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Introduction

The ice sheets of Antarctica and Greenland have been experiencing a negative mass balance
inrecent decades because of melting and accelerated discharge of ice across grounding lines,
these losses being only partly offset by increased snowfall (Shepherd et al. 2012; Hanna et al.
2013). Changes of ice-shelf mass are not considered here because they do not contribute
to sea-level change. According to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC), the average global sea level rose at an average rate of
1.7 (1.5-1.9) mm per year from 1901 to 2010 and approximately 3.2 (2.8-3.6) mm per
year from 1993 to 2010 (Vaughan et al. 2013). Although continental glacier melting, ocean
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thermal expansion and polar ice-sheet changes jointly contribute to the prevailing sea level
change rate, it is the Antarctic ice sheet (AIS) that will potentially play a significant role
in the future because of its massive volume, which accounts for approximately 90% of the
world’s ice and 70% of the world’s fresh water (McMillan et al. 2014). Recent estimates
for the overall mass change rate of the AIS are =71 £ 53 Gt yr~! (or 0.20 & 0.15 mm yr~!
SLE) from 1992 to 2011 (Shepherd et al. 2012), and —159 + 48 Gt yr‘l (or 0.45 £0.14 mm
yr’1 SLE) from 2010 to 2013 (McMillan et al. 2014).

Generally, these and other estimates are made based on observations using different
remote sensing technologies and ground measurement methods, including Interferometric
Synthetic Aperture Radar (InSAR) for ice-flow monitoring, gravity change detection for
the study of mass balance and satellite altimetry for ice-sheet surface change measurement.
Such observations have been applied to calculate the mass changes of the ice sheet in
three ways: quantifying the sum of mass changes through snow accumulation, ice melting,
and ice flow discharge; calculating the mass change through volume variation detected by
surface elevation changes; and weighing of the ice sheet by gravity change measurements
(Rignot and Thomas 2002). The resulting mass change estimates from different methods
do not always agree because of measurement errors, lack of knowledge of the ice thickness
and firn/ice density, inaccurate models for glacial isostatic adjustment (GIA), and other
factors (Zwally and Giovinetto 2011; Shepherd et al. 2012; Hanna et al. 2013). However,
recent observations and analysis have shown an overall mass loss of the Antarctic ice sheet,
with the dominant mass loss mainly from West Antarctica through basal melting and ice
discharge. This mass loss exhibits an accelerating trend (Rignot and Thomas 2002; IPCC
2013).

This technical note discusses the conversion of the Antarctic ice-mass change to the
globally averaged SLE based on up-to-date available information. Certain assumptions are
made to simplify such a complex problem. One basic assumption is that the observed change
in the Antarctic mass is totally converted to sea water that becomes equally distributed across
the global ocean. Further assumptions are made with regard to the global ocean area, the
water density, the density of changed mass and other values required for the conversion, as
explained in the following sections.

Basic Assumptions

The transformation of the Antarctic ice-mass change into the global SLE is a complex
problem that involves many factors. Due to our limited understanding of the Antarctic
system, which belongs to the even more complex Earth system, we must make a number
of assumptions in practice to simplify the computational model. However, these assump-
tions should not significantly alter the resulting computational SLE outcome, given the
uncertainties associated with remote sensing techniques, data quality, and model accuracy.
A discussion of the sensitivity of the conversion with regard to the assumed conditions is
presented in a later section.

The first assumption is that the detected Antarctic mass changes are totally converted
into sea-level change. This means that the ice-mass losses that do not directly discharge to
the ocean are either adjusted before this conversion or will be neglected. For example, losses
by evaporation are usually assumed to enter the ocean indirectly after a short residence in
the atmosphere.

The second assumption is that the area of the global ocean is constant for the period
of the estimated sea-level change, and the equivalent water calculated from the Antarctic
mass change is evenly distributed over the ocean surface. This result is a simplification



because the coastal terrain variation would change the calculated SLE as the sea level rises
or declines, especially over a long period. Furthermore, the distribution of the amount of
the equivalent water over the ocean can be affected by non-homogeneous undulations of
the geoid, prevalent regional ocean currents, and other factors.

The third assumption is that the density of the water coming from the ice-sheet melting
is constant when distributed over the global ocean surface. Sea water density varies with
temperature and salinity. In our computation, we consider the fresh water from the ice-
sheet mass change and simplify the water density, p,,, to 1000 kgm™. We neglect the
slight dilution of global-mean ocean salinity due to the addition of this fresh water.

The final assumption, which is not required for gravimetric measurements, is that the
density of the changed mass (firn or ice) is constant during conversion from the ice-sheet
volume change to the mass change. In Antarctica, the thickness of the firn layer, which
is typically a few tens of meters, can reach over 100 m, but we assume that it is small in
comparison to the underlying thickness of the ice layer that is typically 2,000 m and exceeds
4,000 m in many places. Within the vertical column of firn and ice the density varies on
average between 320 kg m > and 360 kg m~ for the firn layer. It is generally considered as
917 kgm~ for ice (Kaspers et al. 2004). Previous estimates of the ice-mass change from
the measured elevation change have followed diverse criteria. Some authors (Davis et al.
2005; Wingham et al. 2006) adopted an effective density ranging from 350 to 917 kgm~>.
Kaspers et al. (2004) implemented a parameterization of surface snow density. Rignot et al.
(2008) applied a firn-depth correction. Zwally et al. (2011) obtained the density from a
firn-compaction model. A high degree of uncertainty lies in the conversion of volume to
mass change due to inaccuracy of firn/ice density modeling and the spatial variation thereof
(Li and Zwally 2011). Observations from most regions of Antarctica show that the vertical
ice velocity (firn compaction and downward ice flow) is almost in balance with the long-
term accumulation rate; the mean firn density can then be used because the change mainly
occurs in the firn layer (McMillan et al. 2014). Therefore, in the following discussions,
unless otherwise specified, we adopted the firn/ice density value of p;.. = 400 kg m~ used
by Shepherd et al. (2012) simply to provide some computational examples. We understand
that this effective density does not represent the situation of many regions in West Antarctica
where significant melting takes place. This effective density is also not accurate for every
thick firn/ice layer in inland regions where there is a need for a more sophisticated density
model. In summary, detailed research on the firn/ice density is outside of the scope of this
technical note.

The Conversion Method

Using the above assumptions, the volumetric change, AV;,., resulting from n measurements
of the ice-sheet elevation change, A Hy, at k locations with a surface areaof Sy(k = 1, ..., n)
can be expressed as follows:

AViee = Y (S x AHy). ()
k=1

Furthermore, the corresponding mass change, AM,.., can be calculated, given the
local density of changed mass py

AMice = ) (o % S x AHy). )
k=1



If we use AH,., to represent the average surface elevation change in the considered
region with a total area of S;.., Eq. (1) can be simplified to

AVice = Sice X AHic,. 3)
Similarly, Eq. (2) can be simplified given the average ice density, p;.., of the region:
AM;ce = AV, X Pice- (4)

Based on the assumption that the mass change of the ice sheet (AM;..) is totally
transformed into the equivalent mass change of water, the volume of the equivalent water
can be obtained as follows:

AM ice

AV, = s (5)
Pw

where p,, is the density of water.
Finally, if the global ocean area S, is given, the corresponding value of the SLE change,
A Hgp g, caused by the ice-mass change can be estimated as follows:

A]wice _ AVice X Pice

AHsip = =
S() X pu) S() X pU}

(6)

Computational Considerations and Implementation

Area of the Global Ocean

The area of the global ocean, S,, is essential for computing sea-level changes due to
exchanges of water between the ocean and the cryosphere. Different values of S, have
been adopted in its computation, and it is often difficult to trace these values back to
authoritative sources. There has been little discussion of the impact of the accuracy of
the factor on the outcome. As stated in Cogley (2012), there are two values of the global
ocean area that are commonly used: 361 x 10° km?, which is most likely derived from
the work of Kossinna (1921), and 362 x 10° km?, which is most likely derived from
the work of Menard and Smith (1966). The main difference between the values is that
Kossinna (1921) treated ice shelves as land, while Menard and Smith (1966) give special
consideration to ice shelves. In fact, they should be included in the global ocean area
because they are made up of floating ice, the equivalent water volume of which is already
accounted for by the ocean and thus their changes do not contribute to sea-level change.
Cogley (2012) corrected some previous estimates and evaluated the global ocean area to
be 362.5 x 10° km”.

Further investigation has been carried out in this study to estimate the global ocean area
using the updated full-resolution global shorelines of GSHHG (Global Self-consistent, Hi-
erarchical, High-resolution Geography Database), version 2.2.4 and version 2.3.1 (Wessel
and Smith 1996; National Oceanic and Atmospheric Administration [NOAA] 2014). Be-
cause the earlier version of GSHHG database treats ice shelves as land, the area of Antarctic
ice shelves, S;cesnelves, must be subtracted from the land area, Sj,,s, when computing the
impact of the Antarctic ice-mass change on the global sea level. The area of ocean can be
calculated as follows:

So = SEarth - (Sland - Sice shelvex)- (7)



For our computation, the WGS84 ellipsoid is used and the total area of the Earth
surface, Sgarin, is 510, 065, 621.724 km? based on the following equation:

b? 1
Skarn = 2ma* + 1w (—) In [ + e} , ¥

e 1—e

where a = 6,378, 137.0m and b = 6, 356, 752.314 m are the semi major and minor axes,
respectively, e = /1 — (b/a)? is the first eccentricity.

According to Cogley (2012), to calculate the area of each polygon in the GSHHG
database, the Lambert azimuthal equal-area projection was applied. The origin of the
projection was at the centroid of the polygon. Based on version 2.2.4 of GSHHG, area
of the land polygons of the full-resolution S, is 149, 060, 109.978 km?, including the
overall area of Antarctica. The area of ice shelves, Sice shervess Was estimated by Cogley
(2012) to be 1.561 x 10° km?. This value is now updated as 1.595 x 10° km? in this study
by a calculation based on a separate layer of Antarctic ice sheet in the latest version of
GSHHG 2.3.1 that was derived from MODIS images.

Finally, our estimate of the global ocean area using Eq. 7 and GSHHG version 2.2.4
(released in November 2013) is 362.56 x 10° km®. Using the latest GSHHG version
2.3.1(released in July 2014), the area of the Antarctic ice sheet S ;s is 12.34 x 10° km? and
the global ocean area S, is 362.69 x 10° km?. The updated values are used in the following
computation. The difference between S, and the earlier published value (362 x 10° km?) is
approximately 0.19%. The difference from the Cogley’s estimate (362.5 x 10° km?, based
on GSHHG version 1.11) is approximately 0.05%. This difference is proven to have no
significance in the conversion.

Conversion Scenarios

Eqgs. (1)—-(6) can be used in different ways depending on the given parameters and the
estimates sought. If the entire AIS with an average ice thickness of 2,000 m would be
melted, the global sea level would rise 62.39 m based on our conversion method. The
following are a few scenarios in which some of the commonly sought estimates can be
calculated based on the assumed conditions.

SLE from ice-mass change. Given an ice-mass change, A M;.., that can be calculated from
remote-sensing observations or the output of a modeling system, and the assumptions
described in this technical note, this ice-mass change can be treated as a water-mass change
equivalent, AM,,. Furthermore, if the global ocean area, S,, and the water density, o,
are given, we can estimate the SLE change A Hg; g using Eq. (6). For example, 500 Gt
of ice-mass change commonly equals 1.4 mm SLE in the literature (Shum et al. 2008). If
we use the updated global ocean area S, = 362.69 x 10° km? and the ocean water density
ow = 1000 kg m_3, the ice-mass change of 500 Gt would contribute an SLE of 1.38 mm.
Therefore, there is a difference of 0.02 mm in the estimated SLEs. As another example,
the recently published annual change rate based on the reconciled mass balance estimate of
the AIS for 1992 to 2011 is =71 & 53 Gt yr—! (Shepherd et al. 2012). Based on the above
method, this mass loss rate would be equivalent to an SLE increase rate of 0.20 &= 0.15 mm
yr~!, which is similar to the observed 0.16 to 0.38 mm contributions of the AIS to global
sea level rise between 1993 and 2010 (IPCC 2013).

From surface elevation change to ice-mass/SLE change. Satellite altimetry provides accu-
rate remote sensing data of AIS surface elevation changes. If it is assumed that the elevation



change can be simplified as an evenly distributed change over the entire AIS, the calculation
of the corresponding mass change and the associated SLE can be made much simpler, and
the resulting information may be used for quick and preliminary analysis. For instance, a
homogeneous surface melt of 10 cm over the entire AIS would lead to an ice-mass loss
of 493.6 Gt using Egs. (3) and (4) and cause an SLE rise of 1.36 mm. This computation
corresponds to the use of the entire area of Antarctica, except ice shelves, given the mass
change area of S;5 = 12.34 x 10° km? and the density of the volume gained or lost from
the ice sheet pj., = 400 kg m~>. From the opposite perspective, an ice-mass change of
100 Gt would be calculated as an AIS surface elevation change of 20.26 mm. Thus, the
abovementioned ice-mass loss rate of =71 & 53 Gt yr~!' (Shepherd et al. 2012) may be
imagined as an evenly distributed elevation change rate of 14 4= 11 mm yr~! on the AIS.
Finally, an SLE rise of 1 mm corresponds to an ice-mass loss of —73.48 mm over the entire
AlS.

From AIS margin change to ice-mass/SLE change. Another scenario is a uniform change of
the AIS margin, which includes grounding lines where the ice flows across it into an ice shelf
and ice-sheet boundary lines where ice flows directly into the ocean. Although the majority
of the ice discharge takes place at glacier outlets, and some unstable grounding lines sitting
on slopes directed inland can cause potential accelerated discharges, for computational
simplicity we assume an unrealistic uniform retreat belt around the AIS. When the imagined
uniform retreat rate is known, the retreat belt around the AIS can be calculated. We use an
average ice thickness and an ice density of 917 kg m~3 to estimate the ice volume inside the
retreat belt and the corresponding mass loss. Specifically, the AIS boundary data derived
from the MODIS Mosaic of Antarctica (MOA) image maps (Haran et al. 2005), and the
1 km x 1 km resolution ice thickness map of Bedmap?2 (Fretwell et al. 2013) are used. The
AIS boundary line has a length of 63.948 x 10° km. The average ice thickness around the
boundary is approximately 484 m. Based on these parameters, the ice-mass loss rate of —71
+ 53 Gt yr~! (Shepherd et al. 2012) may be equivalent to an even AIS boundary retreat
rate of 2.50 & 1.87 m yr‘l. Moreover, an SLE rise of 1 mm could be caused by an even
AIS boundary retreat of 12.78 m.

Finally, we would like to use the nominal accuracies of two relevant Antarctic missions,
ICESat and GRACE, as examples to investigate the corresponding impact on the SLE
changes. For the ICESat satellite laser altimeter, the nominal accuracy of the surface
elevation measurements is £15 cm. Under the best conditions, the precision is better
than £3 cm (Schutz et al. 2005). Based on the above analysis, the ice-mass changes
corresponding to A H;., = 15 cm and 3 cm are 740.4 Gt and 148.1 Gt, respectively. These
changes are also equivalent to SLE changes of 2.04 mm and 0.41 mm, respectively. It
should be noted that the above calculations assume that the accuracy of 15 cm (or 3 cm)
is evenly distributed over the entire continent of Antarctica. In fact, much of the interior
has better conditions for altimetric measurements and should result in better accuracies,
whereas the accuracy in coastal and high-slope regions may be worse than the nominal
accuracy of 15 cm (Schutz et al. 2005; Gu et al. 2014). Furthermore, observations over a
long period (multiple years) should provide much better accuracy.

To monitor mass changes in Antarctica using satellite gravity observations of the
GRACE mission, a GIA model should be employed to correct for the regional vertical
rebound of the bed of the Antarctic ice sheet. Currently, different GIA models produce
different correction values that range from approximately 30 Gt yr—! to 130 Gt yr~!
(Shepherd et al. 2012; Ivins et al. 2013). This uncertainty would introduce an SLE difference



Table 1
A look-up table of several computational examples of conversion between ice-mass and

SLE changes

From To
100 Gt of ice-mass change 0.28 mm SLE
100 Gt of ice-mass change 20.26 mm elevation change over the entire AIS
100 Gt of ice-mass change 3.52 m retrieval of the AIS margin*
1 mm SLE 362.69 Gt of ice-mass change
1 mm SLE 73.48 mm elevation change over the entire AIS
1 mm SLE 12.78 m retrieval of the AIS margin*
10 cm elevation change over the 493.6 Gt of ice-mass change

entire AIS
10 cm elevation change over the 1.36 mm SLE

entire AIS

*pice = 917 kg m~ was used, elsewhere p;., = 400 kg m—>.

of 0.08 mm yr~! to 0.36 mm yr~'. Beside the firn/ice density, the uncertainty of GIA is
another major source of errors in estimation of Antarctic mass change. More in-depth
research on GIA models is expected in the future.

Table 1 lists several computational examples relevant to the conversion between the
Antarctic ice-mass change and the SLE using the parameters discussed above and the
assumptions of this technical note. It should be noted that we assume that the current mass
balance in the AIS is maintained and the resulting SLE rise rate is a few millimeters per year.
The global ocean area used above is still valid. Based on this constant global ocean area, the
AIS would have the capacity to cause an SLE rise of approximately 62.39 m. However, if we
consider the catastrophic scenario of complete melting of major outlet glaciers, for example
in West Antarctica, or even the entire AIS, the global ocean area would dramatically grow.
A precise computation of the impacted low land regions in the world would require a high
resolution coastal DEM, ocean circulation modeling, tide modeling and other data. Such
evaluation is outside of the scope of this technical note.

Discussion

The ice-mass imbalance of the Antarctic ice sheet contributes to global sea-level change.
This process combines with other global and local phenomena of the planet and impacts
our environment and lives. For example, a steadily increasing global sea level accompanied
by increasingly frequent and stronger storms has caused coastal disasters with casualties
and property losses. The quantification, understanding, and prediction of the SLE change
from Antarctic ice-mass changes remain a complex problem that involves the analysis of
a number of parameters that are currently determined with multiple uncertainties. This
technical note discusses a simplified model for the conversion between Antarctic ice-
mass changes and the SLE on the basis of a few generally accepted assumptions. The
computational examples can be used as a quick reference in relevant general applications.
The result should be helpful for science outreach as well. For glaciologists who undertake
research in specific areas of Antarctica, a wide range of literature is available to provide
more in-depth knowledge.



A limited sensitivity analysis was carried out to assess the influence of a few uncertain
parameters on the conversion process. The accuracy of the area of the global ocean derived
from the current global shoreline database is not a significant contributor to the overall
uncertainty in this conversion process. However, the difference introduced by different
GIA models is considered as the largest uncertainty and can reach a level that is close to the
annual contribution of the AIS to the global sea level. Therefore, choosing an appropriate
GIA model is critical to the analysis of satellite gravity data in the Antarctic region.
Finally, the determination of an effective density of changed mass is very difficult because
it depends on spatial location, types of firn layers, and the height change rate of firn/ice
layers. The uncertainty introduced by the chosen effective ice density may be the second
largest uncertainty in the conversion process. This situation may be improved after a large
number of in-situ firn investigations are performed and a firn/ice modeling method coupled
with these observations mitigates the situation in which there are insufficient observations.
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