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ABSTRACT

Accurate estimation of the ice-sheet mass balance in Antarctic is very dif-
ficult due to complex ice sheet condition and sparse in-situ measurements.
In this paper, the low-degree gravity field coefficients of up to degree and
order 5 derived from Satellite Laser Ranging (SLR) measurements are the
first used to determine the ice mass variations in Antarctica for the period
1993-2011, which are compared to Gravity Recovery and Climate Exper-
iment (GRACE). Results show that the ice mass is is decreasing at the
rate of —36+13 Gt/y in Antarctica, —42+11 Gt/y in West Antarctica
and increasing at 610 Gt/y in East Antarctica from 1993 to 2011. The
ice mass variations from the SLR 5X5 have a good agreement with the
GRACE 5x5, GRACE 5x5 (1¢72) and GRACE (60%60) for the entire
continent since 2003, but SLR solution of 5X5 is not sufficient to quan-
tify ice losses in West and East Antarctica, respectively. The rate of ice
loss in Antarctica is —28+17 Gt/'y for 1993-2002 and —55+17 Gt/ for
2003-2011 within one sigma, indicating significant accelerated ice mass
losses since 2003. Furthermore, the results from SLR are comparable with

GRACE measurements.

1. Introduction

The Antarctic ice sheet is the largest ice sheet on
Earth, which contains 26.5 million km? of ice [Steig et al.
2009]. Accurate estimates of its mass variability would
greatly contribute to understand global climate change
and sea-level change. However, measuring and monitor-
ing Antarctic mass variability is difficult because of the
ice sheet’s size, thickness and complexity as well as sparse
in-situ measurements. Larger differences in estimating the
glacier mass balance were found with different time span-
ning observations [Shepherd and Wingham 2007]. Recent
geodetic techniques provided mass balance estimates,
such as satellite radar altimetry, interferometric synthetic
aperture radar (InSAR) and recent Gravity Recovery and
Climate Experiment (GRACE) [Wahr et al. 1998, Tapley

et al. 2004, Jin et al. 2011, Shepherd et al. 2012, Jin et al.
2014]. The satellite laser altimetry showed mass gain in
East Antarctica at 457 Gt/yr in 1992-2003 [Davis et al.
20057, —31+12 Gt/yr in 1992-2002 [Zwally et al. 20057,
+27+29 Gt/yr in 1992-2003 [Wingham et al. 2006] and
about [-84,-103] Gt/yr in 2003-2007 from Ice, Clouds,
and Land Elevation Satellite (ICESat) [Gunter et al. 2009].
Satellite observations showed large ice loss from —48 to
—132 Gt/yr in West Antarctica and from —4 to +22 Gt/yr
in East Antarctica within one sigma [Thomas et al. 2004,
Shepherd et al. 2012].

The significant loss of ice mass in Antarctica was ob-
served from GRACE measurements [Ramillien et al.
2006, Velicogna and Wahr 2006, Chen et al. 2009, Wu et
al. 2010, Barletta et al. 2012, King et al. 2012]. However,
larger differences of ice-mass change in Antarctica are
found due to some uncertainties and errors, such as tech-
nique-specific systematic errors, different Glacial isostatic
adjustment (GIA)models, smoothing and filtering effects
and leakage errors [Velicogna and Wahr 2013]. In partic-
ular, the GIA has been recognized as the major difference
in quantifying the mass change in Antarctica from GRACE
[Velicogna and Wahr 2006, Barletta et al. 2008]. Further-
more, the observation time span is relatively short.

Satellite Laser Ranging (SLR) technique measures
the round trip time of flight of ultrashort pulses of light
to determine the distance from ground-based stations to
satellites equipped with retroreflectors. Currently the
SLR provides millimeter level precision to determine
satellite’s orbits, which are influenced by temporal vari-
ations in the Earth’s gravity field. Therefore, SLR can
accurately determine the temporal variations of the
Earth’s low-degree gravity field [Cheng et al. 2013],
which can be used to estimate the large-scale temporal
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mass variations, including ice volume change.

In this paper, the ice-sheet mass variations in Antarc-
tica with monthly resolution are the first derived from
approximate 18 years of monthly low-degree Stokes co-
efficients of the Earth’s gravity field with degree and order
of up to 5 based on SLR measurements (January 1993 -
May 2011). The new GIA model (W12a) is used from
Whitehouse et al. [2012b]. In order to evaluate our re-
sults, we compare with ice-sheet mass variations in
Antarctica from GRACE observations since 2003. Section
2 shows the observation data and methods. Section 3
presents the results of ice-sheet mass variations in Antarc-
tica and comparison with GRACE observations. Conclu-
sions are given in Section 4.

2. Observation data and methods

The weekly low-degree Stokes coefficients of the
Earth’s gravity field with up to degree and order 5 are de-
termined from SLR measurements with the same strate-
gies as GRACE solution by Cheng et al. [2011]. These
products are derived from five geodetic satellites meas-
urements (LAGEOS 1 and 2, Starlette, Ajisai, and Stella).
The coefficients are given as variations relative to the
mean gravity field GGM02C. The SLR-derived weekly
gravity field coefficients are used to estimate the mass
lose in Antarctica. The effects of land-ocean leakage are
corrected using the forward modelling technique [e.g.,
Jin and Zou 2015]. In order to evaluate our results, we
compare with results from the monthly GRACE data
(CSR Level-2 RL05) with harmonic degree and order of
up to 5 from January 2003 to May 2011. The degree 1
gravity field coefficients (C, ,
Swenson et al. [2008]. On one hand, the degree 2 gravity

C,,and S )) are used from

field coefficients are not replaced by SLR in order to keep
the data independent between GRACE and SLR (GRACE
5x5). On the other hand, the degree 2 gravity field coef-
ficients are replaced by SLR [Cheng and Tapley 2004] as
GRACE 5x5 (1&2). In addition, the 300 km width of
Gaussian filter and a special de-striping filter are used
[Swenson and Wahr 2006]. In order to compare with SLR
solutions, the monthly GRACE data set with harmonic
degree and order of up to 60 is also used to obtain the
ice-sheet mass variations in Antarctica (GRACE 60X 60).

The ice-sheet mass variations in Antarctica in
water equivalent thickness can be directly determined
by gravity coefficient anomalies (AC,, AS ) of SLR
and GRACE observations as [Jin and Feng 2013, Has-
san and Jin 2014]:

ANy (8,0,0) = (1)

WPyye o 1 ~ 21+1
= 3p, 2a1-02m—0 Pin (€0S8) T 1 ~(AC,, cos (md)+

+AS,,,sin (m¢))

where p_ is the average density of the Earth, p_ is the
density of fresh water, a is the equatorial radius of the
Earth, ﬁ;n is the fully-normalized Associated Legendre
Polynomials of degree | and order m, k; is load-defor-
mation coefficient of degree [ [Han and Wahr 1995], 6
is the co-latitude, and ¢ is the longitude.

In order to estimate the accurate secular variations
of ice-mass change, the GIA influence should be re-
moved. The GIA models describe the ongoing vis-
coelastic response of the solid Earth to past changes in
surface loading by ice and water. Here, we use the re-
cent GIA model W12a for Antarctica, which was driven
by a glaciologically-consistent Antarctic deglacial his-
tory and constrained to fit observations of past ice ex-
tent [Whitehouse et al. 2012a, 2012b]. Therefore, the
monthly ice-sheets mass changes in Antarctica can be
obtained from SLR (1993.01-2011.05, about 18 years)
and GRACE (2003.01-2011.05, about 8 years).

3. Results and discussions

Since the ice-sheet mass variation time series have
strong seasonal signals, seasonal signals are removed
from the SLR and GRACE time series of the ice mass
variations at each grid point. The secular and quadratic
signals of ice mass variations are estimated in Antarc-
tica after removing the seasonal signals.

3.1. Secular variations of ice-sheets
The trends of ice-sheet mass variations in Antarc-
tica from January 2003 to May 2011 are estimated from

(b) GRACE 60x60

(@) s

SLR 5x%5
0° 3
&

(d) GRACE 5x5 (182)
9 300,

Figure 1. The trends of ice-sheet mass variations over Antarctica from
(a) SLR 5x5, (b) GRACE 60%60, (c) GRACE 5x5, and (d) GRACE
5X5 (182) with replacement of degree 1 and C,. Unit is mm/y of
equivalent water thickness change. The GIA effect is removed.
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January 2003 - May 2011

Models
West Antarctica (Gt/y) East Antarctica (Gt/y) Antarctica (Gt/y)
SLR 5X5 -66*13 12+15 —55+17
GRACE 60x60 -105%12 60t15 —45+18
GRACE 5x5 —51+18 16+13 -36t19
GRACE 5X5 (1&2) —-61t15 30t16 -31£17
January 1993 - May 2011
SLR 55 —42+11 Gt/y 5.9+10 Gt/y -36+13 Gt/y

Table 1. The trends of ice mass variations in Antarctica based on four gravity models.

SLR and GRACE solutions. Figure 1 shows the linear
term of ice-sheet mass variations over Antarctica from
(a) SLR 5%5, (b) GRACE 60%60, (c) GRACE 5x5, and
(d) GRACE 5x5 (1&2) with replacement of degree 1
and C,. Unit is millimeter of equivalent water thick-
ness change per year, mm/y. The GIA effect is removed.
The linear trend of ice-sheet mass variations from SLR
almost agrees with the GRACE results, indicating that
the low-degree gravitational coefficients obtained by
SLR are sensitive and efficient to correctly capture the
ice mass change in Antarctica. The ice mass is signifi-
cantly losing in West Antarctica and gaining in East
Antarctica, which almost agree each other. The linear
trend of ice sheets variations in Antarctica is —=55+17
Gt/ybased on SLR 5%5,-45+18 Gt/y based on GRACE
60%60, —36x19 Gt/y based on GRACE 5x5, and —31£17
Gt/y based on GRACE 5x5 (1&2). For West Antarctica,
the linear trend is —-66+t13 Gt/y based on SLR 5X5,
—-105+12 Gt/y based on GRACE 60x60, 5118 Gt/y
based on GRACE 5x5, and —-61%+15 Gt/y based on
GRACE 5x5 (1&2) within one sigma. For East Antarc-
tica, the linear trend is 11.58+15.05 Gt/y based on SLR
5X5,60+15 Gt/y based on GRACE 60%60, 16+13 Gt/y
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Figure 2. Time series of ice-sheets mass variations in (74.5°S,
144.5° W) from SLR 5%5, GRACE 5x5 and GRACE 60x60.

based on GRACE 5x5, and 30+16 Gt/y based on GRACE
5X5 (1&2) (Table 1). It indicates that the mass losses from
SLR in West Antarctica are the dominant contributor to
ice mass loss from Antarctica. The values with GRACE
60%60 are twice bigger than GRACE 5x5. In contrast,
there seems to be a better agreement for the entire con-
tinent. When we process GRACE data using 300 km
width of Gaussian filter, the noise is attenuated, but the
geophysical signal too. It may apply a restoration factor to
GRACE data after filtering [Landerer and Swenson 2012].

In addition, we also estimate the ice-sheet mass
variations over Antarctica from January 1993 to May
2011 based on SLR 5x5. The ice-sheet mass is signifi-
cantly losing at -36+13 Gt/y in Antarctica, —42+11
Gt/y in West Antarctica, and 610 Gt/y in East Antarc-
tica, which are close to the combined results by Shep-
herd et al. [2012].

3.2. Accelerated variations of ice-sheets

The time series of ice mass-loss from both SLR
and GRACE clearly shows a accelerating variation in
ice mass. For example, Figure 2 shows the time series of
ice mass variations from 1993-2011 at (74.5° S, 144.5°W).
A quadratic trend is estimated from the monthly time
series of ice-sheet mass variations in Antarctica. Figure
3 shows the quadratic term of ice-sheet mass variations
over Antarctica from (a) SLR 5x5, (b) GRACE 60x60,
(c) GRACE 5x5, and (d) GRACE 5x5 (1&2). The ac-
celeration in ice sheet mass loss for the observed period
is —18+9 Gt/y* based on SLR 5x5, —5.8+9 Gt/y* based
on GRACE 60%60, -15+7 Gt/y* based on GRACE 5X35,
and —5.848 Gt/y? based on GRACE 5x5 (1&2). These
are consistent with GRACE and satellite altimetry ob-
servations, e.g., the ice depletion of —4.4+16 Gt/ y2 from
GRACE by King et al. [2012], while Velicogna [2009]
showed larger ice-loss acceleration of —26+14 Gt/y*
based on GRACE data over the period 2002 to 2009.
Furthermore, the quadratic term of the ice-sheet mass
variations over Antarctica is estimated from January
1993 to May 2011 based on SLR 5X5. The acceleration
of ice sheets variations in Antarctica is —2.6+5 Gt/y?,
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Figure 3. The quadratic term of ice-sheet mass variations over
Antarctica from (a) SLR 5x5, (b) GRACE 60x60, (c) GRACE 5x5,
and (d) GRACE 5x5 (1&2).

which is smaller than Rignot et al. [2011]’s solution of
-14.5+2 Gt/y>.

3.3. Interannual variations
The ice mass-loss from both SLR and GRACE
clearly has a significant interannual variation in Antarc-

(a) 1993-1995
00

750. -
k2 180°W &

(d) 2002-2004

(b) 1996-1998

tica. In order to analyze the interannual variability of
the ice sheets in Antarctica, the trends of ice mass vari-
ations are obtained every 3-year (in mm of equivalent
water thickness change) in Antarctica from January 1993
to January 2011 based on SLR 5x5 (Figure 4). Here the
3-year rate is estimated for matching same time span-
ning for 1993-2011(SLR) and 2003-2011 (GRACE). Sig-
nificant melting of ice mass in West Antarctica was
starting since 2005 and before it has almost less ice mass
loses. We furthermore compare with GRACE solutions
from January 2003 to January 2011 (Figure 5). Exclud-
ing the different trends with short observations of two
years from GRACE, the other two trends for 2005-2008
and 2008-2011 are similar, which confirm significant de-
crease in East Antarctica since 2005 from GRACE. Even
though the rate of ice mass change from SLR 5X5 is
smaller than those from GRACE 60x60, the spatial pat-
tern and trend agree with each other.

We also compare with the in-situ Global Position-
ing System (GPS) observations, which measures verti-
cal crustal displacement that reflects ice mass loading
variations. Figure 6 shows the time series of vertical dis-
placement estimated from SLR 5x5, GPS, GRACE
60x60 and GRACE 5x5 at SYOG station (69.5°8S,
39.5°E) from 2003 to 2011. They show quite similar
secular trend, especially GPS, SLR 5x%5 and GRACE
5%5. The linear trend is -0.37 mm/y from SLR 5Xx5,
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(f) 2008-2010
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Figure 4. The trends of ice mass variations every 3-year (in mm of equivalent water thickness change) in Antarctica from January 1993 to

December 2010 based on SLR 5X5.
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Figure 5. The trends of ice mass variations every 3-year (in mm of equivalent water thickness change) in Antarctica from January 2003 to

December 2010 based on GRACE 60x%60.

-0.16 mm/y from GPS, —0.29 mm/y from GRACE 5x5
and -0.77 mm/y from GRACE 60x60. The difference
between SLR 5x5 and GRACE 55 is only -0.08 mm/y.
The difference between SLR 5x5 and GPS is —0.21
mm/y, mainly because the GPS observations just re-
flect deformation only in the specific locations, while
the SLR 5x5 results reflect the mass variations averaged
over a large spatial scale. The GRACE 60x60 result is
larger than the other three results, mainly due to the
influence of higher spherical harmonics coefficients.
In addition, we evaluate the ice-sheet mass variations
over Antarctica from January 1993 to May 2011 based on
SLR 5x5. Figure 7 shows the linear and quadratic term
of ice-sheet mass variations over Antarctica from 1993
to 2011 based on SLR 5x5. The GIA effect is removed.
In recent 19 years, the ice-sheet mass is substantially
losing in West Antarctica, the ice-sheet is slowly gaining
in Bast Antarctica. The linear trend of ice sheets varia-
tions is —36.431+13.41 Gt/y in Antarctica, —42.11+11.42
Gt/y in West Antarctica, and 5.68+£10.19 Gt/y in East
Antarctica with one sigma. The quadratic term of ice
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——GPS

——— GRACE (50x60)
——— GRACE (5x5)

Al

!'!':i gy
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-15
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Figure 6. Time series of vertical displacement estimated from SLR
5%5 (green), GPS (red), GRACE 60x60 (blue) and GRACE 5X5
(black) at SYOG station (69.5° S, 39.5° E).
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Figure 7. The linear and quadratic term of ice-sheet mass variations
over Antarctica from 1993 to 2011 based on SLR 5X5.

sheets variations is —2.63+4.78 Gt/y2 in Antarctica,
-3.75+£4.17 Gt/y?* in West Antarctica and 1.70% 3.07
Gt/y?* in Bast Antarctica with one sigma.

4. Conclusions

In this paper, the monthly ice-sheets mass varia-
tions in Antarctica are the first obtained and investi-
gated from low-degree time-variable gravity field of up
to degree and order 5 based on SLR data from 1993 to
2011. The trend of ice mass variations is -36+13 Gt/y
in Antarctica, —42+11 Gt/y in West Antarctica and
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5.7£10 Gt/y in East Antarctica from 1993 to 2011. The
ice mass variations from the SLR 5X5 have a good
agreement with the GRACE 5x5, GRACE 5X5 (1&2)
and GRACE (60x60) for the entire continent.since
2003, but SLR solution of 5X5 is not sufficient to quan-
tify ice losses in West and East Antarctica, respectively.
In addition, significant accelerated ice-sheet mass losses
are found since 2003 with the rate of —28+17 Gt/y for
1993-2002 and —55+17 Gt/y for 2003-2011. The accel-
eration of ice sheets variations is —2.6£5 Gt/y? from
1993 to 2011 and —-7.5+£9 Gt/y?* from 2003 to 2011 in
Antarctica. Therefore, ice mass in Antarctica has less loses
during 1993-2002 and fast loses from 2003-2011, particu-
larly since 2005. These results indicate that SLR obser-
vations can provide insights into Antarctic ice mass
variations from 1993 to 2011 and allow us to monitor the
monthly Antarctic ice mass variations prior to the launch
of GRACE mission in 2002. In addition, some gaps after
GRACE may be expected to be made up for with more
SLR satellites observations in the near future.
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