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Abstract

We use satellite gravity measurements from the Gravity Recovery and Climate Experiment (GRACE) as an indication of mass change
to study potential long-term mountain glacial melting in southern Alaska and West Canada. The first 3.5 yr of GRACE monthly gravity
data, spanning April 2002—November 2005, show a prominent glacial melting trend in the mountain regions around the Gulf of Alaska
(GOA). GRACE-observed surface mass changes correlate remarkably well with available mass balance data at Gulkana and Wolverine,
two benchmark glaciers of the U.S. Geological Survey (USGS), although the GRACE signals are smaller in magnitude. In addition,
terrestrial water storage (TWS) changes estimated from an advanced land surface model show significant mass loss in this region during
the same period. After correcting for the leakage errors and removing TWS contributions using model estimates, we conclude that
GRACE-observed glacial melting in the GOA mountain region is equivalent to ~ — 101+22 km®/yr, which agrees quite well with the
assessment of ~ — 96435 km®/yr based on airborne laser altimetry data, and is consistent with an earlier estimate based on the first 2 yr of
GRACE data. This study demonstrates the significant potentials of satellite gravity measurements for monitoring mountain glacial

melting and regional climate change.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The global mean sea level rise is mainly driven by two
phenomena, the heating of the oceans and snow/ice
melting from polar ice sheets and mountain glaciers. Both
of these are directly affected by the global warming.
Although mountain glaciers only cover a small portion
(~ 3%) of the glacierized area of the Earth [1], their
contributions to the sea level rise can be significant, as
there is growing evidence that, since the mid-1990s,
mountain glaciers are melting rapidly [1-3]. Field mea-
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surements indicate that the summer warming in high
latitudes, especially in arctic Alaska and west Canada, has
shown major acceleration in the latest decade [4]. This
will likely contribute to accelerated glacier melting in the
Gulf of Alaska (GOA) region, and have a significant
effect on global sea level rise.

Excluding polar ice sheets over Antarctica and Green-
land, the mountains around the GOA coast contain some
of the largest glaciers on the Earth. Despite their poten-
tially large impact on sea level rise, the quantification of
glacial melting has been a challenge, limited by (tempo-
rarily and spatially) sparse measurements. Consistent
records of mass balance data are only available for a few
small benchmark glaciers in this region. There are great
variations in terms of glacial melting rate from region to
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region, and among glaciers located in the same region [1].
Based on repeated airborne laser altimeter measurements
of 28 glaciers in the GOA region from mid-1990s to
2000-2001, a recent study [1] suggests an averaged
thinning rate of ~ — 1.8 m/yr, and the total long-term
glacial melting rate (through extrapolation and interpola-
tion of the data at the 28 glaciers) in the GOA region is
~ — 96+35 km®/yr, which corresponds to a contribution
to the sea level rise of ~ 0.27+0.10 mm/yr. This can be
compared with ~ 0.25 mm/yr for the IPCC2001 asses-
sment of the global glacial melting contribution to the
mean sea level rise [5]. These numbers suggest that the
glacial melting in the GOA region is a major contributor to
the global sea level rise.

The Gravity Recovery And Climate Experiment
(GRACE), jointly sponsored by NASA and the German
Aerospace Center (DLR), was launched in March 2002,
as the first dedicated satellite gravity mission [6]. The
main goal of GRACE is to measure the Earth gravity
field and its variations, at roughly 30-day intervals. The
recently approved extension of the GRACE mission (by
NASA) to at least early 2010 enables GRACE to pro-
vide continuous accurate measurements of Earth gravity
change for at least 8 yr (2002 through 2010). These
time-variable gravity observations can be used to infer
mass redistribution on the Earth’s surface with an ac-
curacy of ~ 1.5 cm of equivalent water thickness change
at about 800—1000 km spatial scale [7,8], which include
(but are not limited to) terrestrial water storage change
(e.g., [7-9]), snow/ice sheet mass variation in polar
regions (e.g., [10—12]), and oceanic mass change (e.g.,
[13,14]).

A recent investigation [ 11] uses the first 2 yr of GRACE
data, covering the period April 2002 to July 2004, to
estimate possible glacial melting in the GOA region, and
shows encouraging results. The GRACE-estimated total
glacial melting rate in the GOA regionis ~ — 115+20 km®/
yr, very consistent with the estimate from airborne laser
altimeter [1]. The methodology used in the study [11] is
based on extrapolation of the magnitudes of GRACE-
estimated annual variations in the GOA region as a function
of the spatial radii used in the Gaussian smoothing, in order
to get an estimate of the ‘true’ magnitude when no smooth-
ing is applied (or when the spatial radius equals to 0). This
scaling method may have limited application in the case
when seasonal signals are dominated by noise or non-
seasonal variability.

A major factor that may affect GRACE-estimated gla-
cial melting is that because of the special spatial features of
mountain glacial melting (i.e., very large magnitude of ice
mass change occurs in a very small area, compared to
GRACE spatial resolution), leakage and attenuation effects

due to spatial smoothing should be exceptionally large.
How to correctly estimate leakage effects, and restore the
total glacial melting rate within a given region is a chal-
lenge. The spatial smoothing techniques used in GRACE
data may also affect the effective recovery of surface mass
change, especially for spatially small variations. The com-
monly used Gaussian smoothing [15,16] appears not very
effective in suppressing the stripping noise in GRACE data
(e.g., [17]).

In this study, we reassess the current glacial melting in
the GOA region, using a different approach to quantify
leakage and attenuation effects in GRACE measurements
through numerical simulations. This method, as proved
later in this study, is only sensitive to the total amount of ice
melting in the GOA region, but not the real magnitude of
the signal or spatial distribution of the given amount of
mass change, and, therefore, can better quantify the leakage
effects and more accurately recover the total glacial melting
rate in the GOA region. In addition, we apply an optimized
smoothing technique that can more effectively suppress the
stripping noise in GRACE data to improve the signal to
noise ratio in GRACE-estimated long-term mass change.
We use a longer record of GRACE data covering a 3.5-yr
period from April 2002 through November 2005, and
examine possible long-term (or interannual) terrestrial
water storage (TWS) changes in the GOA region using
estimates from the NASA Global Land Data Assimilation
(GLDAS) modeling system. The long-term TWS contri-
bution, if significant enough, needs to be removed from
GRACE estimates, in order to get a more accurate asses-
sment of the long-term glacial melting. We also compare
GRACE estimates with available mass balance data at two
USGS benchmark glaciers, the Gulkana and Wolverine
glaciers to see if there is any meaningful agreement or
correlation.

2. GRACE gravity measurements and data processing

We use 40 (approximately) monthly averaged
GRACE gravity solutions, in the form of fully nor-
malized spherical harmonics up to degree and order 120.
These solutions are constrained by an empirical power
law (a scaled version of the Kaula’s rule for the mean
gravity field [18,19]), in an effort to suppress the noise in
the very high degrees and orders. The reference gravity
field is the GRACE GGMO1 [6] gravity model, derived
from the first 111 days of GRACE data. Tidal effects,
including ocean, solid Earth, and solid Earth pole tides
(rotational deformation) have been removed in the level-
2 GRACE data processing [20]. To simplify the com-
putation, we truncate the GRACE solutions at degree and
order 60. Owning to their large uncertainties (in the
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Fig. 1. Global long-term mass change (in units of centimeter of equivalent water height change per year, cm/yr) estimated from 40 GRACE monthly

gravity solutions.

release 1 GRACE solutions), the degree-2 zonal har-
monics (C20) are excluded in the computation. The
mean of the 40 solutions is removed from all time series
in this study.

To minimize spatial noise in GRACE-inferred surface
mass changes, we apply a 2-step optimal smoothing to
GRACE gravity data, which involves an optimized order-
dependent anisotropic smoothing [17] and a 500 km
Gaussian smoothing. The optimized anisotropic smooth-
ing is a revised version of the formal error-dependent
smoothing method developed in an earlier study [17]. As
formal error estimates are not provided in the GRACE
constrained gravity solutions, we define a proxy ‘formal
error’ for each Stokes coefficient as the uncertainty level
of the linear trend fitted to the 40 GRACE solutions. For
each Stokes coefficient, we first removed annual and
semiannual variations using unweighted least squares fit,
and then fit a linear trend to the residual time series (also
using an unweighted least squares fit) to get the rate and
uncertainty (or sigma) level. Therefore, the optimal
weightings (W§,, and W§,) for each Stokes coefficient
(Cy,, and Sy,,,) are defined as,

c_ Rate(Cin)?
™ ™ Rate(Cim)? + (SIG(Dyn)*k)?

s _ Rate(Slm)z
™ ™ Rate(Sim)? + (SIG(Sim)*k)>

in which, Rate(C,,,, S;,,) and SIG(C,,,, S;,,) are the long-
term rate and uncertainty level of the rate of given Stokes
coefficient (degree / and order m). k=2.65 is the optimal
solution, and in this case the above weighting, when
combined with the 500 km Gaussian smoothing will
produce the highest signal-to-noise ratios, following the
optimization procedures used in the earlier study [17].

3. GRACE observed long-term mass change
3.1. Global mass change rates from GRACE

Monthly surface mass changes are computed from
these 40 GRACE gravity solutions on 1°x1° grids on
global basis. As non-tidal atmospheric and barotropic
oceanic mass change contributions are removed in the
level-2 de-aliasing process [20], these surface mass
changes represent mainly terrestrial water storage changes
over land, snow/ice mass changes of mountain glaciers
and polar ice sheets, and unmodeled baroclinic oceanic
mass changes plus errors in GRACE measurements and
uncertainties in the background geophysical models used
in GRACE data processing. At each grid point, we compute
the trend using unweighted least squares fit (with seasonal
signals removed first also using unweighted least squares
fit), and construct a global rate map of 1°x1° (Fig. 1, in
units of cm/yr of equivalent water thickness change).

Obviously, many of these ‘long-term’ signals can be
simply from interannual variations (as only 3.5 yr of
GRACE data are available to this study). However, these
‘long-term’ anomalies are not randomly located, and
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many of them bear clear geophysical features. The most
prominent positive anomaly is in the Hudson Bay area in
the northeast part of the North America continent,
coinciding with the region with large anticipated post-
glacial rebound (PGR) signals (e.g., [21,22]). GRACE has
observed an evident mass loss along the coast in the GOA
region, which is consistent with that from previous study
[11]. However, our calculations (Fig. 1) suggest less noise
in the GOA region, especially over the oceans. This can be
attributed to a combination of (1) the extended data record
(3.5 vs. 2 yr) and the associated improvement of data
quality and (2) the different smoothing (2-step optimized
vs. 500 km Gaussian) method used in this study. GRACE
has also observed several other interesting long-term mass
change features, including the prominent mass loss along
the coast of West Antarctica, the large accumulation in
East Antarctica, and the significant mass loss over East
Greenland, which are not discussed in this study.

3.2. GRACE-observed mass loss in the GOA region

Fig. 2 gives an enhanced view of the GRACE-es-
timated long-term mass changes in the GOA region. The
locations of the Gulkana and Wolverine glaciers,
two USGS benchmark glaciers, are marked by white tri-
angles. These are two relatively small glaciers (of ~ 20 and
19 km? in area, respectively). The locations of five largest
glaciers (with area over 1000 km?) [1] in the GOA region
are marked by white dots. The first observation of Fig. 2 is
that GRACE-observed mass loss (the negative anomaly in
the GOA region) spreads to an extensively large area, from
Arctic down to the Pacific Ocean, and is close to a rounded
shape (with some distortion). The second observation is
that the magnitude of the anomaly (along the coast) is
about ~ — 4-5 cm/yr, which is significantly smaller than
the laser altimetry estimates (e.g., of ~ — 1.8 m/yr [1]).
However, the geographical center of this large mass
anomaly is near the complexes of the glaciers, and slightly
to the north. This is a strong indication that this negative
anomaly is likely due to a much larger (than the ~ 4 cm/yr)
mass loss confined to a small area along the coast, plus
some contribution from inland areas.

An approximate approach to compute the total original
mass loss rate is to sum up all the anomalies within an
appropriately defined region, e.g., the region circled by the
white lines. This integration will not fully restore the
original mass loss rate, as the leakages spreading into the
areas outside the defined region may not be negligible.
However, it is possible to approximately estimate those
leakages (into the regions outside the white box) through
numerical simulations. If we assume that all the negative
anomalies in the GOA region (within the white box) are

150°w 140°W

Integrated Mass Change Rate: -124 + 15 km%yr
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Fig. 2. Long-term mass loss observed by GRACE in the Gulf of Alaska
(GOA) region. The integrated total mass loss in the white-line circled
area is equivalent to ~ — 124+ 15 km*/yr. The 2 white triangles mark
the locations of two USGS benchmark glaciers, the Gulkana Glacier
(~ 20 knm? in area) and Wolverine Glacier (~ 19 km? in area), while the
white dots mark the locations of the 5 largest glaciers in the GOA
region (~ 1000 km? or above in areca).

from leakages of glacial melting and other long-term mass
changes in the GOA region during the spatial smoothing,
then this mass loss is equivalent to ~ — 124+15 km®/yr.
The uncertainty level is computed from sigma level at each
grid point.

We compare GRACE-observed surface mass changes
with USGS seasonal mass balance data (available at http://
ak.water.usgs.gov/glaciology/Default.htm) at the Gulkana
and Wolverine glaciers, respectively (Fig. 3a,b). GRACE
time series are determined from the pixel closest to the
centers of the two glaciers (marked as white triangles in
Fig. 2). The observation data at Gulkana have been ex-
tended up to the winter of 2005, while the last measure-
ment (winter 2005) at Wolverine is not available yet. The
units of GRACE measurements are centimeter of equiva-
lent water thickness change (marked on left axis), and the
units of the USGS mass balance data are meter of equiva-
lent water thickness change (marked on right axis). Al-
though GRACE-observed variations are much smaller
than the USGS mass balance measurements, the seasonal
changes of the two time series match remarkably well for
both glaciers. Both measurements show a steady secular
mass loss with clear seasonal variations superimposed.

3.3. Contributions from long-term TWS changes

To quantify possible TWS contributions to GRACE-
observed long-term mass loss in the GOA region, we use
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Fig. 3. Comparison between GRACE observations (blue curves with square markers) and the USGS archived mass balance time series for the
Gulkana and Wolverine Glaciers (red curves with triangle markers). The GRACE time series are point-wise estimates after the 800 km Gaussian
smoothing, in units of centimeter of equivalent water thickness change (marked on left axis). The USGS results are in units of meter of equivalent
water thickness change (marked on right axis). The two strait lines represent the linear trends from unweighted least squares fit.

GLDAS model-estimated TWS changes [23] covering the
period January 2002—June 2005. GLDAS is an advanced
land surface modeling system jointly developed by the
NASA Goddard Space Flight Center and the NOAA
National Centers for Environmental Prediction [23].
GLDAS parameterizes, forces, and constrains sophisti-
cated land surface models with ground and satellite
products with the goal of estimating land surface states
(e.g., soil moisture and temperature) and fluxes (e.g.,
evapotranspiration). In this particular simulation, GLDAS
was used as input to the Noah land surface model [24]
Version 2.7.1, with observed precipitation and solar
radiation included as inputs. GLDAS TWS estimates are
the sum of soil moisture (2 m column depth) and snow
water equivalent. Greenland and Antarctica are excluded
because the Noah model does not include ice sheet
physics. The GLDAS data are provided on 1°x1° grids
and at 3-hourly intervals.

To be consistent with GRACE measurements, GLDAS
TWS changes are expanded into fully normalized Stokes
coefficients, up to degree and order 100, and then pro-
cessed using the same procedures (e.g., truncation at
degree 60, and no C20) as GRACE data to get GLDAS-
estimated surface mass changes. The degree-0 term (Cgy),
representing total water mass change, and degree-1 terms
(C11, Sq1, Cip), representing geocenter motion [9], are
excluded in GLDAS, as these terms are not included in
GRACE solutions. The 3-hourly GLDAS TWS change
data are averaged into the same GRACE ‘monthly’
intervals, covering the period April 2002 and June 2005
(slightly shorter than the GRACE time series).

We estimate the total TWS changes from GLDAS (Fig.
4a) in the Alaska and west Canada region within the white
box on Fig. 2. No smoothing is applied in GLDAS data
when we compute the TWS time series, as we try to
estimate the ‘true’” TWS contribution. During the 3 yr
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Fig. 4. (a) GLDAS-estimated total soil moisture and snow water changes (in units of km?/yr of equivalent water mass change) in non-glaciered regions in
Alaska and West Canada within the same area circled by white line as in Fig. 2. No smoothing is applied to GLDAS data, and other treatments are consistent
with GRACE data (e.g., truncation, no C20, and no degree-1 terms). (b) GLDAS-estimated ‘long-term” water storage change in the Gulf of Alaska region
with same smoothings and other data treatments as GRACE data (in cm/yr of water thickness change). (c) GLDAS-estimated ‘long-term’ water storage
change in the Gulf of Alaska region without smoothing (in cm/yr of water thickness change). GLDAS data cover the period April 2002 to June 2005. The
color scales are different in panels (b) and (c), and also different from that used for GRACE results (in Figs. 1 and 2), for clarity of presentation.
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period, the GLDAS data show a significant ‘long-term’
mass loss on top of some seasonal variations in this region.
The straight line in Fig. 4a represents the unweighted least
squares linear fit of the time series (when seasonal signals
are removed), and gives a secular mass loss of ~ — 88+
4 km®/yr. In addition, we estimate the long-term GLDAS
trend at each grid point in the GOA region and show the
GLDAS trend map in Fig. 4b. When computing the
GLDAS trend map, the same 2-step optimized smoothing
is applied to demonstrate the leakage as GRACE would
observe. For a clearer view of the trends, the color scale is
set to be half of that used for GRACE results (Figs. 1 and
2). Apparently, TWS variations in the GOA region may
contribute to a significant portion of the mass loss
observed by GRACE. For comparison, the non-smoothed
GLDAS trend map is shown in Fig. 4c (which will be used
in the simulation in 3.4).

3.4. Numerical simulation of leakage effects

If the signal observed by GRACE is due to the
contribution of glacial melting and ‘long-term’ (more
likely interannual or decadal) TWS changes, the spatial
smoothing applied to the GRACE data should have
greatly reduced the magnitudes of the signals (from
~ — 1 m/yr to ~ — 4 cm/yr), resulted from very large
leakage effects. In order to demonstrate the likelihood of
this scenario, we design numerical simulations to assess
the glacial melting required to generate similar leakages
and similar point-wise magnitudes as GRACE has
observed, and to evaluate the leakages into the areas
outside the selected regions.

Fig. 5 illustrates the two simulated regions, the GOA
region (red box) and the Hudson Bay area (blue box). As
the PGR effects are so dominant, it is necessary to include

them in the simulation to reduce leakage errors into the
nearby GOA region. In the GOA region, we construct
long-term mass changes by placing a certain amount of
long-term glacial melting within a predefined area (filled
with blue, ~ 90,957 km?) along the coast. This is ap-
proximately the total glacierized area in the GOA coastal
region [1]. Model-estimated TWS trends are used for
other land area within the red box (adopted from the non-
smoothed GLDAS trend map shown in Fig. 4c).
However, TWS changes within the green box, or slightly
extended ‘glacierized’ area are excluded. In the mean
time, we place a certain amount of mass increase around
the Hudson Bay area (filled with blue, 4.6980e+06 kmz).
The purpose is not to correctly model or interpret the PGR
signal, but rather to approximate the leakage into the GOA
region (the neglect of the ocean area in the Hudson Bay
appears to have negligible effects on the leakage estimates
in the GOA region). Long-term mass changes outside the
two selected boxes are set to 0. We expanded the con-
structed mass change field into fully normalized Stokes
coefticients up to degree and order 100, and then process
the results with exactly the same procedures (e.g., 2-step
optimized smoothing, truncation at degree 60, no C20,
and no degree-1 terms) as used for the GRACE data to
simulate what GRACE would observe.

The total glacial melting and apparent ‘PGR’ mass
signal are determined through numerical experiments so
that the simulated total mass loss in the GOA region can
best match GRACE observations, in the sense of that the
simulated results show roughly the same amount of total
integrated mass loss (~ — 124 km®/yr) as the GRACE data
within the same selected area (white or red box on Figs. 2
or 5). At the same time, the simulated ‘PGR’ effects can
also best match GRACE observations to generate the same
amount of mass increase (~ + 237 km*/yr) with the same

Fig. 5. Illustration of the two simulated areas, the GOA region (red box) and the Hudson Bay area (blue box). The filled areas (with blue color) are

where the original glacial melting and PGR mass change are distributed.
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Fig. 6. (a) Simulated glacial melting and TWS change in the GOA region (in units of cm/yr of equivalent water thickness change), as would be observed by
GRACE after the same data processing. (b) GRACE-observed long-term mass changes in the same area (in units of cm/yr of equivalent water thickness

change).

selected area (blue box on Fig. 5). This is equivalent to
solving a multi-variables ‘equation’. We use two criteria in
searching for an optimal solution that can best resemble
GRACE measurements. First, the magnitude of simulated
mass change in the GOA region is similar to GRACE
observation, which, in some sense, is similar to the scaling
method used in the previous study [11] (but specifically for
long-term period here). Second, the simulated total mass

change in the predefined area is the same as GRACE
measurements, which enables a more accurate estimate of
the total leakage from the spatial smoothing(s).

Using the above two criteria, in the final simulated
results (Fig. 6a), we place a total glacial melting of
— 101 km®/yr evenly distributed within the selected areas,
along the GOA coast (filled with blue in Fig. 5), which is
equivalent to averaged melting of ~ — 1.1 m/yr in the
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simulated area (about the same melting rates at the two
benchmark glaciers shown in Fig. 3a, b), and a+443 km®/
yr ‘PGR’ mass increase in the Hudson Bay area (also
filled with blue in Fig. 5). The simulated results show
similar geographical distribution of leakages and similar
point-wise magnitudes in the two simulated regions, when
compared with GRACE measurements (Fig. 6b). There-
fore, the spatial smoothing (and truncation) significantly
reduces the magnitudes of the signals (~ — 1.1 m/yr vs.
~ —4-5 cm/yr) when the changes occur within small areas
(~ 90,957 km? in this case). Considering the total original
mass loss placed in the GOA region is ~ — 180 km’/yr
(glacial melting+GLDAS TWS change, which is
~ — 79 km®/yr when the extended ‘glacierized’ area is
excluded) and the simulated mass loss (within the white
box region on Fig. 6a) is ~ — 124 km>/yr, a significant
portion (~ — 56 km>/yr) appears leaked into areas outside
the selected region.

We carry out another experiment to test the sensitivity
of GRACE-recovered long-term mass changes to the
spatial distribution of the original signal. We place the
same amount of glacial melting (— 101 km?/yr) evenly
distributed within a larger area of ~ 150,340 km” along
the GOA coast (extended from the original area), equiv-
alent to averaged melting of ~ — 0.67 m/yr, and keep
everything else the same as in the experiment shown on
Fig. 6a. In this case, GRACE-recovered glacial melting
within the same selected area (white box on Fig. 6a, b), is
virtually unchanged, when compared to the results shown
on Fig. 6a (~ — 123.7 vs. — 124.3 km>/yr) where the
original change is distributed over a much smaller
area (~ 90,760 km?), with significantly larger (1.1 vs.
0.67 m/yr) point-wise annual melting. This indicates that
the mass changes integrated from leakages within the
selected region are closely tied to the possible total glacial
melting (plus other long-term changes) within the selected
region, and are not sensitive to the actual spatial distri-
bution of the changes (as long as they are centered in
roughly the same locations). This is also something we
would hope for, by using the large averaging region, as
our main interest and focus are to assess the potential total
mountain glacial melting along the vast GOA coast re-
gion. The integrating region is determined to be large
enough to cover as much of the leakage from the GOA
region as possible, but, in the mean time, to stay away from
other major signal and leakage in surrounding regions.

4. Discussions
Despite of the improved recovering methods, our

GRACE-estimated glacial melting rate in the GOA region
(~ — 101+22 km®/yr) can be affected by many error

sources that are not quantified and neglected in this study.
GLDAS TWS estimates show significant long-term (or
interannual) variability. However, how to correctly quan-
tify long-term TWS change is still big challenge. Different
hydrological models could show significantly large dis-
crepancy (even at seasonal time scales). Another major
error source is the uncertainty in PGR estimates in the
GOA region. Although the ICE-5G PGR signals in the
GOA region are relatively small [22], GPS measurements
do indicate evident surface uplift along the coast in south-
east Alaska, which is likely caused by post-Little Ice Age
glacial retreat [25]. If the uplift can be confirmed as PGR
signal, it would suggest that current GRACE-based asses-
sments should have underestimated the true glacial melt-
ing rate in the GOA region [12]. However, the GPS
observed surface uplift (in the GOA region) is also pos-
sibly caused by the present-day glacial melting. The
comparison between GRACE-observed present-day ice
load change and GPS-observed uplift would help to
understand and interpret each other (further discussion is
beyond the scope of this study).

Other contributions may include errors in the atmo-
spheric model (used in GRACE dealiasing [20]) and long-
term residual baroclinic signals over the ocean. We assume
thatthe errors in the atmospheric model are negligible. The
relatively low variance over the oceans (except for the
leakages from land and ice sheet) in GRACE observations
(Fig. 1) suggests that long-term oceanic baroclinic signals
appear also negligible, which is consistent from the con-
clusion of the previous study [11].

5. Conclusions

Through the above numerical simulations, we con-
clude that GRACE-observed long-term mass loss in the
GOA region may represent a total mass loss of ~ — 180+
22 km?/yr in the GOA region, of which the majority
appears to be caused by glacial melting along the coastal
areas. Long-term TWS changes may have significant
contribution to GRACE-observed mass loss in the GOA
region as well. Assuming the GLDAS estimates fairly
represent TWS changes in this large area, the difference
between GRACE observation and GLDAS estimate would
approximate the glacial melting in the GOA region, which
is ~ — 101422 km?/yr.

This estimate agrees remarkably well with the airborne
laser altimetry measurement of ~ — 96+35 km®/yr [1].
This agreement may be a coincidence, as the airborne
laser altimetry estimate is based on the measurements
between mid-1990s to 2000 or 2001 over only 28 glaciers
in the GOA region, while GRACE estimate is based on
the data from a recent 3.5-yr period (April 2002—
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November 2005). There should be many other uncertain-
ties in both estimates. The GRACE measurement errors,
other leakage effects (e.g., from baroclinic oceanic
signals), and errors in the background geophysical models
are not quantitively assessed. The extrapolation of the
laser altimetry data and the two-point estimate method-
ology (i.e., the laser altimetry results are mostly based on
two repeated measurements several years apart [1] to get
the long-term rates) may also lead to large uncertainties in
the laser altimetry estimates.

Our GRACE-estimated glacial melting in the GOA
region is consistent with the previous assessment of
~ — 115+20 km?/yr based on the first 2 yr of GRACE
data [11], reconfirming the significant glacial melting in
the GOA region in recent years. Model-estimated TWS
changes show significant long-term (or interannual or
decadal) variations in the GOA regions during this 3.5-yr
period, and account for a large portion of GRACE-ob-
served annual mass loss in this region. The simulated
averaged glacial melting rate (~ — 1.1 m/yr) when using a
total glacierized area of ~ 90,957 km? (close to published
total glacierized area in the GOA region [1]) is consistent
with the estimates from the USGS measurements at the
two benchmark glaciers (Fig. 3a)b).

The consideration of PGR (and other long-term mass
change) contributions in our simulations has significant
effects on the simulated mass loss in the GOA region. For
the simulation shown in Fig. 6a, if the PGR effects are not
considered and everything else remain the same, the
simulated total mass loss within the selected region is
~ — 87 km’/yr, as compared with the estimate of
~ — 124 km?/yr when the PGR effects are modeled. The
large difference is mainly because the two anomalies are
geographically close and are both significant, and the
leakages between the two regions are expected to be
relatively large. Based on the estimates of the ICE-5G
model [22], the PGR effects (themselves, as compared to
the PGR leakages) in the GOA region are relatively small
and neglected in this study.

The ongoing GRACE data reprocessing is expected to
significantly improve the accuracy of GRACE time-
variable gravity fields. With a longer record of GRACE
data with improved accuracy, GRACE time-variable gra-
vity data will be a more valuable data resource (in addition
to remote sensing) to the study of mass balance of moun-
tain glaciers, polar ice sheets, and climate change.

This study further demonstrates the significant poten-
tial of using GRACE time-variable gravity measurements
for monitoring regional scale glacial melting. Through
improving the signal-to-noise ratio (at long-term period),
the optimized smoothing technique used in this study can
more effectively suppress the stripping noise in GRACE-

estimated mass change fields. The numerical simulation
experiments designed in this study provide a tool to esti-
mate the exceptionally large leakage effects due to the
spatial smoothing used in GRACE data, and enable the
quantification of small spatial scale ice mass change signal
such as mountain glacial melting. The methods used in
this study only rely on the presence of long-term signals in
GRACE-estimated mass changes (and are independent on
any seasonal variability), and, therefore, are expected to be
particularly useful in regions where seasonal signal may
be relatively insignificant, such as over Antarctica.
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