCM

Criterion
1.2.8

BCCR-BCM2.0
CGCM3.1(T47)
CGCM3.1(T63)
CSIRO-Mk3.0
CNRM-CM3
ECHO-G
GFDL-CM2.0
GFDL-CM2.1
GISS-AOM
GISS-EH
GISS-ER
FGOALS-g1.0
INM-CM3.0
IPSL-CM4
MIROC3.2(medres)
MIROC3.2(hires)
MRI-CGCM2.3.2
ECHAMS5/MPI-OM
CCSM3

PCM
UKMO-HadCM3
UKMO-HadGEM1

® X X X x
>
KX X X X X X X |b

MK X X X X X X X

®x X X X x
> »x »
»
x X x X

GCMs checked with x satisfy the following criteria:

1)
2)

3)

4)

availability of required (daily) GCM data
good performance over the global domain according to

the statistical metric calculated in Gleckler et al. (2008);

model simulation of mean annual cycle

good performance over the large and small domain
according to the set of statistical metrics; model
simulation of mean annual cycle and inter-annual
variability

good performance over the large and small domain
according to the correlation of node frequencies in self-
organizing maps: model simulation of occurrences
of daily synoptic patterns on seasonal basis
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Box 5.2. The emission scenarios (adopted from Alley et al., 2007)

Brief description of the emission scenarios:

A2

- more divided world (a world of independently operating, self-reliant nations; continuously
increasing population; regional oriented economic development; slower and more fragmented

technological changes and improvements to per capita income)

— A2 E
604 A
] — B =
= = Year 2000 C t - E
>4 ot — A1B (a subset of A1 scenarios)
e 20th century . - 2
40 ey | - more integrated world (rapid economic

growth; a global population that reaches 9
billion in 2050 and then gradually declines;
the quick spread of new and efficient

Global surface warming (°C)
N
o
|

1.0 5 technologies; a convergent world; extensive
Wi y social and cultural interactions worldwide; a
_,.’—-"‘"’/ balanced emphasis on all energy sources
-1.0 — =
1900 2000 2100
Year

B1

- more integrated world, and more economically friendly (rapid economic growth as in A1B, but
with rapid changes towards a service and information economy; population rising to 9 billion in
2050 and then declining as in A1; reductions in material intensity and the introduction of clean
and resource efficient technologies; an emphasis on global solutions to economic, social and
environmental stability)

In order to explore the range of future climate projections represented by the six selected models for the
BC Columbia Basin, we use the Regional Analysis Tool (RAT; PCIC, 2010).which provides analytical
capabilities for GCM data, focusing on regional results. The tool includes data covering North America
from GCM scenarios prepared for the IPCC Third Assessment and global data from more than 15 GCMs
for the [PCC Fourth Assessment (AR4). Maps, plots and data can be produced with the RAT based on a
custom region. These include plots of variable against variable (e.g., precipitation vs. temperature) scatter
plots for each ensemble, and box plots of projected change by time slice including the 2020s (2011-2040),
2050s (2041-2070) and 2080s (2071-2100). Mctadata arc provided for all imagcs, such as valucs of
projected changes in climatic variables for each selected GCM. As a result of this analysis, in Figure 5.9
we plot the projected total changes in temperature and precipitation, according to all three emission
scenarios, between two future periods: 2050s (2041-2070) and 2080s (2071-2100) and the reference
period 1961-1990. The projected changes are plotted for two ensembles of models: the ensemble of all 22
GCMs from CMIP3 and the ensemble of six selected GCMs. As illustrated, the range of possible future
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climates for Columbia Basin (warm-wet, warm-dry, cool-wet and cool-dry) projected from 22 GCMs is

well represented by the ensemble of six selected models. We note that one model in our selected

ensemble (MIROC3.2_hires) does not have data available for the A2 emission scenario.

a

™~

6

5

Temperature ( °C)
3

2

Temperature ( °C)

4

Winter (DJF) BC Columbia Basin in the 2050s

© A1B GCMs
A2 GCMs
B1 GCMs
Selected GCMs

O o
. ®0
© B¥e o
Coge
o)
-10 0 10 20

Precipitation (%)

Winter (DJF) BC Columbia Basin in the 2080s

| © A1B GCMs
A2 GCMs
B1 GCMs
Selected GCMs (@]
o
Qp o
o) ®
0
o)
o © ©
© 0
(@) @ o
o
-10 0 10 20

Precipitation (%)

30

30

Temperature ( °C)

Temperature ( °C)

Summer (JJA) BC Columbia Basin in the 2050s

© A1B GCMs
A2 GCMs
B1 GCMs
Selected GCMs
@]
0® .0
0@ g ©p Ce
S0 o
(@}
-40 -30 -20 -10 0 10 20

Precipitation (%)

Summer (JJA) BC Columbia Basin in the 2080s

(®) o A1B GCMs
(o) A2 GCMs
B1 GCMs
@ Selected GCMs
@ O O
OO O
9] 0]
(o]
O
-40  -30 -20 -10 0 10 20

Precipitation (%)

Figure 5.9. Projccted total changes in temperaturc and precipitation between future period and the
reference period (1961-1990), for all 22 GCMs and all three emission scenarios (A1B, A2, and B1). (a)
Winter 2050s (2041-2070), (b) Summer 2050s, (¢) Winter 2080s (2071-2100). (d) Summer 2080s.
Projections from the selected six GCMs are represented by the filled circles.

5.5 Discussion and future directions

One important characteristic of a representative ensemble is that artificial coherencies between models

that might contaminate the statistics (Leduc and Laprise, 2010) are kept small. However, several GCMs

are known not to be totally independent, such as models from the same group that differ in their
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resolution. In this study, we are constrained by the available models, especially by those with daily data,
and we are trying to select a set of 5 or 6 models that are representative. Through our assessment of
performance, we have selected two models from the same modelling centre that differ only in their
resolution: CGCM3.1(T47) and CGCM3.1(T63). Table 5.4 summarizes the differences between

consanguineous model pairs in the CMIP3 sample.

Selecting two models from the same modelling centre has the potential to weight results towards a given
model. The CGCM3.1(T47) and T63 models were similar to each other when compared to the

distribution of the root-square differences for all random pairs (~10'*
similar than MIROC((hires/T42) and MIROC(medres/T106), which also only differ in their resolution and

less similar, in some regions of North America, than GFDL CM2.0 and GFDL CM2.1 which vary in their

). They were found to be more

parameterization (Leduc and Laprise, 2010).

We have analyzed model performance based on model simulation of the mean annual cycle, inter-annual
variability and simulation of occurrences of daily synoptic patterns on a seasonal basis. One outstanding
test applied by several other studies (Mote and Salathé, 2009; Christensen ez a/., 2010) includes
comparing linear temperature trends from the historic model to observed records over a region. This
comparison is seen as an indicator of the sensitivity to greenhouse gas forcing for a given GCM and of its
ability to project changing climate into the future. In the case of dynamically modelling glacier change,
selecting GCMs which evolved historically much like the observed climate might have eased the
transition from simulated historical glacier conditions to future projections. However, selection of a
representative observed dataset with which to compare trends remains a challenge. The NARR datasct
which was used for much of this work spans only from 1980 to present, which is too short for trend
detection studies and introducing additional longer term datasets would have complicated comparison of

GCM performance across metrics. . This remains a possible addition for future work.
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Table 5.4. A summary of differences between consanguineous model pairs in the CMIP3 selection
adapted from Leduc and Laprise (2010).

Pair | Model Difference
I | CGCM3: T47 & T63 Change of A,,
II | MIROC: T42 & T106 Change of A,,
I | CSIRO:3.0&3.5 New version of the temporal scheme, ameliorations in runoff,

river routing and coupling (surface fluxes)

IV | GFDL: CM2.0 & CM2.1 | Equations discretization (advection, temporal scheme),

parameters adjustment (gravity waves, divergence)

V | GISS: AOM & EH Different atmospheric and 437°**and land and surface schemes
VI | GISS: AOM & ER Different atmospheric and &55*** and land and surface schemes
VII | GISS: EH & ER Same atmosphere and different AJ554%

VIII | HadCM3 & HadGEM1 Different models developed by the same institute.
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6 Glacier response to future climate scenarios

6.1 20™ century glacier evolution

As a necessary prelude to our simulations of projected 21% century glacier change, we simulated the
evolution of glaciers in response to known climate change during the 20" century. These simulations
provide a context for assessing the 21* century results and allow model results to be compared with
published measurements of glacier change. There is some uncertainty in the early part of the simulation
duc to spin-up cffects, but these appear to have damped out by the 1920s. Figure 6.1 gives representative
examples of glacier area and volume time series for the Mica basin study area. The simulated glacier area
and volumes both show a decline into the 1950s followed by a decade-long levelling out. Glacier volume
loss during the early 20" century is likely a response to warming climate following the end of the so-
called Little Ice Age. In the 1960s through the 1970s, both glacier area and volume increase. The fairly
substantial and rapid increase in ice covered area is surprising given the otherwise slow response time of
glaciers. Much of the arca gain is likely to be associated with the formation of new perennial snowficlds
rather than increases in glacier length. Volume, on the other hand, is probably being added in
accumulation arcas as well as newly formed snowficlds. The volume change amounts to an increase of
more than 20% during this period. After the mid-1970s both area and volume decline leading to the
ongoing recession of glaciers in the Mica catchment. The transition from growth to shrinkage in the mid-
1970s 1s widely noted to correspond with the change of phase of the PDO associated with a shift from less
frequent ENSO negative years and more frequent ENSO positive years (Mantua ez al. 1997). Such
glacier variability, associated with naturally occurring climate oscillations, are expected to continue into
the future. It is only with the century-long perspective that conclusions regarding glacier response to

long-term anthropogenic climate change may be drawn.
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Figure 6.1. Computer simulated times series of glacier area and volume in the Mica Creek study area. For
the interval 1902—1978 the climate forcing is derived from CRUTS2.1 (black curve); for 1979-2005 the
climate forcing is from the NARR (red curve); for 2006—2100 the climate forcing is derived from the
ECHAM GCM and the A1B emissions scenario (green curve). (a) Area time series. Measured glacier area
is also indicated and agrees well with the simulated values. (b) Volume time series.

In Figure 6.1 the glacier area derived from satellite and aerial remote sensing by Bolch ez al. (2010) is
plotted along with the simulated glacier area. The simulated glacier area change is slightly less than the
measured change and the absolute area is consistently less than that derived by Bolch et al. (2010) with an
offset of roughly 100 km?, or ~10% of the total ice covered area in the Mica catchment. The glacier
extents from 1985 are derived from a data set that was acquired over several years, so it is possible that
the error bars on this area measurement should be larger than the 4% used in the plotting which was taken
from Bolch ef al. (2010). The 10% offset between model and measurement is still greater than the
uncertainty in the calculated areas, so it is appears that there is some bias in the glacier simulations which
can probably be attributed to a bias in the glacier mass balance. As noted in Section 4.2.1, there was a
fairly consistent bias toward low precipitation gradient in the precipitation downscale. Although an

attempt was made to correct this, it may be manifest in the simulated glacier extents.
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Figure 6.2. Vertical profiles of mass balance and thinning in the Mica catchment. The model results for
mass balance are given as black diamonds, and the simulated dynamic thinning is shown as blue circles.
Geodetic measurements of thinning are shown as red plus signs. The importance of capturing dynamic
mass transfer is implicit in the dramatically different shape of the mass balance and the modelled thinning
curves.

With regard to icc volume, Schicfer et al. (2007) cstimated ice thickness changes between the TRIM and
SRTM DEMs for mountainous regions across western Canada and determined specific annual thinning
rates of 0.64 £0.15 m yr ' for the southern Rocky Mountains and 0.53 £ 0.13 m yr " for the Columbia
Mountains, which the Mica basin straddles. The modelling presented here simulates a specific annual
thinning of 0.30 m yr™', which is less than that of either region including error estimates. Total volume
loss over the period 1985-1999 is modelled at 5.0 km’ whereas the geodetically estimated volume change
is 7.8 km’ with a specific thinning rate of 0.43 m yr™' (B. Menounos, University of Northern British
Columbia, unpublished data). Thus, while we expect a slight dry bias over the Mica catchment in our
simulations, the actual volume changes are less than expected from measurements. This indicates that the
dryness is partly offset by lower ablation rates in the mass balance model. It is possible that the reduced
ice extent in the simulations leaves glaciers in a somewhat retreated position where they will experience

lower rates of volume loss due to a lack of low elevation ice.

The vertical profiles of modelled surface mass balance and dynamic thickness change over the period
1985-1999 are presented in Figure 6.2. The simulated mass balance and thickness change differ
markedly and as expected. The positive mass balance does not lead to thickening because ice flow
transfers this mass to lower elevations. Mass transport results in thinning rates that are substantially

lower than the mass balance rate. For example at clevations between 1000 m and 1500 m, the surface
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mass balance is about —5 m w.e. yr ' whereas the thinning rate is closer to 1.5 m w.e. yr'. The thinning
rate measured geodetically by Menounos (University of Northern British Columbia, unpublished data)
compares well with the model results. The thinning is slightly greater, which agrees with the mean
thinning rates discussed in the previous paragraph. Together these data indicate the necessity of
incorporating glacier dynamics when making inferences about vertical profiles of mass balance from

geodetically determined thinning rates.

6.2 21 century glacier projections

6.1.1 Projected area change

The area change associated with all scenarios and all GCMs is substantial. The best-case-for-glaciers
scenario (CSIRO-B1) presents a reduction of 44% of the year 2000 ice covered area (1074 km?) by 2100,
but this is anomalous insofar as the next iciest scenario retained 170 km? less ice cover. At worst case,
several simulations show near-complete ice loss by 2100 (e.g., MIRO A1B). The dramatic extent of ice
loss 1s exemplified by the mid-range ECHAM-A1B scenario, whose year 2000 and year 2100 masks are
shown in Figure 6.3. This particular scenario exhibits a 92% loss of glacier cover. Such a large reduction
in ice covered area results in near complete deglaciation of most regions with only the larger ice caps of
the Rocky Mountains remaining at the end of 2100. The area changes for all GCMs and emission
scenarios are summarized in Table 6.1. The projected change in glacier area is illustrated in Figure 6.4
which shows an oblique view of the changing ice mask and volume in 20 year increments from 2000 to
2100 as forced by the ECHAM A1B climate change scenario. The drastic loss of ice in the middle part of

the century can be clearly seen.
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2000AD - - 2100 AD

Figure 6.3. Simulated ice masks for the Mica basin region derived from the full model output. (a) Mask
for 2000 AD using NARR and CRU climate forcing for 1900-2000 AD. (b) Mask for 2100 AD using
ECHAM GCM output for the A1B scenario to represent the climate forcing for 2001-2100 AD.
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2000 AD i : - ¢ _ 2020 AD

2040 AD . : 2060 AD

2080 AD - 2100 AD

Figure 6.4. Example deglaciation simulation for Mica basin study region for 2000-2100 AD time
interval. The model is forced using the ECHAM GCM and the A1B emissions scenario. The view is
looking to the northeast so the Rocky Mountain Trench cuts across the images from left to right. Vertical
exaggeralion is 2x.

Time series of glacier area for all GCMs and scenarios are given in Figure 6.5. For each scenario, there is

a tendency for divergence after forcing with GCMs begins, and then convergence toward the end of the
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simulations. Convergence occurs mainly because by 2100, much of the glacier area has been removed,
forcing the results toward similarity at zero ice cover. This is most obvious for the A2 emissions
scenario, which has the greatest warming of the three. Table 6.1 confirms that all GCMs in the A2
scenario (except the CSIRO GCM with 85% loss) force the loss of 90% or more of the simulated ice
cover. The mean area loss for this emissions scenario is 93%. For the B1 emission scenario, the response
of glaciers is quite varied. The minimum loss is from the CSIRO GCM with a 44% reduction in ice
covered area while the MIRO CGM forces the loss of 97% of the year 2000 ice covered area. The mean
arca loss for the B1 scenario is 73%. As expected, the A1B scenarios fall in between these extremes with
a mean area change of 89% although the MIRO GCM forces loss of almost 100% of glacier area by 2100

even under this moderate scenario.
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Figure 6.5. Time series of glacier area simulated for the Mica catchment using a variety of GCMs to
provide projected climate forcing. The CRUTS2.1-based history is shown in heavy black and the NARR-
based history is shown in heavy red. Remote sensing-based measurements of glacier area are shown in
red symbols. (a) Results for A2 scenario. (b) Results for A1B scenario. (¢) Results for B1 scenario. Note
that forcing data from MIROh A2 were not available.

Substantial decadal variability in ice covered area is not apparent in the model results after year 2000.
Most scenarios show a steady linear or exponential decay of ice cover moving asymptotically toward no

ice. The exception to this is the CSIRO A2 scenario, which shows a strong increase in glacier cover
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during the period 2000 through 2015. In the CSIRO A1B results, there is a shorter-period increase in
glacier cover early in the record. By 2100 these result in the greatest ice-covered area of all GCMs for

cach scenario.

The peak positive and negative rates of area change have been calculated considering both the full period
from 1920 (to avoid any spin-up transients) through 2100 and also for the period 2000 through 2100.
These results are presented in the last four columns in Table 6.1. For most of the GCMs and scenarios the
greatest positive and negative rates of area change occurred during the 20™ century. That the greatest
positive change in area occurs during the 20 century is not surprising given the decreasing likelihood of
strongly positive mass balance years in a warming climate. For the most part, the year 1968 stands out as
the year with greatest glacier expansion in the record for all but three of the GCM scenarios. The
exceptions are CSIRO A1B, CSIRO B1, and GFDL B1. There are no strongly positive area increases [or
the A2 scenario due to the warm conditions associated with this scenario. In the 21 century perspective,
for the A1B and A2 emission scenarios, all of the most positive rates of area change occur within the first
three decades suggesting that as the climate warms further, any glacier advances are unlikely. Positive
area changes occur later in the B1 scenario because that particular scenario foresees a decrease in the rate
of warming to near zero by the latter part of the century making positive changes in glacier area possible

once again.

For negative area change, the simulated very large decrease in area around 1922 is only matched by a few
GCMs and emission scenarios (CSIRO A1B, GFDL A1B, and GFDL A2). It may seem surprising that
the greatest rates of area loss occur in the 20™ century while the greatest rates of warming occur in the 21°
century. This is not the case if the fractional rate of change (1/4) d4/dt is considered. For the 21* century,
the years with greatest fractional rates of area loss occur throughout the century, with no readily apparent
tendency for these to occur earlier or later in the simulations. While not as great as the 1922 area loss, the
rates are substantial. The greater loss in 1922 can be partly explained by the large size of glaciers at that
time, when climate was warming from the cooler 19" century. The plotted area change time series
(Figure 6.5) show a tendency for large negative rates of area reduction in the middle of the 21* century

when the climate is hot and there is substantial ice cover to lose.

To compare the within-GCM difference, the area time series from all emission scenarios for the ECHAM
GCM are plotted together in Figure 6.6. For this particular GCM, the between-scenario difference in the
area projection is fairly small. This is confirmed by the data in Table 6.1 which show that the B1 scenario

loses 83% of the year 2000 ice cover followed by A1B, which loses 92% and A2 which loses 96%. For
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this GCM, the end result is as expected with the A2 and A1B scenarios retaining the least ice cover. The

B1 scenario retains the greatest arca throughout, while A1B and A2 trade positions.
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Figure 6.6. Time series of glacier arca driven by the ECHAM climate change scenarios. The CRUTS2.1-
based history is shown in heavy black and the NARR-based history is shown in heavy red. Remote
sensing-based measurements of glacier area are indicated by red error-bar symbols.
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Table 6.1 Summary of arca evolution for all GCMs and scenarios considered in this study.

Scenario. GCM  Ajps0 Asioo AAsioosoo0  AAsigoaoe Historical | 21% Century  Historical 21* Century
km® = km’ km> % dA/dt max = dA/dtmax  dA/dt min dA/dt min
km® (year) = km?® (year) km® (year) km? (year)

AIB  CGCM 707 | 192 882 82%  31.6(1968)  14.0(2022) -495(1922) = -32.4 (2058)
CGCMn 746 187  -887 83%  31.6(1968)  12.9(2012) -49.5(1922) = -32.6 (2068)
CSIRO 795 225 -849 -79% 124 (2015) = 124 (2015) -103 (2016) -103 (2016)
ECHAM 595 871  -987 292%  31.6(1968)  9.08(2032) -49.5(1922) = -34.4 (2048)
GFDL 355 174 -1060 -98% 31.6 (1968) | 7.24 (2030) -59.1 (2025) -59.1 (2025)
MIROh 210 54 -1070 -100% 31.6 (1968)  1.76 (2033) -49.5 (1922) -37.4 (2026)

Mean ~ 568 119 955 -89% - - - L

BI CGCM 692 348  -725 68%  31.6 (1968)  4.00 (2098) -49.5(1922) = -22.2 (2080)
CGCMn 732 423 -653 -61% 31.6 (1968) | 648 (2024) -49.5(1922) -37.1 (2011)
CSIRO 847 599  -474 L44%  48.1(2081)  48.1(2081) -49.5(1922) = -33.8 (2083)
ECHAM 693 182  -892 83%  31.6(1968) 19.8(2050) -49.5(1922) = -33.2 (2046)
GEDL 479 163  -910 185%  48.0 (2068)  48.0 (2068) -49.5(1922)  -48.4 (2069)
MIROh 295 349  -1040 97%  31.6(1968) 024 (2087) -49.5(1922) = -37.6 (2038)

Mean B3 BEEB 73% - . - .

A2 CGCM 691 828  -991 292%  31.6 (1968) | 9.04(2011) -49.5(1922) | -31.6 (2055)
CGCMn 612 906  -983 92%  31.6(1968)  5.96(2022) -495(1922) = -29.2 (2057)
CSIRO 959 161  -913 85%  31.6(1968)  252(2017) -49.5(1922) = -37.9 (2064)
ECHAM 637 47.0 -1030 -96% 31.6 (1968) | 9.76 (2042) -49.5(1922) -35.7 (2019)
BRI 3c7 B 1070 299%  31.6(1968) 141 (2035) -54.0 (2031) = -54.0 (2031)

Mean B3 BEX 93% - _ _ .
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6.1.2 Projected volume change

In terms of volume, the results of our simulations are quite similar to the results for area change. The
major difference is that volume is much more volatile than arca. Increases in ice covered arca requires a
sufficient increase in mass balance to drive glacier termini to advance whereas volume changes can occur
in response to individual large positive or negative mass balance years. Thus, a certain amount of
interannual volume change may occur without any change in glacier area. Overall, the percentages of
volume lost is slightly greater than the percentages of arca lost by year 2100. For the A1B scenario, a
mean of 90% of the year 2000 water equivalent ice volume (103 km®) was lost amounting to 92.9 km’.
For the B1 and A2 scenarios, 76% and 93% of the ice volume was lost yielding 78.2 km® and 96.2 km’ of
water equivalent. Among the GCMs for a given emission scenario, the differences are smaller for volume
than they were for area. This is evident from the data in Table 6.2 as well as in the volume time series
plots given in Figure 6.7. This is especially true for the A1B and A2 emission scenarios for which ice
volume converges (o lower than 90% of the year 2000 amount for most of the GCMs. The CGCM
models for the A1B scenario as well as the CSIRO model for both AIB and A2 are the exceptions. These
GCM and scenario combinations result in very small volume changes for the first decade or two after year

2000.

The projected volume time series show a tendency for rapid volume change in mid-century when
temperature is warm and there is still sufficient glacier area for melting. There is a sharp break in trend at
the changcover from NARR to the climate change scenarios for scveral of the GCMs. For CGCM and
CSIRO, the beginning of the 21* century shows reduced volume change for the first several decades. For

the GFDL and MIRO models the tendency is for an abrupt increase of the rate of volume loss.

As was done with the area changes, the rates of change of volume were calculated and the maximum and
minimum rates for the entire period, as well as exclusively for the 21 century, are reported in Table 6.2.
The historical maximum in volume change, as simulated here, was for the year 1972 for most of the GCM
and scenario combinations. However, half of the GCMs simulate a 21* century maximum for the A1B
scenario and only the CSIRO simulations for the Bl and A2 scenarios have a 21 century volume change
maximum. It is expected that there will be greater precipitation amounts under most emission scenarios,
which is confirmed in the data used in this study (see Figure 4.3). Thus, for the early part of the 21*
century, the moderate increases in precipitation combined with still relatively cool temperatures are able

to generate anomalously positive volume changes. For the remaining GCMs and scenarios, the greatest
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rates of volume change in the 21* century occur within the first few decades, further supporting the

projection that late-century temperatures will make increases in glacier volume successively less likely.

Table 6.2 Summary of volume evolution for all GCMs and scenarios considered in this study.

Scenario. GCM  Vaso Voo AVaioo000  AVaigoaose  Historical — 21 Century Historical 21* Century
km’  km’ km’® % dV/dt max dV/dt max dV/dt min dV/dt min
(year) km® = (year) km® (year) km® (year) km®

AIB  CGCM 583 153  -878 85%  4.4(2022) @ 44(2022)  -5.7(1998) = -4.3 (2044)
CGCMn 639 167 -86.3 -84% 4.0 (2012) 4.0 (2012) -5.7 (1998) -4.7 (2039)
CSIRO 642 183  -84.7 2%  7.1(2015)  7.1(2015)  -6.3(2009)  -6.3 (2009)
ECHAM 469 78 -95.2 -92% 3.8(1972) 3.2 (2032) -7.1(2022) -7.1 (2022)
GFDL 273 20 -101.0 98%  38(1972)  1.8(2032)  -7.3(2011)  -7.3(2011)
MIROK 16.9 0.6 -102.4 -99% 3.8(1972) 0.8 (2033) -5.7 (1998) -5.5 (2009)

Mean - 46.3  10.1 -92.9 -90% - — - -

Bl CGCM 562 30.1  -72.8 71%  38(1972)  2.1(2018)  -5.7(1998)  -4.5(2033)
CGCMn 655 329  -70.1 68%  38(1972)  2.6(2024)  -86(2011)  -8.6(2011)
CSIRO 757 529  -50.1 49%  49(2052)  49(2052)  -5.7(1998) = -4.8 (2067)
ECHAM 587 159  -87.1 85%  38(1972)  28(2012)  -5.7(1998)  -5.1 (2042)
GFDL 375 135  -89.5 87%  38(1972) = 29(2058)  -5.8(2009) = -5.8(2009)
MIROh 229 35  -995 97%  38(1972)  0.6(2031)  -5.7(1998)  -4.5 (2009)

Mean - 52.8 248 -78.2 -76% - - - —

A2 CGCM 551 7.1 -95.9 -93% 3.8 (1972) 2.4 (2011) -5.7 (1998) -5.1 (2023)
CGCMn 484 7.6  -954 93%  38(1972)  2.6(2022)  -5.7(1998)  -4.2(2027)
CSIRO 91.7 134 -89.6 -87% 4.4 (2017) 4.4 (2017) -5.7 (1998) -5.2 (2064)
ECHAM 586 48  -982 95%  38(1972)  33(2008)  -5.7(1998)  -6.1(2019)
GFDL 273 1.0 -102.0 -99% 3.8(1972) 3.1(2027) -8.6 (2021) -8.6 (2021)

Mean - 562 6.7 -96.2 -93% - — - -
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Figure 6.7. Time series of glacier volume simulated for the Mica catchment. The CRUTS2.1-based
history is shown in heavy black and the NARR-based history is shown in heavy red. (a) Results for the
A2 scenario. (b) Results for the A1B scenario. (¢) Results for the B1 scenario. Note that forcing data
from MIROH A2 were not available.

With respect to volume loss, the greatest rates occur late in the 20™ century for more than half of the
GCM and scenario combinations. Specifically, the 1998 volume change is the most negative for many of
the scenarios. This mass balance year overlapped with one of the strongest El Nifio events on record.
However, for half of the GCM scenario combinations a more negative volume change year occurs later on
in the simulations but almost always prior to the middle part of the 21 century, and most of these volume
change anomalies are almost as large as that which occurred in 1998. Thus, although the total volume
and areal coverage of glaciers shrinks dramatically throughout the century, the rate of warming is
sufficiently fast that annual glacier volume reductions remain large within a historical context. Given the
very extensive ice cover early in the 20" century, this amounts to very large rates of thinning unlike what
we see today. This is visualized in Figure 6.8, which shows the 5-year smoothed rate of volume change
through the simulation period. The 1920s and 1930s were characterized by large volume loss as
somewhat extensive glaciers, which grew during the Little Ice Age, experienced warmer temperatures. In
the 21% century, the rates of colume loss again increase. During this time, there is less ice area to

experience melting overall, but the intensity of melting will be very high leading to rates of volume loss
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equal to those seen early in the 20" century. This suggests that the specific thinning rates will be much

higher and thus the melt intensity higher on the remaining glaciers.
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Figure 6.8. Simulated rate of volume change for the period 1902 through 2100 for the three emissions
scenarios. Change rates are smoothed with a 5-year moving window. Results show that the high rates of
volume loss over the past century will be reached again in the coming 100 years albeit with different
timing for individual models and emission scenarios.

The differences between scenarios for a single GCM are also analyzed in terms of volume. This is shown
in Figure 6.9 where the volume results for all scenarios of the ECHAM model are plotted. As before,
there is no great difference between the scenarios for this GCM. The results from all emission scenarios
show a decline in the rate of volume loss at the onset of the 21* century. The results from the A2 scenario
resume high volume loss rates and result in the lowest remaining volume at the end of the century. The
A1B scenario results show similar rates of volume loss to the results from the B1 scenario over the first
50 years of the projection. Thereafter, there is a very steep decline in ice volume, resulting in a near match

to the end-ol-century volume [rom the A2 scenario.
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Figure 6.9. Time series of glacier volume driven by the ECHAM climate change scenarios. The
CRUTS2.1-based history is shown in heavy black and the NARR-based history is shown in heavy red.
Part of the explanation for the similarity among scenarios is that substantial ablation has already occurred
in the Mica catchment before the GCM warming scenarios take effect.
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7 Streamflow response to future climate scenarios

7.1 Introduction

This section presents the results of the streamflow projections. It focuses on three aspects: annual
streamflow, which is especially relevant in systems with large reservoirs, such as Mica; August
streamflow, because August is the month in which glacier runoff consistently provides a major
contribution to flow (Stahl and Moore 2006); and the streamflow regime, as expressed by the variation of
mean monthly streamflow through the year. Each available emission scenario for cach GCM was
simulated with all 23 behavioural parameter sets. The following results are based on the arithmetic mean
of the 23 behavioural parameter sets (hereafter denoted as the "ensemble mean"). Seibert and Beven
(2009), Houtekamer et al. (1996) and Krzysztofowicz (1999, 2001) showed that such ensemble
predictions can outperform predictions using single parameter sets. In addition, in line with the
assumption that all parameter sets are equally plausible for Mica basin, the predictions from all parameter
sets are used to illustrate the range of potential streamflow scenarios. Because daily time series have been
stored for all projections, it would be straightforward to expand the analysis to look at other aspects of

streamflow changes, such as flows during specific times of year or annual peak and low flows.

7.2 Overview of weather forcing based on GCM output

7.2.1 GCMs and greenhouse gas emission scenarios

Table 7.1 summarizes the selected GCMs and the available emission scenarios. Daily output for the
period from 1961 to 2100 is available for two versions of the CGCM3.1 model and for run 4 of the A1B
emission scenario for ECHAMS. For these GCM/emission scenario combinations, streamflow was
simulated for the period from 1965-2100, with the preceding four years (1961-1964) used for model spin-
up. Daily output for all other GCMs is available for the historic period 1961-2000 and two 20-year time
slices, the first from 2046 to 2065 and the second from 2081 to 2100. The first four years of these time
slices are used to spin up HBV-EC. Thus, hydrologic model simulations for future scenarios cover two
16-year time slices, the first spanning from 2050 to 2065 and the second from 2085 to 2100. In addition,
the historic period from 1965 to 2000 was simulated using the respective historic forcings for each

GCM/emission scenario combination.
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Table 7.1. Emission scenarios and time span (time slice or full trajectory) for each selected GCM

GCM Short name Emission scenario Timespan or slice*
CGCM3.1 (T47) CGCMn A2, Al1B, Bl 2000-2100

CGCM3.1 (T63) CGCM A2, Al1B, B1 2000-2100
CSIRO-MK3.0 CSIRO AlB, B1 2046-2065; 2081-2100
GFDLCM2.0 GFDL A2, A1B, B1 2046-2065; 2081-2100
MIROC3.2 (hires) MIRO A1B, B1 2046-2065; 2081-2100
ECHAMS/MPI-OM ECHAMS A2,B1 2046-2065; 2081-2100
ECHAMS/MPI-OM ECHAMS A1B 2000-2100

*historical streamflow simulations from 1965-2000. Historical baseline covers years from 1985-2000.

7.2.2 Description of the TreeGen downscaling approach

Daily weather sequences were downscaled from GCM output using the TreeGen downscaling algorithm,
which was used by Stahl et al. (2008) to simulate glacier and streamflow responses to future climate
scenarios in the Bridge River basin. TreeGen is a hybrid method that draws upon several approaches to
statistical downscaling of GCM output, including regression modelling, analogue resampling and
stochastic weather generation. In contrast to methods that use monthly GCM output, TreeGen preserves
the sequencing of daily weather patterns as predicted by the GCMs, which can be important for

controlling streamflow response.

The method can be divided into six steps. Models are estimated in steps 1 and 2. Once the model
parameters have been identified, outputs from GCMs are downscaled in steps 3 to 6. Model estimation
involves (1) common principal component analysis (PCA) of atmospheric reanalysis and GCM predictor
fields for a baseline historical time period (Imbert and Benestad, 2005); and (2) synoptic map type
classification of the common principal components (PCs) via a multivariate regression tree (MRT)
(Cannon et al., 2002a, 2002b). Downscaled estimates of surface weather elements are then produced by
(3) identifying future map types by entering the common PCs into the fitted MRT; (4) applying a
nonparametric weather generator based on conditional resampling of temperature and precipitation data
from each map type (Buishand and Brandsma, 2001); (5) estimating within-type interannual variability of
temperature and precipitation at the nearest GCM grid point; and (6) adjusting the within-type interannual
variability of the nonparametric weather generator using information from (5). Further details for cach

step are provided below.

Step 1: To mitigate potential biases between the atmospheric reanalysis and GCM simulated predictors,
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common PCA is applied to the two data sets (Imbert and Benestad, 2005). First, predictors from the
reanalysis and GCM — in this case large-scale sea-level pressure, surface temperature, and precipitation
fields for the region between 202.5°E and 247.5°E and 30°N and 70°N — are standardized so that the time
series for each grid point has zero mean and unit variance during a common 1961-2000 baseline period.
Second, standardized data from the reanalysis and the GCM are concatenated to form a single data matrix.
Third, PCA is applied to the correlation matrix of the concatenated predictors and PCs accounting for
95% of the original predictor variance are retained. Finally, common PC scores from the GCM are
rescaled so that their means and variances in the simulated baseline period match observed values from
the same period. To ensure consistency of the simulated seasonal cycle, rescaling is performed on each

month separately.

Step 2: Next, synoptic map types are defined using a multivariate regression tree (MRT) model that
recursively splits observed data into increasingly homogeneous groups on the basis of thresholds in the
common PC scores (Cannon et al., 2002a, 2002b). Values of the thresholds are optimized so that the
associated surface temperature and precipitation observations are placed into groups (or weather map
types) that minimize within-group sums of squares error. Following Cannon et al. (2002a), 25 map types

are identified for the study domain.

Step 3: Once thresholds have been identified using the historical record, common PC scores from the
GCM scenarios are entered into the MRT. This results in each day from a scenario being assigned to one

of the map types.

Step 4: Next, surface weather conditions on a given day are predicted using a nonparametric weather
gencerator. The weather generator operates by conditionally resampling from cases assigned to a given
day’s map type (Buishand and Brandsma, 2001). The probability of randomly selecting the temperature
and precipitation observed on a historical day i as the predicted values on day ¢ is taken to be inversely
proportional to the square of the Euclidean distance between the predicted values on the previous day #-1
and historical values of the weather elements on day i-1. The selection is limited to the set of historical

days assigned to the map type that is predicted to occur on day 7.

Step 5: As the nonparametric weather generator in step 4 samples cases from the historical data set, future
trends in surface climate conditions are due exclusively to changes in the frequency and timing of the
synoptic map types simulated by the GCM. Additional processing is thus needed to accurately model

trends and interannual variability occurring within each map type. In the original version of TreeGen

105

22700031(01).pdf



(Stahl et al., 2008), this is accomplished following the regression-based methodology described by Imbert
and Benestad (2005). One potential drawback of this approach is its sensitivity to predictor selection, a
problem that can lead to large differences in estimated climate change response for a given scenario
(Huth, 2004). In this study, within-type trends are instead estimated directly from temperatures and
precipitation amounts simulated at the nearest GCM grid point. For temperature, within-type differences
from the 1961-2000 baseline period are calculated on an annual average basis for cach map-type. The
same is done for precipitation, except that annual averages are expressed as percentage changes with

respect to the baseline.

Step 6: Finally, within-type interannual variability at the GCM grid point is superimposed onto the
nonparametric weather generator outputs from step 4. Based on results from step 5, within-type
corrections are applied on an annual basis [or each map-lype as additive bias corrections [or temperature

and multiplicative scaling factors for precipitation.

7.2.3 Comparison of historic and projected climate

Unless stated otherwise, we use the period from 1985 to 2000 as the historic baseline, a record of the
same length as the projected 2050-2065 and 2085-2100 time slices. In all graphs that show stream
discharge (Q), Q for the historic period is based on simulations with the respective historic period for each
GCM/emission scenario combination.. Because the glacier ice contribution to streamflow (Q;..) was not

directly measured, ;. for the historic period is based on the ensemble mean of modelled Q..

HBV-EC does not output a basin-average precipitation but only precipitation for each of the 500+ GRUs
in the Mica basin. Therefore, to examine precipitation trends for the future climate scenarios, we averaged
the downscaled projected climate forcing for all five climate stations in Mica and summarized projected
changes. Tables 7.2 and 7.3 summarize trends in climate forcings relative to the downscaled GCM results
for two historic periods, 1961-2000 (Table 7.2) and 1985-2000 (Table 7.3). Over the 21st century,
precipitation is projected to vary from a slight decrease (CSIRO, B1) to up to a 25% increase (CGCM,
A1B), depending on the GCM. For a given GCM, precipitation diflerences belween emission scenarios
are minor. Air temperature is predicted to increase by 1.4 °C to 5.6 °C relative to the 1985-2000 historical
period (1.5 °C to 5.8 °C with 1961-2000 as a baseline), depending on the emission scenario and the length

of the historic baseline.
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Table 7.2. Historic (1961-2000) and projected climate forcing trends for cach emission scenario and GCM averaged over all five climate stations
in Mica basin. P is mean annual precipitation; T, is mean annual air temperature.

P (1961- T,(1961-
2000) P (2050-2065) P (2085-2100) 2000) T, (2050-2065) T, (2085-2100)
[mm] [mm] [% change] [mm] [% change] [°Cl [°C] [increase °C] [°C] [increase °C]
SRES GCM
csiro 1113 1118 0 1236 11 32 45 13 47 15
miro 1166 1230 5 1250 7 3.1 6.5 34 7.7 4.7
gfdl 1108 1158 4 1221 10 30 5.1 21 5.2 2.2
B1 echams 1137 1316 16 1249 10 3.0 45 16 6.2 3.2
cgcm 1160 1243 7 1293 12 3.0 54 24 59 2.8
cgcmn 1124 1237 10 1363 21 3.0 45 14 5.0 2.0
Mean 1134.7 1216.9 7.2 1268.7 11.8 3.0 5.1 2.0 5.8 2.7
gfdl 1132 1175 4 1142 1 29 53 23 7.2 4.2
echams 1165 1268 9 1303 12 3.0 51 2.1 7.4 4.4
A2 cgecm 1155 1354 17 1423 23 31 6.0 29 75 4.4
cgcmn 1140 1252 10 1405 23 30 53 23 7.2 4.2
Mean 1148.0 1262.0 9.9 1318.3 14.8 30 54 24 7.3 4.3
csiro 1143 1192 4 1233 8 3.0 43 1.3 5.2 2.1
miro 1161 1243 7 1325 14 30 6.9 39 838 5.8
gfdl 1117 1262 13 1246 12 3.0 4.9 19 6.7 3.7
AlB echams 1138 1305 15 1319 16 3.0 54 24 6.8 3.7
cgcm 1134 1325 17 1418 25 3.0 5.7 26 6.4 34
cgcmn 1148 1278 11 1316 15 31 5.4 23 6.1 3.0
Mean 1140.0 1267.4 11.2 1309.5 14.9 3.0 54 2.4 6.7 3.6
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Table 7.3. Historic (1985-2000) and projected climate forcing trends for each emission scenario and GCM averaged over all five climate stations
in Mica basin. P is mean annual precipitation; T, is mean annual air temperature.

P (1985- T.(1985-
2000) P (2050-2065) P (2085-2100) 2000) T.(2050-2065) Ta (2085-2100)
[mm] [mm] [% change] [mm] [% change] [°C] [°C] [increase °C] [°C] [increase °C]
SRES GCM
csiro 1157 1118 -3 1236 7 3.3 45 1.2 4.7 1.4
miro 1156 1230 6 1250 8 32 6.5 33 7.7 4.5
gfdo 1114 1158 4 1221 10 31 51 2.0 5.2 2.2
Bl echams 1144 1316 15 1249 9 3.0 45 1.6 6.2 3.2
cgem 1151 1243 8 1293 12 33 54 21 5.9 2.6
cgcmn 1146 1237 8 1363 19 34 45 1.1 5.0 16
Mean 1144.8 1216.9 6.3 1268.7 10.8 3.2 51 1.9 5.8 2.6
gfdo 1095 1175 7 1142 4 3.1 53 2.2 7.2 4.1
echams 1189 1268 7 1303 10 30 5.1 21 74 4.4
A2 cgem 1141 1354 19 1423 25 34 6.0 26 7.5 4.2
cgcmn 1148 1252 9 1405 22 35 53 1.8 7.2 3.8
Mean 1143.2 1262.0 104 13183 15.3 3.2 54 22 73 4.1
csiro 1167 1192 2 1233 6 31 43 12 5.2 2.0
miro 1137 1243 9 1325 16 32 6.9 3.7 838 5.6
gfdo 1106 1262 14 1246 13 31 4.9 1.8 6.7 3.5
AlB echams 1124 1305 16 1319 17 3.1 54 2.3 6.8 3.7
cgecm 1138 1325 16 1418 25 34 57 23 6.4 3.1
cgcmn 1191 1278 7 1316 10 36 54 1.8 6.1 2.5
Mean 11439 1267.4 10.8 1309.5 14.5 33 54 2.2 6.7 34
108

22700031(01).pdf



o 0 9 N N B W

10
11
12
13
14

16
17
18
19
20
21
22
23
24
25
26
27
28

7.3 Projected changes in mean annual streamflow

Figures 7.1, 7.2 and 7.3 summarize projections of mean annual streamflow for each scenario and the
uncertainties associated with these projections relative to the historic baseline from 1985-2000. Historic
streamflow scenarios are based on the downscaled output for each individual GCM/emission scenario
combination to maintain consistency with the future projections. Trajectories are shown for models that
cover the entire time span from 1985 to 2100 —i.e., CGCM (blue) and CGCMn (grey) for all scenarios
and ECHAMS (green) for the A 1B scenario. These trajectories are shown as bands that span the range of
ensemble predictions based on the 23 parameter sets for each year, and thus illustrate the effects of
parameter uncertainty. Distributions of annual streamflow for ensemble mean projections for each time
slice and the historic baseline are shown in boxplots. For GCMs that cover the entire period 2000-2100,
boxplots that summarize the time slices are given in the same color as for the respective trajectories.
Tables 7.4 and 7.5 provide numerical summaries of the projected changes in mean annual flows and mean

August streamflow for each scenario and each GCM.

Mcan annual strcamflow is projected to increase slightly in most cmission scenario/GCM combinations.
Due to higher evaporation rates and decreases in glacier ice melt, the increase in mean annual streamflow
is lower than the increase in precipitation. CGCM generates the highest increase in mean annual
streamflow in all scenarios. Amongst all scenarios, A1B generates the highest increase, with projections
based on CGCM indicating an 18% increase in annual flow. Smaller flow increases are projected for the
B1 scenario, while A2 and A1B result in similar increases in annual flow. The only GCM/emission
scenario combinations that project a decreasing mean annual discharge are GFDL with the A2 scenario
and CSIRO and MIRO with the B1 scenario.For many GCM/emission scenario combinations, the
projected decreases in annual streamflow are of similar magnitude as the parameter uncertainty.
Interannual variation in the 16-year time slices is larger than the annual flow changes in the mid 21*

century and only slightly lower than the change towards the end of the 21* century.

109

22700031(01).pdf



NNk W =

B1

800
|
o

600

Discharge [m3s"1]
400

200
|

O esiro O miro H gfdl B echam B cgcm [ cgemn

[ | | [ | [ |
1980 2000 2020 2040 2060 2080 2100

Figure 7.1. Historic values and projected changes in mean annual streamflow during the periods 2050-
2065 and 2085-2100 for emissions scenario B1. Boxplots show the interannual variation of each time
slice for each GCM, based on the ensemble mean of runs using all 23 behavioural parameter sets.
Trajectories of ranges of ensemble predictions are shown for CGCMn (grey) and CGCM (blue).
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Figure 7.2. Historic values and projected changes in mean annual streamflow during the periods 2050-
2065 and 2085-2100 for emission scenario A2. Boxplots show the interannual variation of each time slice
for each GCM, based on the ensemble mean of runs using all 23 behavioural parameter sets. Trajectories
of ranges of ensemble predictions are shown for CGCMn (grey) and CGCM (blue).
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Figure 7.3. Historic values and projected changes in mean annual streamflow during the periods 2050-
2065 and 2085-2100 for emission scenario A1B. Boxplots show the interannual variation of each time
slice for each GCM, based on the ensemble mean of runs using all 23 behavioural parameter sets.
Trajectories of ranges of ensemble predictions are shown for CGCMn (grey), CGCM (blue), and ECHAM

(green).
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Table 7.4. Historic (1985-2000) and projected mean annual streamflow for each emission scenario and GCM.

Mean annual streamflow [m®/s]

1985 - 2000 2050 - 2065 2085- 2100
SRES GCM Q O™ Opu™** Q O™ Opy ™™ AQ [%] Q O™ Opu** AQ [%]
csiro 533.0 48.7 9.4 522.4 71.1 12.0 -2 561.4 64.8 11.8 5
miro 528.4 61.2 9.4 545.9 79.2 12.7 3 517.1 50.5 12.4 -2
gfdl 513.5 46.4 9.4 522.1 59.0 11.3 2 526.6 60.5 10.9 3
B1 echams 533.0 48.7 9.5 591.4 71.4 10.9 11 542.8 83.3 11.9 2
cgcm 522.3 49.0 10.0 566.8 83.8 11.7 9 578.2 70.8 12.0 11
cgcmn 546.2 51.9 10.6 560.1 45.5 10.3 3 599.2 46.7 10.6 10
Mean 529.4 51.0 9.7 551.4 68.3 11.5 4.2 554.2 62.8 11.6 4.7
gfdl 513.5 46.4 9.4 516.3 82.6 10.5 1 477.7 70.4 11.8 -7
echams 533.0 48.7 9.5 566.3 64.8 11.0 6 561.2 104.5 13.3 5
A2 cgecm 522.3 49.0 10.0 623.1 65.9 13.2 19 612.8 77.9 13.6 17
cgcmn 546.2 51.9 10.6 571.1 68.3 12.2 5 626.6 80.9 14.1 15
Mean 528.7 49.0 9.9 569.2 70.4 11.8 7.7 569.6 83.4 13.2 7.6
csiro 533.0 48.7 9.4 549.4 76.2 111 3 551.7 67.8 11.6 3
miro 493.1 105.8 9.0 543.7 39.5 12.6 10 548.7 61.9 131 11
A1B gfdl 513.5 46.4 9.4 5594 60.8 11.7 9 532.7 57.6 12.3 4
echams 486.5 50.5 10.5 561.5 70.4 16.8 15 527.6 68.4 17.4 8
cgecm 522.3 49.0 10.0 607.0 81.6 12.9 16 618.8 81.0 12.9 18
cgcmn 546.2 51.9 10.6 580.5 67.6 12.5 6 579.6 59.3 12.3 6
Mean 515.8 58.7 9.8 566.9 66.0 13.0 10.0 559.9 66.0 13.3 8.6

* oav is the standard devation of projected streamflow, a measure of interannual variation (IAV).

** opy is the standard deviation of the ensemble of projections, a measure of parameter uncertainty (PU).
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Table 7.5. Historic (1985-2000) and projected mean August streamflow for each emission scenario and GCM.

Mean August runoff [m>/s]

1985 - 2000 2050 - 2065 2085- 2100
SRES GCM Q O™ opy** Q Oav* apy** AQ [%] Q O™ opy** AQ [%]

csiro 913.2 162.3 28.2 729.4 193.7 36.1 -20 716.1 132.8 36.9 -22

miro 883.3 200.6 31.7 389.5 74.9 27.5 -56 274.9 46.2 18.4 -69

gfdl 867.4 153.8 28.7 627.7 180.9 38.3 -28 542.6 173.4 33.7 -37

Bl echams 872.3 137.6 29.5 727.4 167.5 36.5 -17 543.4 174.7 28.8 -38
cgecm 788.0 135.9 31.3 711.5 172.0 33.2 -10 608.3 135.3 34.7 -23

cgcmn 864.8 130.0 34.7 740.7 113.7 34.3 -14 755.3 142.1 30.7 -13

Mean 864.8 153.4 30.7 654.4 150.5 34.3 -24.1 573.4 134.1 30.6 -33.5

gfdl 867.4 153.8 28.7 578.8 180.4 38.7 -33 289.7 117.1 35.1 -67
echams 872.3 137.6 29.5 700.8 217.5 33.2 -20 458.7 147.5 29.7 -47

A2 cgecm 788.0 135.9 31.3 741.0 138.9 37.2 -6 537.1 142.7 38.9 -32
cgcmn 864.8 130.0 34.7 654.7 176.3 36.5 -24 527.9 188.6 42.6 -39

Mean 848.1 139.3 31.1 668.8 178.3 36.4 -20.8 453.3 149.0 36.6 -46.2

csiro 913.2 162.3 28.2 847.7 193.6 37.2 -7 669.1 183.3 41.8 -27

miro 805.1 177.9 30.9 352.4 89.9 29.4 -56 256.8 65.7 17.0 -68

A1B gfdl 867.4 153.8 28.7 638.9 246.5 51.1 -26 408.4 152.5 38.4 -53
echams 780.6 120.8 25.8 618.8 235.9 33.8 -21 459.4 89.3 29.5 -41

cgecm 788.0 135.9 31.3 715.2 199.7 34.4 -9 651.5 182.5 34.4 -17

cgcmn 864.8 130.0 34.7 698.7 161.7 38.1 -19 548.8 134.5 37.7 -37

Mean 836.5 146.8 29.9 645.3 187.9 37.3 -23.2 499.0 134.6 33.2 -40.5

* oy is the standard devation of projected streamflow, a measure of interannual variation (IAV).

** opu is the standard deviation of the ensemble of projections, a measure of parameter uncertainty (PU).
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7.4 Projected change of mean August flows

Figures 7.4, 7.5 and 7.6 illustrate projections for all three emission scenarios and all 6 GCMs for August
streamflow; Tables 7.4 and 7.5 provide numerical summaries. Projections for all three emission scenarios
and all GCMs indicate substantial decreases in August streamflow in both the 2050-2065 and the 2085-
2100 time slices. Depending on the scenario, changes between -6% and -56% are projected for the period

2050-2065 and between -13% and -69% for the period 2085-2100 (Tables 7.4 and 7.5).

The B1 scenario generates the smallest decreases in August streamflow. Most of the decline occurs in the
first half of the 21% century; August streamflow continues to decline but at a slower rate in the second half
of the 21* century. For all GCMs except MIRO, projected August streamflow for the 2050-2065 period
agrees within 50 m’/s. The change in discharge relative to the historic baseline varies between -10 to -
54%, depending on the GCM. CGCM produces the smallest decrease, followed by ECHAMS and
CGCMn. For the 2085-2100 time slice, GCMs project decreases in mean August streamflow between -
13% and -69%.
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Figure 7.4. Historic values and projected changes in mean August streamflow during the periods 2050-
2065 and 2085-2100 for emission scenario B1. Boxplots show the interannual variation for each time
slice for each GCM, based on the ensemble mean of runs using all 23 behavioural parameter sets.
Trajectorics of ranges of ensemble predictions are shown for CGCMn (grey), CGCM (bluc).

The highest projected decreases in mean August streamflow occur under the A2 emission scenario. Mean
August streamflow is projected to decrease through the entire 21% century, with mean decreases of -19%
and -46% in the 2050-2065 and 2085-2100 periods, respectively. Variation between the models is low,
particularly for the 2085-2100 time slice. Note that the mean over all GCMs for A2 cannot be directly
comparcd to thosc for the B1 and A1B scenarios becausc of the absence of MIRO and CSIRO runs.
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Figure 7.5. Historic values and projected changes in mean August streamflow during the periods 2050-
2065 and 2085-2100 for emission scenario A2. Boxplots show the interannual variation for each time
slice for each GCM, based on the ensemble mean of runs using all 23 behavioural parameter sets.
Trajectories of ranges of ensemble predictions are shown for CGCMn (grey) and CGCM (blue).

Mean August streamflow under the A1B emission scenario is projected to gradually decrease over time
with slightly more streamflow than under the A2 emission scenario. The variation among the various
GCMs is higher than under the A2 scenario. Under the A1B scenario, mean August streamflow is

projected to decrease by -23% and -40% in the 2050-2065 and 2085-2100 periods, respectively.
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Figure 7.6. Historic values and projected changes in mean August streamflow during the periods 2050-
2065 and 2085-2100 for emission scenario A1B. Boxplots show the interannual variation for each time
slice for each GCM, based on the ensemble mean of runs using all 23 behavioural parameter sets.
Trajectories of ranges of ensemble predictions are shown for CGCMn (grey) and CGCM (blue), and
ECHAM (green).

7.5 Projected changes to streamflow regime

Figure 7.7 summarizes projected changes to the seasonal streamflow regime for the 2050-2065 and the
2085-2100 time slices. Despite the substantial uncertainties in the projections, shown hereafter, there is an
unambiguous general trend towards higher discharges in early spring and lower discharges from July to
September, and higher flows during the winter months (Figure 7.7). This is true for all emission scenarios
and all GCMs. Projected changes to seasonal streamflow regime for the 2050-2065 period are similar
under all emission scenarios (blue solid, dashed and dotted lines in Figure 7.7). For the 2085-2100 period,
the mean over all GCMs for scenario A2 (solid red line in Figure 7.7) shows the most dramatic change,
although this is also partly caused by the absence of projections based on the MIRO and CSIRO output

for the A2 scenarios, which shifts the mean closer to models that project more dramatic changes to
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streamflow such as ECHAMS (as will be shown later). The smallest changes to seasonal streamflow can
be expected under the B1 scenario (dotted lines in Figure 7.7). The mean over all GCMs for the A1B
scenario is close to that of the A2 scenario for August streamflow, but projections based on the A1B

scenario do not exhibit as large a shift to increased runoff in early spring.
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Figure 7.7. Historic and projected scasonal streamflow response for 2050-2065 (left) and 2085-2100
(right) time slices. The dashed areas (blue = 2050-2065; red = 2085-2100) cover the range of uncertainties
associated with variation among GCMs and emission scenarios, and with parameter estimation for HBV-
EC. Solid, dotted, and dashed lines show means for B1, A2, and A1B emission scenario over all GCMs
(blue = 2050-2065; red = 2085-2100).

Figures 7.8, 7.9 and 7.10 split the overall variability shown in Figure 7.7 into the three emission
scenarios. The dashed areas, blue for the 2050-2065 and red for the 2085-2100 time slice, mark the range
of projections and reflect the uncertainties associated with variations among GCMs and the uncertainties
associated with parameter estimation for HBV-EC. The ranges for each month of the year are calculated
from minimum and maximum values over all GCMs, and all parameter sets (for a total of 6 x 23 HBV-
EC runs for Bl and A1B and 4 x 23 for A2). For scenario B1, the projections based on output from
CSIRO, GFDL, and CGCMn indicate the smallest shifts towards earlier flows and decreases in summer
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flow. Greater shifts in seasonal flow regime are projected from forcings by MIRO, ECHAMS and to a
lesser extent CGCM. Projections based on all GCMs except ECHAMS indicate marginal differences
between the 2050-2065 and the 2085-2100 time slices.
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Figure 7.8. Projected seasonal streamflow response under the B1 scenario for 2050-2065 (blue) and
2085-2100 (red) time slices compared to historic baseline (black). Top: ensemble range for historic
baseline runs (grey) compared 10 2050-2065 time slice (top lelt) and to 2085-2100 time slice (top right)
Bottom graphs: cnsemblc mcans (23 paramcter scts) for 2050-2065 (bluc) and 2085-2100 (red) time slices
for each GCM.
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Under the A2 scenario, projections based on all GCMs indicate substantial changes to the streamflow
regime. Compared to the B1 and also the A1B scenario (shown below), considerable changes are
projected for the 2085-2100 period compared to the 2050-2065 period (note that CSIRO and MIRO runs
are not available for A2). Peak monthly runoff is projected to shift by one to two months from June/July
in the historic period to May in the 2085-2100 time slice when HBV-EC is forced with ECHAMS or
CGCMn output. Under scenarios forced by ECHAMS, CGCM and CGCMn, a small amount of glacier
cover persists to the end of the 21* century, while glaciers have essentially disappeared under the A2
scenario forced by GFDL. This difference in projected glacier coverage is visible in the hydrographs:
projections based on GFDL forcing show very low flows throughout the summer months due to the lack

of contribution from ice melt.
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Figure 7.9. Projected seasonal streamflow response under the A2 scenario for 2050-2065 (blue) and
2085-2100 (red) time slices compared to historic baseline (black). Top: ensemble range of historic
baseline runs (grey) compared to 2050-2065 time slice (top left) and compared to 2085-2100 time slice
(top right) Bottom graphs: ensemble means (23 parameter sets) of 2050-2065 (blue) and 2085-2100 (red)

time slices for each GCM.

Under the A1B emission scenario, changes in the 2050-2065 period are similar to those projected under

the A2 scenario (considering the same four GCMs). However, the changes from 2050-2065 to 2085-2100
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are less marked than under the A2 scenario, and are mainly restricted to decreasing summer flows with
only marginal changes to the timing of peak monthly runoff. This results from the steadily decreasing
glacier arca under all GCM forcings and the gradually decreasing contribution of glacier ice melt to
streamflow in the summer months. ECHAMS forcing produces the highest shift (~ two months) in the
timing of peak flows. MIRO predicts the highest increase in peak monthly runoff, occurring in June, and

brackets the maximum peak runoff that can be expected under all emission scenarios and GCMs.

7.6 Changes to ice melt contributions to streamflow

Streamflow contributions from ice melt (Q;..) were extracted from HBV-EC output and compared to the
range of historic contributions of Q.. from all GCM/emission scenario combinations.These values
represent the runoff generated each year by melting of glacier ice following disappearance of the
snowpack. It is thus a measure of the contribution to streamflow over and above that by seasonal
snowmelt or rainfall. Figure 7.11 illustrates the substantial uncertainties in projected contributions of
glacier ice melt (Q..) to streamflow. For the 2050-2065 time slice (Figure 7.11, left), projected Q... ranges
from 20 to 250 m*/s. Given the low projected flows in August, Q. can contribute as much as half of the
mcan August flows. It is notable that futurc predictions of Q.. never cxceed the upper range of historical
contributions of Q. . Towards the end of the 21* century, all GCMs project a decrease in Q. relative to
the mid-21* century, with some models (e.g. GFDL) projecting only marginal contributions by Q..
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Figure 7.10. Projected scasonal streamflow response under the A1B scenario for 2050-2065 (blue) and
2085-2100 (red) time slices compared to historic baseline (black). Top: ensemble range for historic
baseline runs (grey) compared to 2050-2065 time slice (top left) and compared to 2085-2100 time slice
(top right) Bottom graphs: ensemble means (23 parameter sets) of 2050-2065 (blue) and 2085-2100 (red)
time slices for each GCM.
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Figure 7.11. Historic and projected contribution of glacier ice melt (Q;..) for each month of the year for
2050-2065 (left) and 2085-2100 (right) time slices. The hashed areas (blue = 2050 -2065; red = 2085-
2100) cover the range of uncertainties in GCM model selection, uncertainties in emission scenario
selection, and uncertainties in parameter estimation for HBV-EC. Solid, dotted, and dashed lines show
means [or B, A2, and A1B emission scenario over all GCMs (blue = 2050-2065; red = 2085-2100). The
"historic" contributions, shown by black lincs and grey shading, were modclled, not obscrved dircetly.

As pointed out in section 3, the contribution of glacier ice melt to annual streamflow during the historic
period is relatively minor in most years compared to catchments with greater glacier cover. This is also
true for future projections under all emission scenarios. However, with the decline of August streamflow
in all projections due (o an advanced snowmelt, Q;.. can become more important in the (uture for
scenarios with enough glacier area persisting to produce significant quantities of ice melt. Hence, those
scenarios and GCMs that project persistence of glacier cover in the future also project ;.. to be more

important in contributing to mean August streamflows.
For the 2050-2065 time slice under the B1 emission scenario, most GCMs project Q. to be a less
important source of streamflow than in the historic period (Figure 7.12). At the end of the 21 century, all

GCMs project a lower contribution of Q;..to mean August strcamflow than in the historic period. MIRO,
GFDL and ECHAMS project the smallest contributions of Q.. towards 2100, CSIRO the highest.
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Figure 7.12. Historic and projected mean annual streamflow (Q) with mean annual contribution of glacier
ice melt (Q;..) and mean August streamflow (Q-Aug), with mean August contribution of ice melt (Q..-
Aug) under emission scenario Blfor all GCMs. Error bars denote the upper and lower range of projections
from 23 parameter sets.

Under the A2 emission scenario, (.. decreases to about a third of its historic baseline in the 2050-2065
time slice (Figure 7.13). The relative contribution of Q. to mean August flows decreases substantially in

the 2085-2100 period for all GCMs, essentially disappearing in the scenario based on the GFDL GCM.
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Figure 7.13. Historic and projected mean annual streamflow (Q) with mean annual contribution of glacier
ice melt (Q:..) and mean August streamflow (Q-Aug), with mean August contribution of ice melt (Q.-
Aug) under emission scenario A2 for all GCMs. Error bars denote the upper and lower range of
projections from 23 parameter sets.

In projections based on the A1B emission scenario, Oy, is still a modest source of mean August
streamflow in the 2050-2065 time slice, but decreases substantially towards the end of the 21% century
(Figure 7.14). Projections based on MIRO and GFDL forcing indicate a negligible flow contribution from
Oic. due to the small amount of glacier coverage by the mid 21 century (Figure 6.5).
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Figure 7.14. Historic and projected mean annual streamflow (QJ) with mean annual contribution of glacier
ice melt (Qi..) and mean August streamflow (Q-A4ug), with mean August contribution of ice melt (Qc.-
Aug) under emission scenario A1B for all GCMs. Error bars denote the upper and lower range of
projections from 23 parameter sets.
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8 Discussion

8.1 Novel methodological contributions

This study has made a number of pioneering contributions to the assessment of the hydrologic

consequences of climate change in glacier-fed catchments. We would like to highlight the following:

1. TItis the first study, to our knowledge, to use a physically based glacier dynamics model to make
projections of the transient response of glaciers to future climate scenarios to provide boundary
conditions for hydrologic modelling in a large catchment. Previous studies have used volume-
arca scaling (Stahl ef al. 2008), adjustment of glacier thickness using a parameterized model
(Huss et al. 2008), depletion of static glaciers with assumed thickness distributions (Rees and
Collins 2006), adjustment of future glacier arca based on a constant accumulation area ratio
(Horton ef al. 2000), or arbitrary assumptions about future decreases in glacier arca for future
time slices (¢.g., Loukas et al. 2002; Hagg et al. 2006; Akhtar et al. 2008).

2. TItis the first study to use changes in glacier volume and area to assist in hydrologic model
calibration using a GLUE-type approach. This point is important given the lack of direct
measurements of mass balance over most of the world's mountain regions, and especially in
western Canada.

3. Itis the first study in a glacier-fed catchment that has included a comprehensive assessment of
uncertainties associated with uncertainties in hydrologic parameters, varation among emission

scenarios and variation among GCMs.

In the process of conducting this study, we identificd a number of challenges that would be appropriate

targets for future research, as outlined in the next two sections.

8.2 Hydrologic modelling with transient land cover

HBV-EC, like many popular hydrologic model codes, treats land cover (and other boundary conditions
such as soil characteristics) as static. Our approach to accommodating changes in glacier extent, although
workable, involved substantial intervention in the model runs to update the glacier extents, with a

significant increase in run time. Another drawback of the approach is the need to spin up the model each
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time the glacier cover is updated. This further increases run time and, more fundamentally, increases the
potential for simulation errors associated with the effects of incorrect initial conditions. As pointed out in
section 3.3, using too long a spin-up time can produce crrors in glacier-fed catchments under some

circumstances, in addition to errors associated with using too short a spin-up time.

Stahl et al. (2008) dealt with this issue by recoding HBV-EC to include a glacier response model based on
volume-area scaling, with rules for how to adjust state variables such as soil moisture when the land cover
in a Grouped Response Unit changed from glacier to open or vice versa. While this solution overcame the
problems of inefficiency and spin-up times, it is likely not optimal to code a physically based glacier
dynamics model into a hydrologic model. Even if a glacier dynamics model were embedded into a
hydrologic model, there is still the issue that other aspects of land cover can change (e.g., forest cover),
with additional hydrologic consequences. In addition, given current computing technology, a hydrologic
model with an embedded glacier dynamics model would run too slowly to allow the number of runs

required to apply a GLUE-type approach for uncertainty assessment.

Our recommendation is to develop hydrologic models that can accommodate changes in land cover as
part of a simulation run. Such a model would read in land cover descriptions at user-specified simulation
time steps and update both the boundary conditions and the necessary state variables. In addition to
addressing the issues associated with run-time efficiency and model spin-up, another important advantage
of this approach is that state-of-the-art models of landscape change could be used without recoding the

hydrologic model.

8.3 The validity of temperature-index melt models under future climate forcing

Both the glaciation and hydrologic models use a temperature-index (T1) approach to simulate melt rates
for snow and ice. While an energy balance (EB) approach is, in principle, superior to temperature-index
approaches, it has been difficult to demonstrate any advantage of these models relative to temperature-
index models in operational applications (Sorooshian ez al. 2009). However, a compelling argument in
favour of energy balance models for assessing the hydrologic impacts of climate change is that TI models
rely on the correlations between air temperature and the various energy exchanges that drive snowmelt. In
some cases, these linkages are direct (e.g., longwave radiation and sensible heat exchange are both
directly controlled by air temperature) while others are indirect (e.g., air temperature tends to be high on

sunny days, producing a positive correlation between air temperature and incident solar radiation). There
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is no guarantee that these correlations would remain stable under changing climatic conditions, such that

melt factors calibrated to current conditions may not be appropriate in the future.

While this argument is compelling, we believe that the advantages of energy balance models are, to a
large extent, illusory. Even under current conditions, there is substantial uncertainty in parameters such as
the albedo and its variation in time. For example, applications of the physically based snow routine in the
Distributed Hydrology-Soil-Vegetation Model at three sites in British Columbia have required
modification of the albedo parameterization based on local field data (Whitaker ez al. 2003, Thyer et al.
2004, Jost et al. 2009), and there is no guarantee that parameterizations developed under current
conditions will apply in the future. A further issue is that, as far as we are aware, all studies that have used
GCM output to produce future climate scenarios only used downscaled air temperature and precipitation
as model forcing (¢.g., Loukas e/ al. 2002, Merritl e/ al. 2006), and the application of EB models using
this type of climate forcing would have to rely on parameterizations of the energy fluxes as functions of
air temperature and precipitation (following an approach similar to that advocated by Walter ez al. 2005).
Considering that the relations between, e.g., air temperature and incident solar radiation, may change
under future climate conditions, the use of EB models forced by downscaled air temperature and

precipitation is subject to the same criticism as T1 models.

Further research is required to develop robust methods for simulating snow surface energy exchange
using the information available in GCM output. Regional Climate Models (RCMs) are increasingly being
used as a tool for dynamic downscaling from GCM output (e.g., Huss ef al. 2008; Akhtar et al. 2009).
Given their increased resolution relative to GCMs, it may be feasible to use RCM output such as solar

radiation and atmospheric longwave radiation to drive EB models. This avenue deserves further research.
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9 Summary

This study examined the effects of future climate scenarios on glacier coverage and streamflow in the
Mica basin. Future scenarios were generated by downscaling output from six Global Climate Models
(CGCM, CGCMn, MIRO, ECHAMS, CSIRO and GFDL) and three emission scenarios (B1, A1B, A2).
All scenarios indicate continued warming to the year 2100. Depending on GCM and scenario, predicted
air temperature increases by 2050 range from 1.1 to 3.7 °C (mean = 2.0 °C). Air temperature projections
for the end of the 21 century range from 1.4 to 5.6 °C (mean = 3 °C). By 2050, precipitation in the area
is projccted to incrcasc on average by 9%, with projections from individual combinations of GCMs and
emission scenarios ranging from a 3% decrease to a 19% increase. By the end of the 21* century,
precipitation in the area is projected to increase between 4 and 25% (mean = 13%), depending on the
GCM and emission scenario. Glaciers in the Columbia River basin have been retreating for at least the
last two decades, and are projected to continue retreating under all of the future climate scenarios.
Depending on the GCM and emission scenario, glacier cover in 2100 is projected to decrease by 44% to

100% of the 2000 coverage, which represented about 6% of the catchment area.

The future warming is projected to generate an earlier onset of spring melt and lower flows in late
summer and carly autumn, consistent with other studies [ocused on climate change impacts on stream[low
in snow-dominated catchments (e.g., Loukas e al. 2002, Merritt ef al. 2006). Glacier ice melt currently
contributes between 3 and 9% of annual runoff (6% on average). Ice melt contributions are more
important in August and September, when they can reach up to 25% and 35% of monthly runoff,
respectively. Ice melt contributions to annual runoff decline in all future scenarios. Ice melt contributions
to August streamflow also decline under most future climate scenarios, although some increases are
projected for the 2050-2065 time slice under the B2 emission scenario, for which glacier retreat is not as
extreme as for other scenarios. The loss of ice melt contributions to August streamflow exacerbates the

effect of an earlier snowmelt.

There is substantial uncertainty in the future projections, arising from (1) variations among GCMs, (2)
variations among greenhouse gas emission scenarios, and (3) uncertainty in the calibrated parameters in
the hydrologic model. However, even considering these uncertainties, the projections indicate that
streamflow will increase in March and April and decrease in August and September regardless of the

GCM and emission scenario selected.
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