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ABSTRACT. The mass changes of the Gulf of Alaska (GoA) glaciers are computed from the Gravity
Recovery and Climate Experiment (GRACE) inter-satellite range-rate data for the period April 2003-
September 2007. Through the application of unique processing techniques and a surface mass
concentration (mascon) parameterization, the mass variations in the GoA glacier regions have been
estimated at high temporal (10 day) and spatial (2 x 2 arc-degrees) resolution. The mascon solutions are
directly estimated from a reduction of the GRACE K-band inter-satellite range-rate data and, unlike
previous GRACE solutions for the GoA glaciers, do not exhibit contamination by leakage from mass
change occurring outside the region of interest. The mascon solutions reveal considerable temporal and
spatial variation within the GoA glacier region, with the largest negative mass balances observed in the
St Elias Mountains including the Yakutat and Glacier Bay regions. The most rapid losses occurred during
the 2004 melt season due to record temperatures in Alaska during that year. The total mass balance of
the GoA glacier region was -84 =5 Gta™' contributing 0.2340.01 mma~" to global sea-level rise from
April 2003 through March 2007. Highlighting the large seasonal and interannual variability of the GoA
glaciers, the rate determined over the period April 2003-March 2006 is =102 £ 5 Gta™', which includes
the anomalously high temperatures of 2004 and does not include the large 2007 winter balance-year
snowfall. The mascon solutions agree well with regional patterns of glacier mass loss determined from

aircraft altimetry and in situ measurements.

INTRODUCTION

The world’s ice sheets, ice caps and glaciers are garnering
much attention because of their sensitivity to climate change
and their contributions to global sea-level rise (GSLR) (Alley
and others, 2005; Cazenave, 2006). While considerable
focus has been placed on quantifying the mass balance of
the Greenland and Antarctic ice sheets, due to their large ice
volume and potential contribution to GSLR, mountain gla-
ciers and ice caps presently contribute more to GSLR than
the ice sheets combined (Meier and others, 2007). Existing
measurements indicate that the largest share of the mass
losses from mountain glaciers and ice caps comes from
those located in maritime, coastal environments (Dyurgerov
and McCabe, 2006), attributable to the high mass turnover
and sensitivity of these glaciers to climate variations (Meier,
1984) and the potential for rapid mass losses through tide-
water glacier dynamics (Meier and Post, 1987; O’Neel and
others, 2005). Although the total sea-level rise potential from
mountain glaciers is small relative to the ice sheets,
mountain glaciers will likely dominate the cryospheric sea-
level budget during the next 50-100years (Meehl and
others, 2007; Meier and others, 2007). The subpolar glaciers
in Alaska and northwestern Canada, bordering the Gulf of
Alaska, (GoA glaciers) are the largest known contributors to
GSLR of all mountain glacier systems, showing significant
accelerated ice loss and wastage accounting for ~15% of
the present-day eustatic component of GSLR (Meier and
others, 2007).
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Ground measurements providing long-term time series of
seasonal mass balance are sparse due to the remote and
inaccessible nature of most land-ice regions. The few
existing GoA benchmark glacier observations yield valuable
information on seasonal variability of glacier mass balances,
but do not well represent large and dynamic glaciers that
dominate the contribution to GSLR (Arendt and others,
2002). Airborne laser altimetry has greatly expanded the
spatial coverage of measurements over a wide range of GoA
glacier types. Repeat surveys along the same flight path of an
earlier profile, or comparison of a survey with historical
maps, yield changes in elevation that are extrapolated to
individual glaciers or entire glacier regions (Echelmeyer and
others, 1996; Arendt and others, 2002). Regional estimates
of glacier mass balance from aircraft altimetry have two
primary sources of error: (1) Glacier mass balance is not only
a function of regional climate, but also of glacier dynamics,
which is highly variable and glacier-specific (Arendt and
others, 2006), requiring direct sampling of tidewater and
lake-calving glaciers that are making disproportionate
contributions to regional mass changes (Larsen and others,
2007). (2) Altimetry studies rely on assumptions about ice
density in converting volume to mass changes, and near-
surface densities can be highly variable, especially over
short periods. Although altimetry studies provide broad
regional coverage, they lack detailed temporal information.

For several decades, geodesists have used the concept
of satellite-to-satellite tracking to study the gravitational
potential from changes in inter-satellite range and velocity
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(e.g. Rummel, 1980; Kahn and others, 1982; Gaposchkin,
2000; Rowlands and others, 2002). However, direct meas-
urements of surface mass change at spatial scales less than
400 km with 10day resolution were not possible before the
use of the data acquired by the NASA/DLR (German
Aerospace Research Center) Gravity Recovery and Climate
Experiment (GRACE) mission (Rowlands and others, 2005;
Luthcke and others, 2006b). Since its launch in March 2002,
GRACE has been acquiring ultra-precise (0.1 pm s inter-
satellite K-band range and range-rate (KBRR) measurements
taken between two satellites in polar orbit approximately
200km apart (Tapley and others, 2004). The changes in
range rate sensed between the GRACE satellites provide a
mapping of static and time-variable gravity.

Here we estimate mass variations of the GoA glacier re-
gion at 10 day temporal and 2 x 2 arc-degrees (~49 000 km?)
spatial sampling through unique processing of the GRACE
level-1 data and a parameterization of local mass variations
as surface mass concentrations (mascons) (Muller and
Sjogren, 1968; Rowlands and others, 2005; Luthcke and
others, 2006b). We investigate the impact of atmosphere,
ocean, tides, terrestrial water storage (TWS) and glacial
isostatic adjustment (GIA) forward modeling on our mass-
variation time series. Unlike previous studies that investigate
TWS and GIA effects through comparisons with the monthly
spherical harmonic fields after the reduction of the KBRR
data, we forward-model these mass-variation components as
part of the level-1 data processing and formal reduction of
the KBRR data. Therefore, the performance of the forward
models is quantitatively measured through the change in
KBRR residuals and resultant mascon solutions. Furthermore,
we show that the mascon solutions isolate the mass variation
within each mascon region, significantly reducing leakage
from outside regions. We present the details of the high-
resolution mascon solution technique applied here, an error
analysis and a discussion of the results including compar-
isons to independent data for the purposes of validation.

DETERMINING GLACIER MASS VARIATON FROM
GRACE: METHODS

Previous studies: regional averaging of monthly
spherical harmonic fields

To investigate surface mass variations, the GRACE project
provides monthly global spherical harmonic gravity fields
estimated from the processing of the mission level-1 data
(Tapley and others, 2004). This processing involves the
reduction of the inter-satellite KBRR data with precise
positioning, attitude and accelerometer data to isolate
gravity forces from non-conservative surface forces (Tapley
and others, 2004; Luthcke and others 2006a). The monthly
global spherical harmonic gravity fields, in the form of Stokes
coefficients, are formally estimated in a weighted least-
squares minimization of the KBRR residuals (difference
between the observations and a computed observation
based on the initial estimates of the gravity fields and
forward models) (Luthcke and others, 2006a). The error in
surface mass estimates derived from these monthly spherical
harmonic fields greatly increases as the spatial wavelength of
interest gets smaller, requiring spatial smoothing and re-
gional averaging of mass variation (Swenson and Wahr,
2002; Howarth and Dietrich, 2006). In addition, the monthly
spherical harmonic Stokes coefficients have significant errors
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at the orbit resonant orders 15 and 16 causing spatial
‘striping” error (Luthcke and others, 2006a), further requiring
spatial smoothing and averaging.

Smoothing and regional averaging techniques have
recently been used to estimate overall glacier mass balance
for the GoA region from the GRACE monthly spherical
harmonic fields (Tamisiea and others, 2005; Chen and
others, 2006). While these studies represent an important
advance in using space-borne gravity measurements to
assess glacier mass balance, they are limited in their
temporal (monthly) and spatial (800-1000km) resolution.
These studies employ long-wavelength smoothing and aver-
aging compared to the glacier signal source dimension;
therefore, they must account for signal attenuation and
leakage of signal out of the region, as well as leakage into
the region from outside sources such as TWS and GIA.
Tamisiea and others (2005) used a scaling relationship of
increasing annual mass variation as a function of decreasing
smoothing radii to extrapolate the annual variation and rate
for the GoA region’s ice variation. Chen and others (2006)
minimized spatial noise by applying a two-step smoothing
technique, and attempted to account for attenuation and
leakage by matching numerically simulated mass change to
that obtained from the smoothed GRACE monthly fields.
Rangelova and Sideris (in press) have modeled North
American geoid rates using a more advanced spherical
harmonic analysis approach that may better avoid leakage
using the method of principal component/empirical orthog-
onal functions. Still, these methods do not formally
minimize the discrepancies between the GRACE inter-
satellite ranging observations and the computed observation
signals derived from the estimates of surface mass variation.
In addition to the limited spatial and temporal resolution of
the results, these studies employed smoothing, numerical
simulations and leakage investigations that do not use the
GRACE KBRR observations; the fundamental observations of
the GRACE mission are not being used as the objective
criteria of performance.

Mascon solutions

Examination of the GRACE KBRR observations reveals
coherent mass-variation signals at better than 400 km full
wavelength spatial and 10day temporal resolution at the
mid-latitudes, and still better resolution at high latitudes
(Rowlands and others, 2005). In this study we use the
GRACE KBRR observations to estimate mass flux directly.
This is accomplished by employing unique methods of
processing the GRACE inter-satellite KBRR observations,
along with the parameterization of local mass variations as
surface mascons. The details of our GRACE data processing
are discussed by Rowlands and others (2002) for the short-
arc analysis and Luthcke and others (2006a) for the GRACE
level-1 data processing (including accelerometer calibra-
tion). These processing techniques, combined with the
mascon parameterization, have been used to estimate mass
variation in the Amazon river basin (Rowlands and others,
2005) and Greenland ice-sheet drainage systems (Luthcke
and others, 2006b). In this study, we further refine these
techniques to formally estimate the mass variation of the
GoA glacier regions through a direct reduction of the
GRACE inter-satellite KBRR data.

The mean (over a specified period) gravitational potential
of the Earth at any point on or above the surface of the Earth
can be expressed in standard form as a spherical harmonic
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expansion (Hoffmann-Wellenhof and Moritz, 2005):

1+1

M R _ lmax I R _
U(r, 9, \) ~ M ~Coo+ > (7) P (sin®)

(Cjmcos mA + Sy sin m)\)],

where r, 9, A are the spherical geocentric radius, latitude and
longitude coordinates of the point where the geopotential is
evaluated, GM is the product of the universal gravitational
constant and the Earth’s mass, R is the Earth’s mean semi-
major axis, [, m are the spherical harmonic degree and order,
P, are the fully normalized associated Legendre functions
and Cj,, Sy, are the fully normalized Stokes coefficients.
The formulation for mascon parameters is derived from
the fact that a change in the gravitational potential caused by
adding a small uniform layer of mass over a region at an
epoch t can be represented as a set of (differential) potential
coefficients which can be added to the mean field. The delta
coefficients can be computed (Chao and others, 1987):

ACp(t) —W/ Pim(sind) cos mA dQ
ASim (1) —%/Pm(sinﬁ)sin m\ dq,

where kj is the loading Love number of degree /, to account
for the Earth’s elastic yielding which in general counteracts
the additional surface density, o(t) is the mass of the layer
over a unit of surface area at the epoch t, and Q is the solid-
angle surface area of the mascon region where o(t) is ap-
plied, dQ = cos ¥ dd dA.

For each mascon region, the above equation is used to
generate a set of differential Stokes coefficients (complete to
degree and order 60) that correspond to 1 cm of water over
the region of interest. The estimated mascon parameter for
each mascon region is a scale factor on the set of differential
Stokes coefficients for that mascon region, giving a surface
mass delta in equivalent centimeters of water. The solution is
relative to the mean field and forward models of other
geophysical processes of mass redistribution (e.g. atmos-
phere and ocean tides). The mascon parameters are esti-
mated using least-squares differential correction, and
therefore the change in KBRR observations per change in
mascon parameters is needed for the estimation. The partial
derivatives of the GRACE KBRR data with respect to the
mascon parameters are computed as a dot product of the
partials of the KBRR data with respect to standard Stokes
coefficients and the differential Stokes coefficients com-
puted from the equation above for the mascon region of
interest:

. Imax | R . X .
903> 2% ac), + 29,
8P{ I—1 m=0 aC~/m OS/m

where 90;/0P] is the partial derivative of the KBRR
observation i with respect to the j mascon parameter P/ at
time t, and 90;/9C)y,, 00;/9S),, are the partial derivatives
of the KBRR observations with respect to the geopotential
Stokes coefficients. These partial derivatives are computed
as part of the KBRR reduction and level-1 data processing.

AC),, AS), are the delta Stokes coefficients for mascon

region j.
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High-resolution mascons

The mascon parameterization has been successfully applied
to estimate mass variation of the Greenland ice sheet (GIS) at
drainage-system spatial sampling and 10 day temporal sam-
pling (Luthcke and others, 2006b). In this study we further
advance this technique to estimate mass variation over
2 x 2 arc-degrees equal-area mascon regions (~49 000 km?),
which are significantly smaller than the GIS drainage-system
mascons previously used (Luthcke and others, 2006b). We
term these high-resolution mascons (hi-res mascons) be-
cause the spatial resolution of these new mascons is
significantly better than those in previous GRACE mascon
studies (Rowlands and others, 2005; Luthcke and others
2006b). We define a series of mascons where the GoA
glacier mascons (1-12), land mascons (13-103) and ocean
mascons (104-262) are separately distinguished (Fig. 1). The
mascons are directly estimated from short arc minimization
of the GRACE KBRR data residuals exclusively within the
local region of interest (Fig. 1a) (Rowlands and others, 2002,
2005; Luthcke and others, 2006a).

The GRACE KBRR and level-1 attitude and accelerometer
data (including accelerometer calibration) are processed in
daily arcs as outlined by Luthcke and others (2006a). In
order to isolate ice-change signal, our mascon estimates are
relative to models of both static and time-varying gravity.
These time-varying gravity effects are forward-modeled in
the daily arc reductions of the KBRR data (level-1 data
processing). Static mean gravity is modeled using the
complete GGM02C GRACE gravity model through degree
and order 150 (Tapley and others, 2004). We perform
sensitivity analysis to assess the effects of differences in the
forward modeling on our mascon solutions. Here we present
the results using two very different forward models: vO1
which is our simplest and least complete model; and v03
which represents our best forward modeling of the time-
varying gravity. Our v01 forward modeling includes:

1. The ocean tides modeled according to GOTO0 (Ray
1999; Ray and Ponte, 2003), and

2. The atmospheric gravity modeled following Chao and Au
(1991) using potential coefficients to degree and order 50
at 6 hour intervals derived from US National Centers for
Environmental Prediction (NCEP) pressure grids (Petrov
and Boy, 2004) assuming inverted barometer for the
ocean response.

Our v03 forward modeling includes:

1. An updated ocean tide model, GOT4.7, with improve-
ments in shallow waters and polar seas.

2. Atmospheric gravity modeled to degree and order 90 at
3 hour intervals derived from European Centre for
Medium-Range Weather Forecasts (ECMWF) operational
pressure grids.

3. Ocean mass gravity modeled using MOG2D, a baro-
tropic ocean model forced by 6 hourly ECMWF pressure
and winds (Carrre and Lyard, 2003), represented as potential
coefficients to degree and order 90.

4. TWS modeled using the Global Land Data Assimilation
System (GLDAS)/Noah 0.25°, 3 hour data represented as
potential coefficients to degree and order 90 (Ek and
others, 2003; Rodell and others, 2004). We have set the
TWS contribution to zero for the major mountain glacier


https://doi.org/10.3189/002214308787779933

770

Luthcke and others: Glacier mass changes in the Gulf of Alaska

: {05 I?? 197 l*‘;

208 | |
I 20 210 21 (212 213

Range

Har.ding
Icefield

Ra.nge Juneau
_Icefield
+— Stikine

Yakutat Glacier
Icefield  Bay

Fig. 1. (a) Alaska mascon definitions (approx. equal area ~49000km?). Mascons 1-12 (magenta) represent the GoA glacier regions.

(b) Detail of glacier region mascons 1-12.

areas of the globe using a 0.25° mask (Raup and others,
2000) and have also zeroed the contribution for the
Greenland and Antarctic ice sheets.

5. GIA is modeled using the ICE-5G (VM2) model and
represented as potential coefficients to degree and
order 90 (Peltier, 2004).

In addition to the forward models just discussed, we further
correct our mascon solutions for the viscous component of
post-Little Ice Age (LIA) GIA following the collapse of the
Glacier Bay Icefield (Larsen and others, 2005). The regional
post-LIA GIA model is rigidly constrained by approximately
100 precise GPS and relative sea-level (RSL) observations of
uplift (Larsen and others, 2005). The magnitude of the post-
LIA GIA signal in the mascon glacier regions is 7 Gta™' with
a +30% error estimated from the model comparisons to GPS
vertical motions, raised shoreline records of RSL and tide-
gauge rates of RSL. Nearly all of the GIA forward-modeled
signal in our GoA region of interest is attributed to the
post-LIA GIA model. Still, the global ICE-5G (VM2) model is
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included for completeness to investigate the impact on our
GoA glacier mascon solutions from signals outside our
region of interest.

Figure 1b shows the relationship between the GoA glacier
mascons and the glacier-covered areas. In addition to the
GoA glacier mascons, we estimate all surrounding local
land and ocean mascons defined in Figure 1a, as well as
daily GRACE satellite baseline state orbital parameters to
account for mass variations occurring outside our GoA
glacier mascons of interest. The local solution exploits the
fact that the signal from a mascon observed in GRACE KBRR
data is centered over the mascon and is spatially limited in
extent. The local solution technique minimizes contamina-
tion from the global propagation of errors outside the region
of interest and takes advantage of the convergence of orbital
tracks at high latitudes to improve spatial and temporal
resolution over that of global solutions (Rowlands and
others, 2005; Luthcke and others, 2006b).

Unlike global spherical harmonic solutions, local mascon
solutions lend themselves to the application of both spatial
and temporal constraint equations, which enable high
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spatial and temporal resolution. The spatial and temporal
constraints are discussed in detail by Rowlands and others
(2005) and summarized as applied to GIS mass estimates by
Luthcke and others (2006b). The constraint equation is a
simple exponential function of correlation time and
distance, and induces pairs of estimated parameters located
closely in time and or space to remain close in value. The
correlation time and distance and the weight applied to
scale the constraint relative to the data define the ‘strength’
which forces the pairs of parameters towards the same value.
The use of these neighbor constraints in our mascon
solutions provides a flexible trade-off between high reso-
lution (more estimated parameters) and solution stability.
These types of constraints have been used in many
geophysical inverse problems, as well as, for example, in
precise orbit determination (Luthcke and others, 2003).

For the solutions presented in this study, we group the
ocean, land and GoA glacier mascons separately. Constraint
equations are applied only between pairs of mascon
parameters belonging to the same group, in order to isolate
ice change from land and ocean. We use a correlation time
of 10days and a correlation distance of 200 km, which is
approximately one parameter sample in time and distance.
We implement the scale of the constraint equations by
weighting the data relative to the constraints. The optimal
data weight is determined such that the mascon parameters
that are one sample away from each other in both space and
time have minor influence on each other. We have investi-
gated the impact of the data weight (equivalent to the
constraint scale) by performing solutions using data weights
that are as much as five times smaller and larger than the
optimal data weight, spanning more than an order of
magnitude. We find that the impact on the estimated GoA
mascon mass balance and annual amplitude is less than 5%,
while the To error estimates of the 10 day mascon solutions
can change by as much as 50%. Therefore, the constraints as
applied here are important in reducing the error of the
individual 10day solutions, but have little impact on the
underlying estimated ice-mass variation signal.

ERROR ANALYSIS

Using the methods discussed in the previous section, we
estimate mass variation for each of the mascons in our local
study region (Fig. 1) every 10days from April 2003 through
September 2007. The 10day mascon solution 1o error
estimates are obtained by calibrating the mascon least-
squares solution formal errors by the misfit of the mascon
solutions and a 10day width Gaussian filter (Luthcke and
others, 2006b). To compute the total GoA region glacier
mass-change time series, the individual glacier mascon time
series are summed at each 10day interval. The 1o errors
associated with the total GoA glacier region are computed
from the root-sum square (RSS) of the 1o formal errors of the
GoA glacier mascons, and calibrated the same way as
described above. The mascon time-series rate and annual
amplitude are computed using a least-squares simultaneous
estimation of a rate, annual, semi-annual and 161 day cycle
(alias period of S2 tide error). Rates are computed using
integer number of years to further avoid seasonal aliasing.
The 10 error in the estimated rate is determined from the
variance of the least-squares parameter considering a first-
order auto-regression structure for the mascon time series
(Lee and Lund, 2004).
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Fig. 2. Total GoA glacier mascon solution time series (cumulative
net balance, April 2003-September 2007) computed from the sum
of mascon region solutions 1-12 estimated from KBRR residual
reduction using vO1 forward modeling: 10 day estimates (blue dots
with 1o error bars), Gaussian one-dimensional (1-D) filter with
10day window applied to 10day estimates (green curve), and
difference between solutions estimated from KBRR residual
reduction using vO1 and v03 forward modeling (red curve).

Systematic errors in the GoA glacier mascon solutions
due to atmospheric mass variation, ocean tides, ocean
pressure and wind-driven mass variation, hydrology and GIA
are investigated through the application of different forward
models used in the KBRR reduction. We use the difference
between the mascon solutions calculated from the vO1 and
v03 forward models as an estimate of systematic errors
resulting from forward-modeling deficiencies. We find these
potential systematic errors are well within our solution error
bars and have little impact on the recovered signal. Post-LIA
GIA modeling errors are difficult to quantify. However, we
again note the magnitude of the post-LIA GIA signal in the
mascon glacier regions is 7 Gta™' with a +2 Gta™' (+30%)
error estimated as discussed above.

RESULTS AND DISCUSSION

We present the results of our hi-res mascon solutions: the
time series and trend of the total GoA glacier region mass
variation (Fig. 2; Table 1), the time series and trends of
individual glacier mascons (Fig. 3; Table 1), and the spatial
distribution of mass trends for the entire solution domain
(Fig. 4). Before investigating the trends and amplitudes of
these results relative to previous glaciological studies, we
analyze the sensitivity of our solutions to the forward models.

Sensitivity to forward models

The total GoA glacier region mass-variation time series
computed from the sum of GoA glacier mascons 1-12 is
shown in Figure 2. The time series is given for the period
April 2003-September 2007 computed from the vO1
forward modeling. The mascon solutions using the vO03
forward modeling were computed from April 2003 through
April 2007. The difference between the total glacier mascon
solutions computed using the vO1 and v03 forward model-
ing is shown as the red line in Figure 2. The comparison
illustrates the negligible response of the glacier mascon
solutions to differences in the forward modeling. Therefore,
the systematic errors due to atmospheric and ocean tide
mass-variation modeling are shown to be negligible
inasmuch as our model difference represents the errors in
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Fig. 3. GoA glacier hi-res mascon solution time series (cumulative net balance, April 2003-September 2007) estimated from KBRR residual
reduction using vO1 forward modeling: 10 day estimates (blue dots with 1o error bars), Gaussian 1-D filter with 10 day window applied to
10day estimates (green curve), and difference between solutions estimated from KBRR residual reduction using vO1 and v03 forward

modeling (red curve).

these models. Leakage errors due to surrounding signals
from ocean mass variation, GIA outside our region of
interest (ICE-5G; Peltier, 2004) and hydrology are also
shown to be negligible. This is in contrast to the study by
Chen and others (2006) that found significant leakage effects
from TWS and GIA using monthly spherical harmonic
solutions and a regional averaging technique. Our results
illustrate how the mascon technique can isolate the surface
mass variations from a direct reduction of the GRACE KBRR
observations, while regional averaging of the monthly
spherical harmonic fields can spread and attenuate the
mass signals, thus complicating the analysis of regional mass
variation. Furthermore, we find the models comprising the
v03 forward modeling represent a 12% reduction in the
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global KBRR residual variance (before estimation of time-
variable gravity) and therefore are an improvement over the
v01 models.

The spatial pattern of the hi-res mascon solution rates for
the entire local solution area is displayed in Figure 4a. The
largest mass losses are observed in the Yakutat and Glacier
Bay region. The figure illustrates the significantly improved
spatial resolution over that found in previous GRACE
studies which exhibited substantial attenuation and spread-
ing of signal throughout the land region and well into the
GoA (Tamisiea and others, 2005; Chen and others, 2006).
Figure 4b presents the spatial distribution of the rates esti-
mated from the v03 forward models. The signal is domin-
ated by the TWS model (based on GLDAS/Noah) and
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Fig. 4. (a) Spatial distribution of the hi-res mascon solution rates estimated from KBRR residual reduction using v03 forward modeling. The
rates are recovered from the individual mascon time series through a simultaneous estimation of bias, rate, annual and semi-annual sinusoid.
The rates have been corrected for post-LIA GIA. (b) Spatial distribution of vO3 forward model rates. The signal is dominated by the GLDAS
hydrology and accounts for much of the positive signal found in the mascon solution rates as seen in (a).

accounts for much of the positive signal found in the hi-res
mascon solution rates as seen in Figure 4a. The results
indicate the rates in the TWS forward model are inconsistent
with the GRACE KBRR observations. The mascon solutions
(determined directly from the GRACE KBRR observations)
for the regions outside the GoA glacier mascons are
approximately equal and opposite in sign to the TWS rates,
and therefore are compensating for the mis-modeling in
order to reduce the KBRR residuals. Much of the positive
signal is near zero when performing solutions using the v01
forward modeling that does not include the TWS model.
Fortunately, we have shown that the change in forward
modeling has little impact on the GoA glacier mascon
solutions (Figs 2 and 3). Therefore, the hi-res mascon
solutions in this application appear not to suffer from sig-
nal leakage problems. While not a significant source of

uncertainty for our hi-res mascon estimates of glacier mass
balance, the potential error in the TWS rate may have
significant ramifications for studies that rely on regional
averaging of the harmonic fields and large corrections for
TWS leakage.

Mascon glacier mass-balance trends

We interpret the mass trends in the GoA mascon solution
time series (Figs 2 and 3; Table 1) as the regional glacier
mass balance even though these regions contain both
glaciated and non-glaciated areas. This assumes that all
non-glacier sources of mass variation have been accounted
for in our forward modeling, and that any snow falling on
land surfaces outside the glacier regions melts completely in
a given balance year (balance years begin in the fall of the
previous calendar year).

Table 1. Summary statistics for GoA glacier mascons (v03 background modeling)

April 2003-March 2006

April 2003-March 2007

Mascon region Mass rate Annual 10day estimate Mass rate Annual 10day estimate
amplitude uncertainty* amplitude uncertainty*

Gta™ Gt Gt Gta™' Gt Gt

(1-12) -102.1£5.2 128.1+8.4 12.9 -84.2+5.0 123.3£11.0 12.7

1 -4.0£0.5 6.5+0.8 1.7 -3.6£0.3 6.7+0.7 1.6

2 -4.7+0.5 6.8+0.8 1.5 -4.2+0.3 6.2+£0.7 1.4

3 -5.7£0.5 6.9+0.8 1.4 -5.2+0.4 59+0.8 1.6

4 —6.0+0.5 8.2+0.9 1.6 -4.8+£0.4 8.3+0.8 1.6

5 -7.5£0.5 8.9+£0.9 1.5 -6.4+£0.4 8.2+0.9 1.5

6 -9.5£0.6 9.8+£0.9 1.5 -8.2+0.5 8.6£1.1 1.6

7 -11.2+0.7 10.6£1.1 1.6 -9.6£0.6 93£14 1.8

8 -6.5+£0.6 8.9+£1.0 2.1 -4.8+0.5 9.7£1.1 2.1

9 -7.3£0.6 9.6£1.0 2.2 -5.6£0.5 9.9+1.0 2.1

10 -15.3+£0.7 142412 1.9 -12.9+0.8 13.0£1.7 2.2

11 -143+0.6 16.1+1.0 2.3 -11.6+0.7 15.6+1.6 2.2

12 -10.2+1.1 21.7£1.8 3.5 -7.4+£0.9 221+£1.9 2.8

*Computed as std dev. of the difference between each 10 day solution and the 10 day Gaussian filter (see Figs 2 and 3).
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Table 2. Winter (Byy), summer (Bs) and net balances (B), for the total
GoA glacier mascon region between 2003 and 2007, determined as
the difference between yearly maximum and minimum in the
mascon time series (Fig. 2). Balance years begin in the fall of the
previous calendar year

Balance year Bw (£14) Bs (£14) B (£20)
Gt Gt Gt
2004 232 -374 -143
2005 241 -312 -72
2006 195 -254 -60
2007 232 -279 -47

The total GoA glacier region had a strongly negative mass
balance that decreases in magnitude in the later part of the
time series (Fig. 2), particularly for the fourth balance year,
April 2006-March 2007. The mass balance averaged over
the period April 2003-March 2007 is —-84.2+5.0Gta™'
(Table 1), contributing 0.23 mm a~' to GSLR. The sum of
2006 Bg and 2007 B,, is near zero (Table 2), corresponding
with the unusually large snowfalls observed in the GoA
region during the later part of 2006 and beginning of 2007
(Fig. 5). Excluding the fourth balance year with anomalously
large snowfalls, the mass balance averaged over April 2003—
March 2006 is —102.14 5.2 Gta™'. This compares favorably
with the 96 +35Gta™' mass balance obtained from laser
altimetry for the period from the mid-1990s to 2000/01
(Arendt and others, 2002). However, as we have seen in the
mascon time series, there is significant interannual vari-
ability, so caution is necessary when comparing results from
different periods.

Our mascon solution 3 year mass balance is in agree-
ment with previous GRACE studies: ~110 430 Gta™' for the
period June 2002-July 2004 (Tamisiea and others, 2005) and
~101 422 Gta™' for the period April 2002-November 2005
(Chen and others, 2006). However, from our analysis above,
an underlying inference is that the rate in the GLDAS/Noah
hydrology forward model is inconsistent with the GRACE
KBRR observations. This would indicate that the mass-
balance estimates of Chen and others (2006) are actually
not in agreement with our mascon 3year mass balance,
because the hydrology model accounted for a significant
signal leakage correction (79 Gta™') in the Chen and others
(2006) analysis.

Large mass losses are observed in the southeast coastal
glacier mascons 7, 10 and 11, representing the St Elias,
Yakutat, Glacier Bay and Juneau Icefield regions (Fig. 3;
Table 1). This is consistent with airborne laser-altimetry
measurements that found the largest losses occurred in
maritime regions containing numerous tidewater glaciers
(Arendt and others, 2002). The Yakutat and Glacier Bay
mascons 10 and 11 exhibit the largest mass loss, agreeing
with Shuttle Radar Topography Mission (SRTM)-based
measurements that found substantial ice-mass losses in this
region from tidewater and lake-calving glaciers (Larsen and
others, 2007). This region (in particular, Brady and Yakutat
Glaciers) is susceptible to climate change because of the
generally low elevation of the glaciers relative to their
equilibrium-line altitudes (Larsen and others, 2007). The
study found a Yakutat lake-calving glacier to have one of the
largest volume losses of any glacier in the region (Larsen and

https://doi.org/10.3189/002214308787779933 Published online by Cambridge University Press

Luthcke and others: Glacier mass changes in the Gulf of Alaska

others, 2007). It is important to note that the SRTM-based
study compared SRTM data from 2000, covering 60° N and
southward, with digital elevation model data from 1948,
1961 and 1984. The smallest rates of mass loss are found in
the interior Alaska Range mascons 1-4 and mascon 8 in the
far west of the GoA region containing little glaciated area.

A companion study has used concurrent aircraft laser-
altimeter observations to validate the hi-res mascon solution
estimates of glacier mass balance in the St Elias Mountains
region (Arendt and others, 2008). The study used aircraft
laser-altimeter center-line elevation measurements from
17 glaciers in the St Elias Mountains of Alaska and north-
western Canada. The glaciers sampled have a total area of
32900 km?, about 40% of the area of all the glaciers in the
GoA study region. The mass balance for the period Septem-
ber 2003-August 2007 was estimated from the altimetry
using regional extrapolation methods along with seasonal
corrections and error analysis. The balance for the con-
current period was computed from the hi-res mascon solu-
tions containing St Elias glacier area, namely mascons 6, 7
and 10. Each of these mascons contains glacier area other
than that from the St Elias region; therefore, the mascon
solutions were scaled by the ratio of St Elias glacier area to
the area of all other ice contained within each mascon. A
mass balance of -21.2 +3.7 Gta™' is obtained from the laser
altimetry while a mass balance of ~20.6 +3.0 Gta™" is deter-
mined from our GRACE hi-res mascon solutions. The results
are in good agreement within their noted errors and demon-
strate the validity of the hi-res mascon solutions to accurately
determine the mass balance of regional glacier systems
having large mass-change signals. The differences are likely
from mascon subsampling uncertainties and the uncertainty
in the near-surface density used in the altimetry analysis.

Mascon glacier mass-balance amplitudes

Temporal variations in the GoA mascon solutions result
primarily from seasonal variations in snow accumulation
and snow/ice wastage (including calving). We interpret the
mascon amplitudes as glacier mass-balance amplitudes
(Meier, 1984), but we note that there are several factors
complicating this interpretation. The first is that the flow of
glacier ice redistributes mass throughout the solution
domain, potentially resulting in a transfer of ice between
adjacent mascons. The second is that some glacier melt-
water may reside in subglacial or terrestrial systems and not
be measured by GRACE as a mass loss signal. We also note
that, although our forward model of terrestrial water storage
accounts for snow depth on non-glacier terrain, it likely
does not capture all the variability in actual snow accumu-
lation because of the scarcity of climate stations in these
regions. Therefore, some of the amplitudes likely contain
information on the accumulation and ablation of snow on
non-glacier terrain.

The hi-res mascon time series (Fig. 3) illustrate the effects
of continentality on mass-balance amplitudes. The largest
annual amplitudes are found in the southeast coastal glacier
mascons 7, 10, 11 and 12, representing the St Elias, Yakutat
and the Glacier Bay, Juneau and Stikine Icefield regions. This
is consistent with the high rates of accumulation and large
annual ablation found in these maritime glacier regions
(Larsen and others, 2007). These regions show the largest
reduction in mass loss during the period April 2006-March
2007, in part likely due to the anomalously large mass input
from snowfall in these regions during that period (Fig. 5).
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Fig. 5. Snowfall at three GoA sites during the GRACE mascon solution period. Data from http:/climate.gi.alaska.edu/Climate/Location/

TimeSeries/index.html

The lowest amplitudes were observed in the Alaska Range
(mascons 1-3). Our results support the assumption that
maritime glaciers have larger rates of mass turnover and a
larger sensitivity to climate (Meier, 1984; Oerlemans and
Fortuin, 1992).

Annual amplitudes in mascon 12 were about double those
in mascon 7. However, over our study period, the average
annual snowfall at Yakutat weather station in mascon 7
(340cm) is greater than the average annual snowfall at
Juneau weather station in mascon 12 (235cm) (see also
Fig. 5). This suggests that factors other than snow accumu-
lation control the magnitude of GRACE amplitudes. We
speculate that because mascon 7 has about four times more
ice cover than mascon 12, there is a substantial component
of winter runoff that offsets the mass gains occurring through
snow accumulation. The runoff is continually released from
englacial or subglacial storage, and progresses in the winter
even in the absence of surface melting. During the summer
season, the vast accumulation areas in mascon 7 likely
collect summer snowfall and offset mass losses due to
ablation. Both of these factors probably combine to dampen
the mascon 7 amplitudes relative to what they would be in
the absence of glacier ice. Further investigations will be
necessary to verify these preliminary explanations.

Summer melt-season mass losses start between 31 March
and 20 May, while winter accumulation-season mass gains
start between 10 September and 20 October. Table 2 con-
tains mass-balance estimates derived from the total glacier
mascon time series in Figure 2. The largest summer and
annual negative mass balance observed in the total glacier
mascon solution occurred during the balance year 2004.
The 2004 summer and annual net balance is 123% and
178% more negative than the 4 year average (balance years
2004-07). This corresponds well with the 2004 record
summer heatwave in Alaska, which was reflected in record
negative balances of Gulkana and Black Rapids Glaciers as
observed from in situ mass-balance records (Truffer and
others, 2005). Mascon solutions 7, 10 and 11, representing
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the St Elias, Yakutat and the Glacier Bay and Juneau Icefield
regions, exhibit the largest negative summer net balance in
response to the summer heatwave of 2004.

A mass-balance modeling study has shown that temporal
variations in the hi-res mascon solution from the St Elias
Mountains can be reproduced from time variations in
temperature and precipitation at nearby weather stations
(Arendt and others, in press). Two different models were
tuned to the mascon time series using correction factors for
temperature and precipitation lapse rates, and accounted for
52-60% of the variance in the mascon solution. The ability of
both models to reproduce the timing of melt- and accumu-
lation-season events, in the absence of phase adjustments in
the model optimization routine, suggests climate variations
directly (through surface mass balance) or indirectly (through
ice-dynamic cycles linked to seasonal climate events) drive
the mass-balance variations in this region.

CONCLUSIONS

Through the application of unique processing techniques and
a hi-res mascon parameterization, we have estimated mass
variation in the GoA glacier region at 10 day temporal and
49000 km? spatial sampling. The solutions were obtained
over the April 2003-September 2007 period. The hi-res
mascon solutions are estimated from a direct reduction of the
GRACE KBRR data and do not appear to suffer from con-
tamination (‘leakage’) from mass change occurring outside
the region.

The time series for each of the GoA glacier mascons
exhibit significant temporal and spatial mass variability. We
have quantified the mass balance and annual amplitudes for
each of the GoA glacier mascon regions. The largest negative
mass balances were found to be in the Yakutat, Glacier Bay
and St Elias mascon regions, while the largest annual
amplitudes were found in the Juneau and Stikine mascon
regions. These observations are consistent with recent air-
borne laser-altimeter and SRTM-based studies (Arendt and
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others, 2002, 2006; Larsen and others, 2007). The GoA
glacier hi-res mascon solutions also exhibit anomalously
large summer 2004 and overall balance year 2004 negative
net mass balances representing a 123% and 178% increase
in loss over the 4 year average. These observations are con-
sistent with the Alaska heatwave of 2004 (Truffer and others,
2005). Additionally, the glacier mascon solutions show the
impact of notably large snowfalls, particularly in the south-
east, during the 2007 winter balance period (early fall 2006
through early spring 2007). The mass balance of the GoA
glacier region over the period April 2003—-March 2007 was
found to be -84+5Gta', contributing 0.23mma™"' of
GSLR. The mass balance over the period April 2003-March
2006 is —102 +£5Gta™', which includes the heatwave of
2004 and does not include the large 2007 winter balance-
year snowfall. The large seasonal and interannual variability
observed can greatly impact net balance rates when using
data over short periods or of limited temporal sampling. Two
companion studies were discussed that validate the hi-res
mascon solutions of the St Elias glacier region using airborne
laser altimetry and surface mass-balance modeling (Arendt
and others, 2008, in press).

The hi-res mascon solutions presented here represent an
important advancement in resolving surface mass variation
from satellite gravity measurements. The results demonstrate
that it is possible to recover surface mass variation with an
uncertainty of 3.5 Gt (see Table 1) at 10day temporal and
49000 km? spatial sampling, with a solution 1o formal
uncertainty in the 4 year trends on the order of 1Gta™'. In
order to better quantify the contribution of land ice to GSLR,
the hi-res mascon approach can be applied to other glacier
systems that are exhibiting rapid rates of loss. For example,
the Patagonia icefields of Chile and Argentina cover a
17200 km? area and are estimated to be losing ice mass at
a rate of 38+ 4 Gta™' (Rignot and others, 2003) and 28 +
11 Gta™' (Chen and others, 2007). Although the glaciated
area of the Patagonia icefields is 54% of our St Elias
validation region, the ice-loss signal is 1.8 times larger
(Rignot and others, 2003) and should be resolved by our hi-
res mascon technique. Furthermore, the technique can be
applied to both Greenland and Antarctica in order to better
quantify the spatial and temporal variation of the ice sheets.
The direct measurement of ice-mass variation and the
improvements in resolution made possible by the hi-res
mascon technique provide important observations to further
our knowledge of the world’s ice evolution, improve our
modeling capability and ultimately improve our ability to
predict future changes of ice in response to climate and
dynamic forcing.
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