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ABSTRACT. The response of glaciers to changing climate is explored with an atmosphere/glacier
hierarchical modeling approach, in which global simulations are downscaled with an Arctic MM5
regional model which provides temperature and precipitation inputs to a glacier mass-balance model.
The mass balances of Hubbard and Bering Glaciers, south-central Alaska, USA, are simulated for October
1994-September 2004. The comparisons of the mass-balance simulations using dynamically-downscaled
vs observed temperature and precipitation data are in reasonably good agreement, when calibration is
used to minimize systematic biases in the MM5 downscalings. The responses of the Hubbard (a large
tidewater glacier) and Bering (a large surge-type glacier) mass balances to the future climate scenario
CCSM3 A1B, a ‘middle-of-the-road’ future climate in which fossil and non-fossil fuels are assumed to be
used in balance, are also investigated for the period October 2010-September 2018. Hubbard and Bering
Glaciers are projected to have increased accumulation, particularly on the upper glaciers, and greater
ablation, particularly on the lower glaciers. The annual net balance for the entire Bering Glacier is
projected to be significantly more negative, on average (-2.0ma~" w.e., compared to -1.3ma™' w.e.
during the hindcast), and for the entire Hubbard Glacier somewhat less positive (0.3 ma~' w.e. compared
to 0.4ma'w.e. during the hindcast). The Hubbard Glacier mass balances include an estimated iceberg

calving flux of 6.5 km®a™', which is assumed to remain constant.

1. INTRODUCTION

The glaciers of Alaska, USA, and Yukon and northwestern
British Columbia, Canada, were first estimated by Meier
(1984) to be making the largest contribution to rising mean
sea level of any glacierized region worldwide, excluding
the Greenland and Antarctic ice sheets. The measurements
of Arendt and others (2002) confirmed this, and showed
that this contribution is larger than previously thought.
During the mid-1990s to 2000/01 these glaciers contributed
96 +35km?a' w.e., accounting for approximately 6-12%
of observed mean sea-level rise during this period of
accelerating rise. This rapid ice loss is likely attributable to
the strongest land warming in the past 400 years in northern
high latitudes (e.g. NRC, 2006). If global warming con-
tinues as projected by the most recent Intergovernmental
Panel on Climate Change (IPCC) AR4 climate model
simulations (Solomon and others, in press), thinning and
retreat of these glaciers, as well as of other mountain
glaciers worldwide, is likely to accelerate. Thus, there is
strong motivation for quantitative estimation of the probable
changes in mass balance that will be caused by continued
climate change.

Modeling of glacier mass balances based on meteoro-
logical data has been widely reported (e.g. Tangborn, 1999;
Schneeberger and others, 2001). Use of observational data
is, of course, necessary for evaluating model performance.
Model results have also been widely used. Reichert and
others (2001) and Radi¢ and Hock (2006) used general
circulation model (GCM) outputs, and Raper and
Braithwaite (2006) used both climate data and GCM outputs
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in their mass-balance modeling. Most of these models
require temperature and precipitation data near the glacier
of interest as the forcing inputs.

In the case of climate data or GCM outputs, the question
of whether the global data apply on a local scale is of
concern because of the coarse resolution of these data.
Hock and others (2007) also suggested that careful calibra-
tions of global data are needed for use in glacier mass-
balance modeling. This is especially true for precipitation,
which is highly dependent on local topography. Serreze and
Hurst (2000) found that both the National Center for
Environmental Prediction/US National Centers for Atmos-
pheric Research (NCEP/NCAR) and the European Centre for
Medium-Range Weather Forecasts re-analysis data have
notable errors in their precipitation fields. The glacierized
regions of northwest North America and elsewhere are
generally characterized by complex topography; thus the
representation of complex terrain in high-resolution models
is needed to accurately simulate precipitation as well as
surface temperatures. A high-resolution regional model
therefore seems likely to be a better choice for providing
temperature and precipitation forcing for modeling glacier
mass balances.

We employ a relatively high-resolution Arctic MM5
regional model for dynamical downscaling of global climate
simulations to provide temperature and precipitation inputs
to a precipitation—temperature—area—altitude (PTAA) glacier
mass-balance model (Tangborn, 1999), for estimation of
mass balances in a future CO,-enhanced climate. The Arctic
MM5 is based on the fifth-generation Pennsylvania State
University (PSU)/NCAR Mesoscale Model (MM5) (Grell and
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Fig. 1. Arctic MM5 model domain configuration consisting of a
mother domain at 54 km resolution and a nested domain at 18 km
over the heavily glacierized regions of Alaska (top panel). The lower
panel displays land-cover types in the nested child domain with
land ice shown in white. The locations of Hubbard and Bering
Glaciers and the Yakutat meteorological station are marked with
grey dots.

others, 1995). It couples a thermodynamic sea-ice model
(Zhang and Zhang, 2001) and a mixed-layer ocean model
(Kantha and Clayson, 1994). The global climate simulations
used as inputs to the Arctic MM5 include NCEP/NCAR re-
analysis data (Kistler and others, 2001) for hindcast
simulations, and NCAR Community Climate System Model
(CCSM3) outputs (T85) (Collins and others, 2006) for
forecast simulations.

The PTAA glacier mass-balance model uses the MM5-
downscaled daily maximum and minimum temperatures
and precipitation near the glacier of interest, in combination
with the area-altitude (AA) distribution of the glacier, as
input for estimation of glacier mass-balance variables. Note
that glacier mass balances are also influenced by changes in
glacier geometry caused by flow, in part due to the ongoing
response to changes in climate prior to the period of interest
(Elsberg and others, 2001). Such changes in geometry
translate to changes in the AA profile of the glacier. The
method employed in this study is analogous to the ‘ref-
erence surface’ method of mass-balance measurement
described by Elsberg and others (2001). The mass-balance
variables simulated by the PTAA model include the daily
and annual accumulation and ablation balances within
each altitude element of the glacier, and the net mass
balance of the entire glacier for each year throughout the
period of the simulation.

This atmosphere/glacier hierarchical modeling system
exploits the strength of each model. In this study, we test and

https://doi.org/10.3189/172756407782871378 Published online by Cambridge University Press

demonstrate the performance of this system by simulating
the past and estimating the future mass balances of two
distinct types of glaciers that have traditionally been
considered difficult to assess for mass balance: a large tide-
water glacier (Hubbard) and a large surge-type glacier
(Bering). Both are located in the high St Elias and eastern
Chugach Mountains of coastal south-central Alaska, USA,
and adjacent Yukon, Canada.

2. HUBBARD AND BERING GLACIERS

Hubbard Glacier is selected for this modeling study because
it is one of the few advancing tidewater glaciers in Alaska. Its
advance has dammed Russell Fiord, near the community of
Yakutat, twice during recent decades (e.g. Mayo, 1989;
Trabant and others, 2003). On each of these occasions the
ice dam burst, releasing the backed-up waters of Russell
Fjord into Disenchantment Bay without harm to human life
or property. Re-formation of this ice dam, if it were long-
term, could redirect the drainage of Russell Fjord southward
into the Situk River drainage, with potentially damaging
consequences to Yakutat’s fisheries-based economy.

From its source regions on, and northeast of, Mount
Logan (5959m), in Yukon, Hubbard Glacier descends
122 km to the sea where it calves icebergs into Disenchant-
ment Bay. Its main trunk ranges from about 3 to 7km in
width; its total area, including tributaries, is 2460 km?. It has
been in the advance phase of its tidewater glacier cycle (see,
e.g., Meier and Post, 1987) since it was first mapped by the
International Boundary Commission in 1895 (Davidson,
1903); that is, during the post-Little Ice Age period when
most glaciers throughout northwest North America and the
world have been in retreat.

Elevation profile measurements along Hubbard Glacier’s
central flowline were carried out in May 2000 (Arendt and
others, 2002, supporting online material), in August 2003
and in August 2005 (Ritchie and others, 2006) with airborne
laser altimetry. Extensive, repeated two-dimensional map-
pings of the lower glacier, as well as repeated profiling along
the central flowline, were carried out by W. Krabill’s NASA
airborne scanning laser-altimetry group in August 2005,
under contract to the US Army Corps of Engineers via the
Cold Regions Research and Engineering Laboratory (CRREL).
This work, supervised by D. Lawson (of CRREL), will provide
a basis for more accurate assessments of mass balance, as
well as the first accurate measurements of terminus-wide
calving velocities and the forward components of the ice
velocities at the terminus, as well as along the central
flowline.

The surge-type Bering Glacier system, including its
Bagley Ice Valley accumulation area, is located in the
St Elias and eastern Chugach Mountains of south-central
Alaska. Its total area, including tributaries, of about
5200 km? slightly exceeds the almost equally large area of
the Seward-Malaspina Glacier system to its east. Bering
Glacier descends 100 km westward from its ice divide with
Seward Glacier in Yukon, incorporating ice from the summit
plateau of Mount Logan (5959 m) via Quintino Sella
tributary, then turns and descends an additional 80km
southwest to the Gulf of Alaska coast. Warming climate has
thinned the lower Bering Glacier substantially during recent
decades, and the terminus has retreated by as much as
12 km since 1900 (Molnia and Post, 1995). Major surges in
1958-60, 1965-67 and 1993-95 (e.g. Lingle and others,
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1993) occurred during this period of thinning and retreat.
Thickening of the Bagley Ice Valley accumulation area,
measured since 1972 by Muskett and others (2003), is
thought to reflect surge dynamics. Throughout its ablation
area, however, surface lowering on Bering Glacier appears
consistent with the patterns estimated by Arendt and others
(2002) for glaciers throughout Alaska, Yukon and northwest
British Columbia.

In order to perform mass-balance modeling for Hubbard
and Bering Glaciers with the hierarchical modeling system
described here, the Arctic MM5 regional model domain is
defined over northwest North America as shown in Figure 1.
There are two nested domains: the mother domain has a
resolution of 54 km, covering Alaska along with parts of
northwestern Canada and northeastern Russia, while the
nested domain has a resolution of 18km and is located
over the heavily glacierized regions of Alaska and north-
west Canada. This domain configuration should allow for
the adequate representation of the overall synoptic environ-
ment which impacts south-central Alaska (such as low-
pressure systems originating from the north Pacific and
high-pressure systems from the East Siberian and Beaufort
Seas), while at the same time allowing for a finer and more
detailed representation of the more immediate environs of
the glacierized area. A 10vyear hindcast simulation was
first conducted with the Arctic MM5 for the period
October 1994-September 2004, forced by the NCEP/NCAR
re-analysis data. For the future climate, the ATB scenario
of the CCSM3 GCM simulation, a ‘middle-of-the-road’
scenario in which there is a balanced mix of fossil and
non-fossil fuels, is employed to force the Arctic MM5 for
a forecast simulation extending from October 2010 to
September 2018.

3. RESULTS

3.1. MM5 downscalings

The MM5-downscaled daily maximum and minimum
temperatures and precipitation were first verified against
surface observations. The PTAA model was developed to use
daily temperatures and precipitation at low-altitude weather
stations near the glacier of interest as inputs. In this study,
observations from the weather stations at Yakutat, Cordova,
Juneau and Sitka were used to model Hubbard and Bering
Glaciers. The MM5-downscaled temperatures and precipi-
tation at the 18km fine-scale model resolution were
interpolated to the locations of these stations with the
Cressman interpolation technique (Cressman, 1959), taking
the land type and elevation information into account. The
weather stations are located on land, so water and land-ice
gridpoints were excluded from the interpolation. The
elevation limits were set to exclude gridpoints with
elevations higher or lower than the station elevation by
100 m from the interpolation, since interpolated values show
much more sensitivity to elevation than to horizontal
distance.

The interpolated MM5-downscaled data and the observed
station data refer to different local conditions and elevations,
so the differences between them for the Yakutat, Cordova,
Juneau and Sitka stations over the 10 year simulation period
were analyzed in order to estimate the model bias and adjust
the MM5-downscaled results accordingly. Systematic biases
exist in the MM5-downscaled temperatures for all stations.
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Table 1. 10 year average of daily maximum and minimum tempera-
tures and precipitation at Yakutat, south-central Alaska coast

Uncorrected Corrected
Variable Observation MM5 MM5

downscaling  downscaling
Max. temperature (°C) 8.39 6.97 8.38
Min. temperature (°C) 0.75 1.63 0.74
Precipitation (mmd™") 9.87 8.64 9.86

There is a warm bias in daily minimum temperatures and a
cold bias in daily maximum temperatures. This is probably
due to too-high elevation (80-90 m) in the interpolated data
relative to the actual station elevations at Yakutat (9 m),
Cordova (9m), Juneau (4 m) and Sitka (5m), as well as the
land surface treatment in the MM5 model. The MM5
overestimates the precipitation at Cordova, Juneau and Sitka
and underestimates the precipitation at Yakutat for nearly all
seasons. The model biases have an evident seasonal cycle,
so mean monthly biases for minimum and maximum
temperatures and precipitation were calculated by taking
the difference between the monthly averages of station data
and MM5 downscalings over the entire simulation period
(October 1994-September 2004). The MM5-downscaled
daily minimum and maximum temperatures and daily
precipitation were then corrected using:

n _ (0] .
min,d, my — Tmin,d,m,y +dTm1n,m

n _ 70O
max,d, my — Tmax,d,m,y + dTmax,m

(M

PO
d,m,
Pg,m,y = P(ci),m,y + Pom Y de/
m,y
where subscripts d, m and y refer to the dth day of the mth

month in the yth year, superscripts n and o represent
corrected and uncorrected variables, respectively, T"

min, d, m, y
and Tgwin dmy

and T 4 m , are daily maximum temperature, Pg ., and

P4 m,y refer to daily precipitation, Pp, is monthly precipi-

. - n
are daily minimum temperature, T2

tation, and dTin, m, dTmax, m and dPpy, are 10 year averaged
monthly biases of minimum temperature, maximum tem-
peratures and precipitation for the mth month, respectively.

Note that the mean monthly precipitation bias dP, was
distributed over the daily precipitation Pg - with the

weighting function Pg . /P7 , the ratio of daily to monthly
precipitation. Therefore, if there is little (much) rain on a
given day, a smaller (larger) correction will be applied.

As an example, the corrected 10year averaged daily
temperature and precipitation (Equations (1)) for Yakutat and
comparisons with the observations are shown in Figure 2.
The corrected Arctic MM5 temperatures match the obser-
vations very well in both their seasonal cycle and seasonal
variability. The corrected MM5 precipitation also shows
reasonable agreement with the observations. A quantitative
comparison of 10year averaged temperature and precipi-
tation at Yakutat for observed station data, uncorrected MM5
downscalings and corrected MM5 downscalings (Table 1)
shows that the biases between the observed station data and
MM5 downscalings have been significantly reduced by this
correction method.
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Fig. 2. Observed (dots) and MM5-downscaled (solid line) daily mean temperature (a) and daily precipitation (b) at Yakutat, averaged from

October 1994 to September 2004.

3.2. Simulation of Hubbard and Bering Glacier
mass balances: 1994-2004

3.2.1. Hubbard Glacier

The PTAA model, unlike other mass-balance models,
computes the mass-balance variables within each element
of altitude in the AA profile of the glacier for each day of the
year. This model has been tested with observed forcing inputs
on several well-measured glaciers in northwest North Amer-
ica and the Himalaya, and has produced mass-balance
hindcasts which compare favorably with the observed mass
balances (Tangborn, 1997, 1999; Tangborn and Rana, 2000).
Comparisons of the 10year averaged mass balances vs
elevation, simulated by the PTAA model for Hubbard Glacier
using the MM5-downscaled and observed daily temperatures
and precipitation from October 1994 to September 2004, are
shown in Figure 3. The PTAA-simulated accumulation vs
elevation (Fig. 3a), forced by both the MM5 downscalings
and the observations, match very well. From near sea level
(38m) to about 1800m, the accumulation on Hubbard
Glacier increases almost linearly from 0.3 mw.e. to about
4mw.e. Above 1800 m, there is little change in accumu-
lation. The ablation forced by the MM5 downscalings is
somewhat less negative (less melting) than that forced by the
observations (Fig. 3b), especially on the lower glacier. Above
800 m, the differences in ablation are relatively small. At the
calving terminus of Hubbard Glacier (38m), the MM5-
downscaling forced ablation is around ~4ma™' w.e, while
the observation-forced ablation is around ~5ma™" w.e. The
differences are roughly 1.0mw.e. below 500 m, which is
within an acceptable range considering the model uncer-
tainties. Tangborn (1999) calibrated the PTAA model (forced
by the observations) with measurements for South Cascade
Glacier and demonstrated that PTAA-simulated accumu-
lation generally agreed with the distribution and amount
measured on the glacier, but simulated ablation was
0.35mw.e. more negative than the measurements for the
whole glacier. When calibrating the PTAA model for Gulkana
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Glacier, the simulated ablation was 0.33 mw.e. more posi-
tive than the measurements for the whole glacier and about
1m different from the measurements at the terminus. The
PTAA-simulated ablation on Hubbard Glacier is very small
(less negative than -0.5mw.e.) above 2000m. The net
balance is the sum of accumulation and ablation. As a result,
the PTAA-simulated net balances (Fig. 3c) forced by the MM5
downscalings and the observations are very similar on the
upper glacier, while the differences on the lower glacier are
primarily attributed to the differences in ablation.

The total mean-annual accumulation is larger than the
total mean-annual ablation over the whole glacier, so the
mean-annual net mass balance for the entire Hubbard
Glacier, which has an accumulation-area ratio (AAR) of
about 0.95, is positive. The average PTAA-simulated net
balance forced by the MM5 downscalings from October
1994 to September 2004 is 2.8+2.9ma'w.e., which
compares favorably with the PTAA observation-forced net
balance of 2.7 +2.8 ma~" w.e. (The plus/minus ranges repre-
sent the standard deviations of the annual values.) The
comparisons of PTAA annual net balances for the entire
Hubbard Glacier, for water years (1 October-30 September)
1995-2004, forced by the MM5 downscalings and the
observations, are also in reasonably good agreement (Fig. 4).
Beginning in 2000, there is a notable trend toward less
positive net balances; they are about 4mw.e. in 2000 and
below 2 mw.e. in 2004.

Note that mass loss from iceberg calving has not yet been
included in this Hubbard Glacier simulation, so the positive
PTAA mass balances (2.7 ma~" with observational data for
forcing and 2.8 ma™' with Arctic MM5 downscaled data for
forcing) would be significantly reduced if calving were taken
into account. Trabant and others (1991) estimated the calving
flux for Hubbard Glacier at about 6.5km®a™'. Considering
that Hubbard Glacier has an area of 2460 km” (Arendt and
others, 2002, supporting online material), the total mass loss
due to calving is about [(6.5km®a™'/2460km?) x 0.91] x
1000mkm™ = 2.4ma'w.e. Thus, the PTAA-simulated
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Fig. 3. Hubbard Glacier mass-balance profiles ((a) accumulation;
(b) ablation; and (c) net balance) simulated by the PTAA mass-
balance model using MM5-downscaled (solid lines) and observed
(dashed lines) temperatures and precipitation over the period
1 October 1994 to 30 September 2004.

net mass balances with an iceberg calving flux of about
6.5km’a”" taken into account become 2.7-2.4 =
0.3ma ' w.e with the observational data for forcing, and
2.8-2.4 = 0.4ma'w.e. with the MM5-downscaled data
for forcing. This is similar to the mean annual net balance of
0.10+£0.13ma ' w.e. estimated for Hubbard Glacier by
Arendt and others (2002, supporting online material) from
airborne laser altimetry, for the period 1959-2000.

3.2.2. Bering Glacier

The 10year averaged mass balances vs elevation, simulated
by the PTAA model using (i) the Arctic MM5 downscalings,
and (ii) the observations, from 1 October 1994 to 30 Septem-
ber 2004, are compared in Figure 5. As in the case of
Hubbard Glacier, the accumulations forced by the MM5
downscalings and the observations compare favorably

o 5
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Fig. 4. Hubbard Glacier: PTAA-simulated annual mass balances,
not adjusted for iceberg calving, using MM5-downscaled (solid
line) and observed (dashed line) temperatures and precipitation
during water years (1 October—30 September) 1995-2004.
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Fig. 5. Same as Figure 3, but for Bering Glacier.

(Fig. 5a). From near sea level (232 m) to about 2000 m, the
accumulation on Bering Glacier increases almost linearly
from 0.1 mw.e. to about 2.5 mw.e. Above 2000 m, there is
little change in accumulation. Also, as in the case of Hubbard
Glacier, the PTAA-simulated ablation forced by the MM5
downscalings is less negative (less melting) than that forced
by the observations, especially at lower elevations (Fig. 5b).
At the terminus of Bering Glacier (232 m), the MM5
downscaling-forced ablation is around -9 mw.e, while the
observation-forced ablation is around -10mw.e. Above
2500 m, there is almost no ablation on Bering Glacier. As a
result, the PTAA-simulated net balances forced by the MM5
downscalings and the observations are very close on the
upper glacier, while the differences on the lower glacier are
mainly due to the differences in ablation (Fig. 5¢).

In contrast to Hubbard Glacier, there is strong ablation
relative to accumulation over Bering Glacier as a whole,
because Bering does not share Hubbard’s anomalously high
AAR. Figure 6 shows that the PTAA-simulated mean annual

4
[} 2 [ m—— e B
= 0

S 2 s P

Q -4 — —

2 ——MM5-downscaling forced ablation .
@ -6 = =Observation forced ablation

[1: S =—=MMS5-downscaling forced accumulation

@ 10 = = "Observation forced accumulation

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
Water year (Oct.94-Sep.04)

Fig. 6. Bering Glacier: PTAA-simulated annual accumulation and
ablation balances using MM5-downscaled (solid lines) and
observed (dashed lines) temperatures and precipitation during
water years 1995-2004.
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Fig. 7. Projected (black) and hindcast (grey) mass-balance profiles (accumulation in solid lines and ablation in dashed lines) of Hubbard (a)

and Bering (b) Glaciers for 1 October 2010 to 30 September 2018.

accumulation and ablation balances on Bering Glacier, for
1 October 1994 to 30 September 2004, forced by the MM5
downscalings, compare favorably with the same PTAA-
simulated mean-annual mass balances forced by the
observations. The accumulation balances change little
during the 10vyear period, but ablation increases, particu-
larly during the most recent 3years. This contributes
significantly to the negative net mass balance of Bering
Glacier. The PTAA-simulated 10year average net balances
for the entire glacier are —1.34+2.0ma' w.e. when forced
by the Arctic MM5 downscalings and 1.7 +2.2ma™" w.e.
when forced by the observations. This can be compared to
the —2.8+0.04ma ' w.e. mean annual net balance be-
tween 10 June 1995 and 26 August 2000 estimated by
Arendt and others (2002, supporting online material) using
airborne laser altimetry. (Two profile sets were flown on
Bering Glacier in 2000: the first on 19, 22 and 23 June, the
second on 26 August. The 19, 22, 23 June 2000 profile set
was used for comparison with the 10 June 1995 profile; that
is, the —2.8ma~' w.e. mean annual mass balance was
determined on a same-season basis. The 26 August 2000
profile date listed in Arendt and others (2002, supporting
online material) is an error.)

3.3. Projection of Hubbard and Bering Glacier
mass balances: 2010-2018

The Arctic MM5-downscaled daily temperatures and pre-
cipitation forced by the A1B future scenario of the CCSM3
simulation were used to provide inputs to the PTAA glacier
mass-balance model for projecting mass-balance changes
on Hubbard and Bering Glaciers during 1T October 2010 to
30 September 2018. Biases also exist between the 20th-
century CCSM3 simulations and the observed climate during
the same period. Ideally, a comparison between downscaled
CCSM 20th-century simulations and the observations would
provide the best estimate of CCSM biases. Due to the high
cost of performing additional downscaling integrations, we
are currently employing an ad hoc method of correcting for
CCSM biases based on the premise that the re-analysis
represents the observations, until we are able to perform the
needed simulations. Therefore, the 50year (1950-99)
monthly mean differences of daily maximum and minimum
temperatures and daily precipitation between the CCSM3
simulations and the NCEP/NCAR re-analysis data were
calculated along each latitude band in the Alaska region.
Both the bias corrections derived in section 3.1 and the
corrections resulting from the differences between the 20th-
century CCSM3 simulations and the NCEP/NCAR re-analysis

https://doi.org/10.3189/172756407782871378 Published online by Cambridge University Press

data were applied to the future CCSM3-forced MM5
downscalings. That is, the biases and bias corrections
identified and applied during the past simulations were
assumed to be characteristic of, and to apply during, the
future time period.

The projected mass balances vs elevation for Hubbard
and Bering Glaciers during 1 October 2010 to 30 September
2018 are compared with the hindcast balances (forced by
the MM5 downscalings) (Fig. 7), which show that accumu-
lation is projected to increase markedly on the higher
reaches of both Hubbard and Bering Glaciers (about
1mw.e.). This is due to increased precipitation, especially
during winter under the CCSM3 A1B future climate scen-
ario. A recent study by Kattsov and others (in press)
compared precipitation in all the IPCC models for the entire
Arctic cap, in which all the IPCC models project an increase
in precipitation. The CCSM3 represents this increase well,
and its projected precipitation change is within the ranges of
the group of models. At low altitudes, ablation during 2010-
2018 is projected to be around -5 ma™' w.e. at the terminus
of Hubbard Glacier and ~10.5ma™" w.e. at the terminus of
Bering Glacier, decreasing slowly to almost zero on the
uppermost Hubbard Glacier and at 4000m on Bering
Glacier. Comparing to the hindcast results, it can be seen
that increased ablation is projected, particularly on the
lower Hubbard and Bering Glaciers, due primarily to
increased air temperatures, especially during summer under
the CCSM A1B future climate scenario.

Consequently, the changes in the net balances on
Hubbard and Bering Glaciers between the future projections
(2010-18) and the hindcast simulations (1994-2004) have
opposite signs above and below 2000 m on Hubbard Glacier
and 2500 m on Bering Glacier (Fig. 8). That is, the projected
balances increase above (more accumulation) but decrease
below (more ablation) these altitudes. The projected mean
annual net mass balances are 2.0 +£3.6 ma™' w.e. for Bering
Glacier and 2.7 +3.2ma'w.e. for Hubbard Glacier, as-
suming no contribution from calving for the latter. If a
calving flux of about 6.5 km?a™' (Trabant and others, 1991)
is taken into account, the projected mean annual net mass
balance of Hubbard Glacier during 2010-18 becomes about
2.7-2.4=03ma"' (see section 3.2 above, regarding
estimation of the calving flux contribution) (see Table 2).

3.4. Interpretation

Bering Glacier, then, is projected to thin at a significantly
faster area-average rate, —2.0ma ' w.e., during 2010-18
than during 1994-2004, when the PTAA-simulated mean-
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Fig. 8. Profiles of net balance differences between PTAA projections (2010-18) and PTAA hindcasts (1994-2004) with MM5 downscalings

for Hubbard (a) and Bering (b) Glaciers.

annual net mass balance was -1.3ma™' w.e, while the
positive mass balance of Hubbard Glacier is projected to be
reduced during 2010-18 (0.3ma ' w.e. compared to
0.4ma ' w.e. during 1994-2004) if the calving flux remains
constant (Table 2). Whether the calving flux will remain
constant is, of course, a significant glaciological problem in
its own right, and is beyond the scope of this paper.
However, the calving flux might decrease if stronger
ablation occurs on the lower glacier. The differing mass-
balance responses of Bering and Hubbard Glaciers, which
are located in more-or-less the same climatic regime, can be
attributed to their differing AARs, which, in turn, are
attributable to their differing area—altitude distributions.

Bering Glacier does not share the anomalously high 0.95
AAR of Hubbard Glacier. Thus, the large future increase in
ablation projected for Hubbard Glacier acts only over a
relatively small ablation area. This enables Hubbard Glacier
to maintain a projected positive mean-annual net mass
balance during 1 Ocotber 2010 to 30 September 2018 if
iceberg calving is assumed to remain constant. Note, how-
ever, that the net mass balance of Hubbard Glacier is a strong
function of the iceberg calving rate at the terminus. Even a
small increase in the calving rate, relative to the forward
component of the ice velocity at the terminus, if sustained,
appears to have potential for stopping or even reversing the
present advance of Hubbard Glacier. This is because the
advance rate (a small number, several tens of metres per year)
is the forward ice velocity at the terminus minus the calving
velocity (Meier and Post, 1987), which are both on the order
of 3-4kma™" and very similar in magnitude.

4. SUMMARY

The atmosphere/glacier hierarchical modeling approach
described here, which exploits the strength of each model,
has been developed for projection of climate-forced changes
in glacier mass balances. We have verified this modeling
system with 10vyear hindcast simulations of the Hubbard
and Bering Glacier mass balances, which have been
independently estimated with airborne laser altimetry
(Arendt and others, 2002, supporting online material), by
establishing a regional atmospheric modeling domain over
Alaska/northwest Canada/northeast Russia that includes a
nested high-resolution domain over the heavily glacierized
regions of Alaska, Yukon and northwest British Columbia.
The Arctic MM5 regional atmospheric model was integrated
for 10years from 1 October 1994 to 30 September 2004,
forced by NCEP/NCAR re-analysis data. The MM5-down-
scaled daily maximum and minimum temperatures and
precipitation were then interpolated to the locations of the
weather stations near the glaciers. Comparisons between the

https://doi.org/10.3189/172756407782871378 Published online by Cambridge University Press

MM5-downscaled daily temperatures and precipitation and
the observations at the weather stations over the entire
10year simulation period showed that the MM5 down-
scalings have correctable biases. The bias-reduced MM5
downscalings compare favorably to the observed tempera-
tures and precipitation data.

The bias-reduced MM5 downscalings were then used to
force the PTAA glacier mass-balance model to simulate the
mass balances of Hubbard and Bering Glaciers in south-
central Alaska. The PTAA-simulated mass balances forced by
the MM5 downscalings were compared with the PTAA-
simulated mass balances forced by the observed tempera-
tures and precipitation. The comparisons show that this
atmosphere/glacier hierarchical modeling system captures
the accumulation and ablation profiles of these glaciers
reasonably well, and realistically simulates their mean
annual net mass balances. This evaluation of the atmos-
phere/glacier hierarchical modeling approach provides the
groundwork for estimating future climate-forced changes in
glacier mass balances.

The Arctic MM5-downscaled daily maximum and min-
imum temperatures and precipitation forced by the future
A1B scenario of the CCSM3 simulation were then used to
provide the inputs to the PTAA glacier mass-balance model
for projection of mass-balance changes on Hubbard and
Bering Glaciers over the period 1 October 2010 to 30 Sep-
tember 2018. Hubbard and Bering Glaciers are projected to
have increased accumulation, particularly on the upper
glaciers, and increased ablation, especially on the lower
glaciers, mainly because of increased air temperatures
during the summers and increased precipitation during the
winters under the CO,-enhanced future climate of the
CCSM3 A1B scenario. Estimates of glacier mass balance for
the decades 2050-59 and 2090-99 using the modeling
strategy described here are the next step of our research plan.

Table 2. PTAA-projected mean annual net mass balances for Bering
and Hubbard Glaciers (October 2010-September 2018) and their
comparisons with the hindcast net balances (October 1994-
September 2004). The =+ ranges represent the standard deviations
of the projected annual values

Glacier Projected Hindcast
net balance net balance
mw.e.a”’ mw.e.a”’

Bering -2.0£3.6 -1.3£2.0

Hubbard (calving adjusted) 0.3+0.8 0.4+0.5
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The mean annual net mass balance of Bering Glacier is
projected to become more negative, about —2.0ma~" w.e.
during 2010-18, relative to the —1.3ma™' w.e. mean annual
net mass balance simulated during the 1994-2004 hind-
cast. The mean annual net mass balance of Hubbard
Glacier is projected to become somewhat less positive,
about 0.3ma'w.e. during 2010-18, relative to the
0.4ma ' w.e. mean annual net mass balance simulated
during the 1994-2004 hindcast, if the iceberg calving rate
at the Hubbard ice front in Disenchantment Bay remains
approximately constant.
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