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Separation of the Geodetic Consequences of Past and Present Ice-Mass Change: Influence
of Topography with Application to Svalbard (Norway)

A. MEMIN,l J. HINDERER,l and Y. RoGisTER'

Abstract—Polar regions such as Greenland, Svalbard and
Antarctica are deforming today because of both the present-day
ice-mass (PDIM) change of glaciers and the glacial isostatic
adjustment (GIA) following the Pleistocene deglaciation. Obser-
vations handled in these areas contain both the contributions from
the PDIM change and GIA. This study aims at separating them by
considering two specific gravity variation-to-vertical displacement
ratios. We first review the case of the viscoelastic rebound (GIA)
subsequent to the Pleistocene deglaciation leading to a ratio C".
The outcome of previous studies is that C* is approximately equal
to —0.15 pGal/mm and almost independent of the deglaciation
history, ice geometry and viscosity profile of the mantle. Similarly
we consider the elastic deformation resulting from PDIM change
which leads to a second ratio C*. Several studies have shown that
C*N ~ —0.26 uGal/mm if one assumes that the changing glaciers
are thin layers over the surface of a spherical Earth model. In this
case, we show that the separation between the contributions from
PDIM change and GIA is unique if both gravity and height changes
observations are available at the same station. Next, we focus on
C*" and show that according to the deglaciation/glaciation context
and from colocated gravity variation and ground vertical velocity
measurements one can deduce a range of possible values for C*".
Studying the influence of the topography on C" we first show that
it tends to positive values if most of surrounding ice-mass changes
above the altitude of the observation site and to values lower than
—0.26 pGal/mm if changes are below. We next apply our general
formalism to the case of the past and PDIM changes in Svalbard,
Norway. We compute the ratio C>" at the geodetic observatory at
Ny—;\lesund and show the influence of the topography of the sur-
rounding glaciers on the measured gravity and uplift rates. We
show that if the ice-mass change is spatially uniform, C~ does not
depend on the speed of ice-mass change, and hence the separation
of the contributions from PDIM changes and GIA can still be done
univocally. However, if the ice-mass change is not spatially uni-
form, C* ¥ depends on both the speed of ice-mass change and the
volume of ice-change rate.
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1. Introduction

In response to climatic changes, ice-masses vary.
Currently a reduction of the volume of ice is observed
using different methods. For example, the analysis of
space gravimetric observations from GRACE
(Gravity Recovery and Climate Experiment) suggests
ice-mass loss over Alaska (e.g. LUTHCKE et al. 2008),
Greenland and West Antarctica (e.g. BARLETTA et al.
2008; Wouters et al. 2008; SLoBBE et al. 2009;
Horwatn and DietricH 2009; VELIcogNa 2009).
Comparison of digital elevation models deduced from
satellite altimetry or photogrammetry have shown ice
thinning in Svalbard (e.g. KoHLER et al. 2007; KAAB
2008; NutH et al. 2010). Ice thinning has also been
shown in Alaska by using satellite imagery (BERTHIER
et al. 2010).

The solid Earth elastically deforms because of this
present-day ice-mass (PDIM) change. Moreover, most
of the regions where the ice-mass presently decreases
is also subject to the glacial isostatic adjustment
(GIA), which is the viscous relaxation that follows the
Pleistocene deglaciation. Of course, the observations
(ground gravimetry and precise positioning) do not
separate the two effects (e.g. BEevis er al. 2010).
Usually, models of deglaciation histories are used to
compute the GIA, which is subtracted from the
observations. The volume of ice loss can then be
deduced from the residuals. The contribution of the
GIA to the observations is sometimes estimated using
the vertical displacement to gravity conversion factor
of WaHR et al. (1995). It appears difficult to separate
the two contributions by using observations only.

We study the separation between the contributions
from past and present deglaciations to the observa-
tions by using two gravity variation-to-vertical
displacement ratios, for both the viscous (C”) and
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elastic (C* o) ) deformations. In Sect. 2, we first list the
relations between the observed and theoretical verti-
cal displacement and gravity rates. Then we collect
ratios of gravity rate to vertical velocity found in the
literature (Sects. 2.1 and 2.2) and relate them to the
observed parameters (Sect. 2.3). In Sect. 3 we focus
on C“N. We study the influence of the glaciation/
deglaciation context (Sect. 3.1) and the effect of the
topography, for which we derive a general expression
(Sects. 3.2 and 3.3). We investigate in the last section
the influence of the topography and spatial distribu-
tions of ice-mass variations on the separation of the
geodetic consequences of past and present-day ice-
mass change over the Svalbard archipelago, Norway
(Sect. 4). After a brief geographical description of
Svalbard in Sect. 4.1, we introduce, in Sect. 4.2, the
spatial distribution of the glaciers and the different
vertical profiles of ice-mass change used to model the
gravity variations and ground velocity (Sect. 4.3). We
discuss the results from models and observations in
Sect. 4.4.

2. Viscoelastic and Elastic Gravity and Uplift Rates

Let ou” and 0g"” be respectively the time variations
of the vertical displacement and gravity rate due to
the GIA at the Earth’s surface. The uplift and gravity
rates induced by the PDIM change are respectively
denoted by du® and dg° + dg". The first term 9g° is
due to the elastic deformation of the ground, the
second term is the Newtonian attraction of the vary-
ing mass. In areas subject to both the GIA and PDIM

change, the observed vertical velocity 6u®® and
gravity rates 5g°™ are given by

ou® = duf 4 ou’, (1)

0g° = g + og" + og". (2)

2.1. Gravity Variation-to-Vertical Displacement
Ratio for Viscoelastic Deformation

Using different deglaciation histories, ice geom-
etries and viscosity profiles for the mantle of a
viscoelastic Maxwell Earth, WaHR ef al. (1995)
found the following relation between the viscous
gravity and uplift rates:
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This ratio was studied by Fanc and HaGer (2001)
who confirmed that it is independent of the radial
viscosity profile of the Earth, which is due to the
nearly incompressible viscous response of a Maxwell
Earth. Using the ICE-3G history of TusHINGHAM and
PELTIER (1991) to model the GIA in Antarctica, JAMES
and Ivins (1998) numerically found a ratio of
—0.16 uGal/mm, close to ratio (3). Actually, the vis-
cous response of the Earth involves both changes in
the height of the surface and mantle mass redistri-
bution. The motion of the surface involves a variation
of the gravity measured by an instrument moving
with the surface. This variation is the so-called free-
air gradient, which is —2 g¢/a ~ —0.31 uGal/mm,
where a is the mean Earth radius and go = 9.81 m/s?
is the surface gravity. The second effect can be
approximated by the Bouguer plate formula leading
to 2nGp,, for the gravity variation-to-vertical dis-
placement ratio, where G is the gravitational constant
and p,, is the density of the plate. Taking p,, = 3,350
kg/m® as an average density for the upper mantle,
we have 27G p,, = 0.14 uGal/mm and Jg”/ou’ ~
—0.17 uGal/mm, as found for example in Exman and
MAKINEN (1996), JaMES and Ivins (1998) and L MEUR
and HuyBrecHTs (2001). This ratio is close to the one
first derived by WaHR et al. (1995), although it is
derived from a simpler modeling.

The ratio C¥ = —0.15 pGal/mm given by WAaHR
et al. (1995) was also obtained by LarsoN and vaN Dam
(2000) in North America from uplift and gravity
observations, whereas LAMBERT et al. (2006) obtained
—0.18 £+ 0.03 uGal/mm from similar observations. In
Fennoscandia, MAKINEN et al. (2005) obtained a ratio in
the range [—0.18 +0.06, —0.16 + 0.04] pGal/mm.
Some studies (e.g. WOLF et al. 1997; LAMBERT et al.
2001; MAKINEN et al. 2007; AMaLvICT et al. 2009) used
aratio in the range [—0.17, —0.15] uGal/mm to predict
the gravity rate from a modelled displacement rate.

C'= ~ —0.15 uGal /mm. (3)

2.2. Gravity Variation-to-Vertical Displacement
Ratio for Elastic Deformation

Using a spectral approach, de LINAGE et al. (2007)
computed the ratio
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between the rates of gravity and vertical displacement for ) | 0gos — e §y°bs
an elastic deformation. According to the compressibility og" = —C CeN — v (10)

of the uppermost layer of the Earth model, its value is
either =~ —0.20 uGal/mm if the layer is incompressible
or ~ —0.24 uGal/mm if it is compressible.

These values do not take into account the direct
attraction of the changing mass expressed by dg".
Considering that the mass changes occur at the
surface of the spherical and compressible Earth
model, de LINAGE et al. (2007) found that outside
the area where the load occurs

CN = C¢ + C" ~ —0.26 uGal/mm, (5)
where

ogV
=S (6)
They obtained this value by averaging over the har-
monic degrees 2—-50 the ratio between the nth spectral
components of the transfer functions of the gravity
variation and vertical displacement. For the harmonic
degrees 6 and 3,000, this ratio takes the values
—0.2881 and — 0.2467 uGal/mm, respectively.

James and Ivins (1998) obtained C*Y = —0.27
uGal/mm, which is close to the value (5) found by
de LINAGE et al. (2007) and which corresponds to
85% of the free-air gradient. As for the viscous ratio,
C*" is used to estimate secular gravity variation from
modelled uplift rate such as that due to the PDIM
change in Antarctica (e.g. MAKINEN et al. 2007;
AwmaALvICT et al. 2009).

CN

2.3. Separation Between the Geodetic Consequences
of GIA and PDIM Change

For colocated gravimetric and geodetic stations,
relations (1), (2), (3) and (5) provide

5gnbs _ Cv5u°bs

out = CeN v (7)

5 gobs _ Ce,N 5uobs

ou’ = e v

(8)

which, in turn, give 6g” and 6g° + dg" by using (3)
and (5):

Therefore, the contributions dg” and du” of the GIA
and 0g° + dg" and du‘ of the PDIM change to the
observed gravity rate and vertical velocity of the
ground can be uniquely solved and directly estimated
from gravity and geodetic observations and theoreti-
cal ratios (3) and (5).

So far, we have considered that the remote
unloaded/loaded area is located beneath the horizontal
plane passing through the observation point (JAMES and
Ivins 1998; LE MEUR and HuyBREcHTS 2001; MAKINEN
et al. 2007). However, since the Newtonian part of the
gravity depends on the relative position of the obser-
vation point and location where mass changes occur
(MERrrIAM 1992; Boy et al. 2002; MEMIN et al. 2009), it
depends on the topography of the loaded area. In the
next section, we examine the influences of the geo-
physical context, topography and load variation on C**.

3. Study of C*N

3.1. €N in Areas Subject to both Past
and Present-Day Ice-Mass Changes

The expressions (7)—(10) are valid if ceN s
known, which seems to be the case when the
topography is neglected (Sect. 2.2), and if C*N #
C". It is, indeed, impossible to discriminate processes
producing the same gravity variation-to-vertical dis-
placement ratio.

To put constraints on C*N, we consider the ratio
ou”/ou’. Let us first assume that ou® and ou” have the
same sign, so du’/ou’ is positive. Therefore,

ou’ 5gobs _ Ce‘N5u°bS

oue == 5g0bs — CVouobs ZO’ (11)

and

obs

Ce,N > (Zﬁnh, ,if (SgObS — C"6u™ > 0
< Ui st oyt <)

— 5uubs )

(12)

If, moreover, SZ <1, then N satisfies the following

conditions:
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cend < 200 Y if g% — Cou™ > 0
2§§0b5 C, i g — CYou™ <0

(13)

Second, we assume that ou® and du” have opposite
signs. Therefore,

P obs
Ce’N{ S %a
P obs

= Sucbs

C6u® > 0
C'ou® <0

if o gobs _

14
if 5gobs _ ( )

If, moreover, du’/ou > —1, then

¢ > CY, if §g° — CVou™ > 0
c 7N{ < if 5gobs —Cus <0 (15>
If ou"/ou® = —1, then C*" = C” and expressions

(7) and (8) are no longer valid. The case 16u"/6u’l > 1
concerns either local ice-mass change which induces
effects lower than that induced by the Pleistocene
deglaciation or ice-mass change which is too remote
to have sufficiently large effects. The different
inequalities are shown in Fig. 1.

In conclusion, knowing the observed gravity and
vertical displacement rates, as well as the glaciation
and deglaciation context, we can provide a range of
values for C*".

In Sects. 3.2 and 3.3, we take now the topography
into account for calculating C".

3.2. Expression for C*N

According to Eq. 5,

_0g°+og"

In this section we derive an expression for C*" that
explicitly contains the distance between the obser-
vation site and the location where the loading is
applied. The derived expression is used in Sect. 3.3 to
study the influence of the topography on C*".

In spherical coordinates r, 0, ¢, the Newtonian
(6g") and elastic (dg°) gravity variations and the
vertical displacement rate (0u°) are respectively given

o e

Ce N

(r,x')/'*dr sin 0/d0'd¢’

(17)
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Figure 1

Summary of the different cases, corresponding to various geo-
physical processes, discussed in the text for the ratio C*"

0= Jf
— [[ ewonte)
) (19)

where 1’ is the position of an element of ice-height
variation ok and density p. The surface and volume of
the ice load are, respectively, Q and v. Green func-
tions for the vertical displacement and elastic gravity
variations are respectively (FARRELL 1972):

Zh’

G (r — ') sin 0'd0'd ¢y

(18)

G (r — ) sin0/d0'd¢’,

Gu(r—1') (cosy), (20)

Ge(r—r') = i 21, — (n+ 1)k, | P, (cos ).
n=1

(1)

G is the Newtonian constant of gravitation and go, the
gravity at the surface of the spherical Earth model of
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mean radius a. /i, and k/, are the load Love numbers
of degree n for the displacement and variation of the
gravity potential respectively. P, is the Legendre
polynomial of degree n. y is the angular distance
between the observation point and loading point. The
Green function for the Newtonian gravity variation is
(MERrrIAM 1992; Boy et al. 2002):

r—rcosy

Gu(r,r')=G .
¢ (r2+r'? — 2rr' cos 1//)3/2

(22)

Angular distance i/ is given by
cos i = cos 0 cos 0 + sin 0sin 0/ cos(¢p — ¢'). (23)

Inserting Eqs. 17-22 in Eq. 16 and assuming a con-
stant density for the load, we obtain

514@ //
r'+0h(r’)

Oh(r)Ge (r — ') 1% + / G (r,x})F, dr)

/

CeN

sin 0'd0/dgy,
(24)

where the coordinates of the point at r| are r/ +
dZ,0,¢'. One can rewrite Eq. 24

CcN(r // Oh(r')Gye(r — /)12
514‘3
Oh(r’)
+ / Gy (r,¥ + Ze&)(r +2)7d7
0
sin 0'd0'd¢’. (25)
If we denote by z'°*® and z°™ respectively the alti-

tudes of the loading point and observation point, then
¥ =a+7°> 7 and r = a + z°™. Thus, we obtain

-5 // Shr

Sh(r')

+ / Gg" (9 _ 9/’(15 _ ¢/,ZObS _ Zload *Z’)I’lzdzl
0

CL’N

e (r— 1)

x sin 0'd0'd¢’ (26)
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or

Q
a4 5h(r’)
+ / G (00,0 — ¢/, 2% —7)d7
Jond
x r'2sin0/d0'd¢p’. (27)

We introduce the pseudo Green function of C*" that
we name Geen (r,1’). Actually, Geen is a function of
r—r-:

1

Geen(r — 1'/) - W

Oh(r')Gge(r — ')
Z]md+§h(l‘/)
b [ Ge0-0.- g
~load

(28)

We call it a pseudo Green function because it is the
ratio produced by a mass point of height 4, in other
terms, it is a unit-mass point response scaled to dh.
Using Eq. 28, Eq. 16 transforms to

cN(r 56 /5h
u

x 1'?sin 0/d0'd¢’. (29)

—r)Geen(r — ')

We now write

Gu(r—r)

a(r,r') = oh(r') o)

(30)
and introduce it in Eq. 29. We finally obtain

V) =p [ ae.x)Gen v =) sin0 b
(31)

Thus, as predicted, C" depends on the distance
between the observation and loading points and,
consequently, on the surface of the load. It also
depends on the ice-height variations at each loading
point. Function o is a weighting factor that indicates
how C“" for a specific loading point contributes to
the total C*" ratio induced by the whole load. Its
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behaviour is shown in Fig. 2, where adu‘/oh is plot-
ted. For example, loading points located either
200 km or 1 km from the observation point have the
same weight if the height variation of the farthest
loading point is almost 1,000 times larger than that of
the closest. Consequently, the contribution of the C*V
ratio of one specific loading point is strongly influ-
enced by the ice-height variation if it is larger than
that of other further away loading points.

3.3. Study of Geen

Using the Green functions for the deformation of
a symmetric, non-rotating, elastically isotropic Earth
model (FARRELL 1972), we compute Geen for dh = 1
m/year of water (p = 1,000 kg m>). The observa-
tion points are at a distance ranging from 1 to
1,111 km from the loading point. To take into
account the influence of the topography, namely the
relative elevation between the load and the observa-
tion point, we compute G¢en for a load located at
several altitudes ('°* € [0;2,000] m). The altitude of
the observation point is z°® = 1,000 m. The
difference between the altitudes of the observation
point and load is Az = /%4 — z°%S_ Plots are shown in
Fig. 3.

First, we show that Gcen ~ —0.26 uGal/mm for Az
= 0 m. This is valid for a point load acting at any
distance from the observation site. Consequently, for
any load, we have C“"~ —0.26 uGal/mm, as found
by de LINAGE et al. (2007).

Pure Appl. Geophys.

Next, Geen varies very differently closer to the
observation point according to Az. The strong
increase toward positive numbers for Az> 0 is
because mass changes are above the observation
point. Increasing (resp. decreasing) the mass
decreases (resp. increases) the gravity and leads to a
negative (resp. positive) gravity variation. Because of
an increased (resp. a decreased) mass, the ground
subsides (resp. uplifts) and a negative (resp. positive)
displacement variation can be observed. Conse-
quently, the resulting ratio is positive. If Az< 0,
the mass changes beneath the observation site and
Gcen strongly decreases for both increasing and
decreasing masses. Indeed, the gravity variation and
vertical velocity have opposite signs in these cases.
Otherwise, with the distance the ratios converge to
that obtained for Az = 0, namely about —0.26 uGal/
mm.

We repeat the same computation for ok =
{2, 5,10, 50, 100} m/year and denoting G{.x (r — r')
the function Geen (r — r') for 6k = 1 m/year, we plot

AGeen (r — ¥') = Log|Gw (r — t') — Geen (r — 1)
(32)
on Figs. 4 and 5 for several relative altitudes. We

study the influence of the load variation rate 6h. We
obtain:

® AGc.~ increases with the distance to the load for
any Az, it is about 0.01 pGal/mm at 50 km from
the loading point for |0kl = 100 m/year,

a -3 b os
- 0
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) o
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> £}
go 2 -25p
F g
o k] 3l
g 3
-35
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Figure 2

Weighting factor adu’/oh plotted as a function of the distance of the observation point from the load (lefr) and divided by that computed for an
observation point located at 1 km from the load (right)
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Ge.

=

® AGcen <0.01 uGal/mm for 1641 < 10 m/year from
11 km from the loading point,

® AGcen <0.01 uGal/mm for 16l < 5 m/year from
6.5 km from the loading point,

® AGcen <0.08 uGal/mm for 10Al < 5 m/year from
2 km from the loading point.

If we have a digital elevation model and if load
variations are farther than 2 km away from the
observation point, we can estimate Gcev indepen-
dently of the load variations and Az if height
variations are lower than 5 m/year. In that case, the
accuracy is better than 0.08 uGal/mm. The accuracy
would be better than 0.02 uGal/mm if |64l < 2 m/
year. For distances farther than 6.5 or 11 km, the load
variation has to be lower than 5 or 10 m/year
respectively to have Geev with 0.01 pGal/mm
accuracy.

However, the topography of the load is not
sufficient to completely determine the total C*" ratio
induced by a load acting on any area that would allow
the unique determination of the contributions from
the GIA and the PDIM change. Indeed, the height
variations of the load appear in the coefficient o (Eq.
30) and need to be known. So, in Sect. 4, we review
the specific case of Svalbard, which has already been
studied (Sato et al. 2006; MEMIN et al. 2011), and
focus on what can be extracted from the C*" ratio.

as a function of the distance to the observation point from the load for 64 = 1 m/year and several relative altitudes Az = 714 — z°b

4. Past and Present-Day Ice-Mass Changes
in Svalbard

4.1. Location of Svalbard and Geodetic Observations

4.1.1 Svalbard Archipelago and Ny—Aolesund
Observatory

The Arctic archipelago of Svalbard is located north of
Norway between 76°N and 81°N of latitude and 11°E
and 26°E of longitude. It is covered by about
36,000 km? of ice which represents 60 % of the total
area. Most of the ice surface is thinning (KOHLER
et al. 2007; DowpeSWELL et al. 2008; Kais 2008;
MoHoLpT et al. 2009; NutH et al. 2010), which
induces deformation and gravity variations. Svalbard
is also subject to the GIA following the last
deglaciation (e.g. TusHINGHAM and PELTIER 1991). At
the Geodetic Observatory of Ny-;\lesund (11.855°E,
78.929°N, 43 m), Very Long Baseline Interferometry
(VLBI), GPS or Doppler Orbitography and Radiopo-
sitioning Integrated by Satellite (DORIS) data have
been collected for up to 18 years. The gravity
variation is measured since 1999 with a supercon-
ducting gravimeter, which is part of the Global
Geodynamics Project (CROSSLEY ef al. 1999), and the
absolute gravity has been measured six times with
FGS5 absolute gravimeters: in 1998, 2000, 2001, 2002,
2004, and 2007.
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Figure 4

Geen (r — r') computed for 6k = 1 m/year (red curve) and AGcen (other color curves) as a function of the distance of the observation point
from the load for five relative altitudes (Az = Zload _ zobs <0). AGcen is computed for five load variations (o = {2, 5, 10, 50, 100 } m/year)

The Digital Chart of the World (DCW, http://
www.maproom.psu.edu/dcw/) provides a realistic
geographical distribution of the glaciers. More

accurate location and altitude of the glaciers near Ny-
Alesund are given by the Digital Elevation Model
(DEM) from the SPIRIT project (Korona et al.
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Same as Fig. 4 for six other relative altitudes (Az = 7% — 7°% >0)

2009). For all the other glaciers, the topography is
provided by the GTOPO30 DEM (http://edc.usgs.

gov/products/elevation/gtopo30/gtopo30.html).

The

total surface of ice is divided into seven basins as

shown in Fig. 6.

4.1.2 Observations at Ny—Aelesund

Sato et al. (2006) obtained from VLBI, GPS and
gravity observations an uplift rate of 5.2 + 0.6 mm/
year and a gravity rate of —2.5 £ 0.9 pGal/year at
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Ny-Alesund. These rates have been revised by MEMIN
et al. (2011) using longer datasets. They use six
absolute gravity measurements for the period
1998-2007, instead of four for SaTo et al. (2006)
for the period 1998-2002, and find a lower value of
—1.02 £ 0.48 uGal/year. They propose an uplift rate
of 5.64 £ 1.57 mm/year using velocity observations
found in the literature. A direct modeling of their
observations with a uniform ice-mass loss rate of
75 cm/year allows to fit the observations. This rate is
consistent with the one proposed by SaTo et al.
(2006). However, the corresponding volume of ice
loss, ~25 km3/year, is larger than the one derived
from the analysis of the GRACE data (MEMIN et al.
2011) which is ranging between 5 and 18 km*/year.
The GRACE derived volume of ice loss is in
agreement with glaciological studies estimating ice
loss to be between 4 and 14.2 km’/year. They
associate a part of the discrepancy between ice losses
derived from ground and space observations to be due
to the difference of sensitivity of both methods.

100 E 3
_— 1200 E

Ny-A'I'é's-upf

| ?ﬂgh

T80 N

76 N
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Indeed GRACE measurements are mostly sensitive to
the total loss of mass while ground gravity measure-
ments are sensitive to local effects. To reduce the
discrepancy, they propose to take into account the
altitude dependency of ice-mass change in the
modeling of PDIM change effects. Using ground
observations, we evaluate non uniform ice-mass
change scenarios by focusing on the C*" ratio.

4.2. Ice-Mass Change Distribution in Svalbard

4.2.1 Glaciers Distribution in Svalbard with Respect
to Ny-Aolesund Observatory

Figure 7 shows the distribution of area of basin 1, as
a function of altitude and distance to Ny-;\lesund
observatory, relative to the total area of the seven
basins. All the glaciers in this basin, which is the
smallest, are located above Ny-/oklesund. Moreover, a
large part (~25%) of the ice in this region is located
between 2 and 5 km from the station and between 40

28 E

Figure 6
Ice-covered area in Svalbard from the Digital Chard of the World. The total surface is divided into seven basins, whose numbers appear in the
color bar on the right of the map
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Basin 1 Total ice coverage (%)

Altitude (m)

4
Distance from Ny-Alesund (km)

6 8 10 12 14 16 18

Figure 7
Distribution of ice-covered area (%) for basin 1, scaled to the total

area of ice coverage, as a function of both the distance from Ny-
Alesund and altitude of the load

and 500 m of altitude. Figure 8 shows the distribution
of the ice in each basin as a function of the distance to
the station. Basin 2 extends from 10 to 110 km, basin
3 from 100 to 210 km, basin 4 from 165 to 240 km,
basin 5 from 175 to 350 km, basin 6 from 115 to
280 km, and basin 7 from 205 to 320 km.

4.2.2 Ice-Mass Change Profiles

Figure 9 shows the rate of the thickness variation, dh/
dt, of the ice load for the seven basins as a function of
the altitude. We assume that, for a given altitude, dh/
dr is the same over an entire basin. The profiles for
basins 3, 4, 6 and 7 are based on the study by NutH

ﬂ
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et al. (2010). The profile for basin 5 is based on the
study by MoHoLDT et al. (2009). For both basins 1 and
2, we consider two different profiles, labelled 1a, 1b,
2a and 2b. Profiles la and 1b are obtained from the
height change rates provided by KoHLER et al. (2007).
Profile 2a is also given by NuTH et al. (2010). Finally,
we derive profile 2b by using an average of the
thinning rates provided by KIierULF ef al. (2009).

4.3. Gravity and Uplift Rates at Ny-Aolesund

4.3.1 Computation of Gravity and Uplift Rates

The geodetic effects of ice-mass change are numer-
ically calculated with account for the geographic
distribution and topographic height of the glaciers.
The total gravity rates or vertical velocity at the
observation station are obtained using Eqs. 17-19 of
Sect. 2 assuming that the load has a uniform density
p = 1,000 kg/m°.

The computed vertical motion and gravity rate at
Ny-Alesund for five models of ice-mass change are
listed in Table 1. In models 1, 2, and 5, we use
profiles 3—7. In models 1 and 2, we respectively use
the couple of profiles 1a—2a and 1b-2b. In models 3
and 4, we assume a uniform thinning rate of 1 m/year.
In model 4, we do not take into account the
topography of the glaciers. Model 5 is the same as
model 2 but the profile 2b is multiplied by 2. This
increases the thinning or thickening rates and changes
the ice loss. These five models will allow us to study
the influence of (1) the topography of the glaciers on
the geodetic consequences of ice-mass change and (2)

K
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Figure 8
Distribution of ice-covered area (%) for each basin of Fig. 6 as a function of the distance from Ny-Alesund
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dh/dt (m/yr)
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gravity rate of the mass variation of the glaciers in
basins 3—7, which are more than 100 km away from
the station, is so small that their topography does not
need to be taken into account.

Figure 10 shows the computed gravity rates as a
function of the uplift rates at Ny-;\lesund for the five
models of ice-mass changes. It also shows the GIA
effect (solid black line), corresponding to a slope of
approximately —0.15 pGal/mm ratio (WAHR ef al.
1995), and the elastic PDIM change effect without
any topography (black dashed line), which corre-
sponds to the —0.26 uGal/mm ratio theoretically

-251 Z 1 found by de LINAGE ef al. (2007). We assume that
— these two lines cross at the point which corresponds
-3, 500 7000 1500 to the GIA effects computed by Sato et al. (2006)
Altitude (m) namely —1.88 mm/year for the vertical velocity and

Figure 9 —0.31 uGal/year for the annual gravity rate.

Rate of ice height change d//dt as a function of the altitude for each
basin of Fig. 6. Curves la and 1b are used for basin 1 and 2a and 2b
are used for basin 2

the geographical distribution of ice-mass change over
a given glacier.

4.3.2 Study of Different Ice-Mass Change Scenarios

Comparison of models 3 and 4 in Table 1 shows that
the topography plays a role only for the closest
glaciers, in basins 1 and 2. The influence on the

We see in Fig. 10 that neither model 1 nor model
2 can explain observations within their error bars
while models 3, 4 and 5 could. However, model 4 is
discarded since no topography is taken into account.
If we consider a model similar to model 3, but with
a uniform ice-mass change rate of —0.85 m/year,
we obtain 3.60 mm/year for the vertical velocity and
—0.37 uGal/year for the annual gravity rate. These
values are very close to the ones found for model 5
(3.52 mm/year and —0.39 uGal/year), see Fig. 10.
But, the annual ice losses are very different for the

Table 1

e+N

At Ny-Aﬂlesund, vertical velocity ou® (mm/year) and total gravity rate dg = 0g° + 6g" (uGal/year) due to ice-mass change

Model 1 2 3 4 5

dh/dt profiles la, 2a, 3-7 1b, 2b, 3-7 —1 m/year 1b, 2 x 2b, 3-7
Volume of ice loss (km3/year) —11.64 —12.22 —35.48 —15.67

Basin Area (km?) ou’ oge™ ou® oge ou’ oge™ SN oue oge

1 40 0.175 0.198 0.166 0.172 0.191 0.226 —0.046 0.166 0.172
2 6,411 1.21 —0.175 1.43 —0.219 2.37 —0.231 —0.626 2.86 —0.439
3 9,453 0.208  —0.050 0.208  —0.050 0.844  —0.201 —0.216 0.208  —0.050
4 2,543 —0.0622 0.0016  —0.0622 0.0016  0.127  —0.033 —0.0339 —0.0622 0.0016
5 8,419 0.0232  —0.00667 0.0232  —0.00667 0.289  —0.0785 —0.0795 0.0232  —0.00667
6 5,875 0.211 —0.055 0.211 —0.055 0.320 —0.0827 —0.0847 0.211 —0.055
7 2,741 0.0576 —0.0158 0.0576 —0.0158  0.0928 —0.0253 —0.0256 0.0576  —0.0158
Total 35,482 1.88 —0.10 2.09 —-0.17 4.23 —0.43 —1.11 3.52 —0.39
Total with GIA 3.76 —0.41 3.97 —0.48 6.11 —0.74 —1.42 5.4 -0.7
8™ /ou¢ (uGal/mm) —0.06 —0.08 —0.10 —0.26 —0.11

8g° ™" is the gravity variation computed without taking into account the topography of the changing glaciers. According to Sato et al. (2006),
the uplift and gravity variation associated to the GIA are, respectively, 1.88 mm/year and —0.31 pGal/year
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two models: it is approximately 30 km*/year for the
former and 15 km®/year for the latter. Even if the
model 3 scaled to —0.85 m/year could explain ground
observations, it does not explain GRACE satellite
gravimetric measurements. Model 5 is more appro-
priate to explain both the ground and space
observations.

44. N at Ny-Aolesund, Svalbard
4.4.1 Results of Modelling

The influence of the topography in basins 1 and 2 is
significant: if we take it into account, the gravity rate
to vertical velocity ratio is —0.10 pGal/mm, while we
obtained —0.26 pGal/mm in Sect. 2, where the
topography was neglected. We have checked that
other uniform thinning rates lead to the same C*"
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Figure 10
Computed gravity rate as a function of the uplift rate at Ny-
Alesund. The solid black line gives the GIA effect. Its slope is
approximately —0.15 uGal/mm (WaHRr et al. 1995). The black
dashed line corresponds to the —0.26 puGal/mm ratio theoretically
found by de LINAGE et al. (2007) for the elastic PDIM change effect
without any topography. The black dotted dashed line corresponds
to the —0.10 uGal/mm ratio found for different values of ice-
thinning rate with the model 3. All these lines cross at the point
which corresponds to the GIA effects computed by Sato et al.
(2006). The black symbols are the computed rates for the model 1
(circle), 2 (square), 3 (inverted triangle), 4 (diamond) and 5
(cross). The triangle corresponds to the model 3 with a uniform ice
thinning of 0.85 m/year. Observations (magenta circle) are from
MEMIN et al. (2011)
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(black dotted dashed line on Fig. 10). This is a direct
consequence of the results of Sect. 3 for I6Al <1
m/year. Therefore, if one considers a uniform load-
ing, the problem of Sect. 2 is still uniquely solved
even if the topography is taken into account.

Comparison of models 1, 2 and 5 shows that
0g° + 0¢" and Su® at Ny-Alesund, as well as
C*", depend on the spatial distribution of ice-mass
change over basins 1 and 2. For models 1, 2, 3 and 5,
the absolute value of C*" is 2—4 times smaller than
for model 4, in which the topography is neglected.

Figure 11 shows C*" due to ice-mass change in
each basin separately. For basins 1 and 2, the ratio is
clearly dependent on the load while for basins 3 to 7,
the ratio is close to —0.26 pGal/mm in agreement
with results of Sect. 3. When the topography is not
taken into account, the ratio is close to —0.26 uGal/
mm for all the basins as proposed by de LINAGE et al.
(2007).

4.4.2 C“N Estimated from Observations

The gravity and vertical displacement variations at
Ny-loAlesund are, respectively, —1.02 puGal/year and
5.64 mm/year (Sect. 1) leading to 5g°™/ou™ =
—0.18 uGal/mm and 6g°™ — C” 6u™ < 0.

Knowing that most of ice in Svalbard is thinning
and that Ny-;\lesund is subject to the uplift due to the
Pleistocene deglaciation, then according to Sect. 1,
C*" should be lower than —0.18 uGal/mm. Besides,
if displacement variations due to PDIM are larger
than those due to GIA, then C*" should be higher
than 206g°*/6u®® — C" = —0.21 uGal/mm. When
C*Y decreases from —0.18 puGal/mm, du” increases
while du® decreases and for C“ = —0.21 uGal/
mm, du’ = du® = Su°>/2.

The fact that C*" can be different from —0.26
uGal/mm shows that ice-mass change occurs at
different altitudes. Moreover, if C*" is higher than
—0.26 uGal/mm, this means that most of ice-mass
surrounding Ny-z&lesund changes above the altitude
of the observation site (Sect. 3). If C“V =
—0.26 uGal/mm, GIA effects would be larger than
PDIM change. The expected uplift rate induced by
GIA would be, in this case, about 3.96 mm/year
which is more than twice that modeled by Sato et al.
(2006). Indeed, as seen in Sect. 3, they obtained
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>N separately computed for each basin of Fig. 6, using the profiles
of ice-mass change of Fig. 9 or a uniform thinning rate of 1 m/year.
The black dashed line is —0.26 pGal/mm

u” = 1.88 mm/year which leads to u’ = 3.72 mm/
year and C“" = —0.20 uGal/mm. Using C" =
—0.26 pGal/mm leads to u° = 1.63 mm/year.

From observations and the glaciation/deglaciation
context we suggest that C*" ranges between —0.21
and —0.18 uGal/mm whereas the best model pro-
vides —0.10 uGal/mm for the same context. The
discrepancy is likely due to measurement accuracies
which remain an important issue for the separation of
geodetic consequences of GIA and PDIM change.

5. Conclusion

By modeling the elastic and viscoelastic defor-
mations of the earth, one can compute the gravity
variation-to-vertical displacement ratios C” and C* V
that are defined for the GIA and PDIM change pro-
cesses, respectively. They allow for a unique
separation of the two effects, which are simulta-
neously observed by using geodetic and gravimetric
techniques, provided one assumes the ice-mass
change is uniform in a thin layer over the surface of
the spherical model.

In this paper we have focused on C* » and shown
that according to the glaciation/deglaciation context

Pure Appl. Geophys.

and from the measurement of gravity variation and
ground vertical velocity one can deduce a range of
possible values for the C“" ratio. Introducing the
pseudo Green function G¢.x we have shown that C*
not only depends on the topography but also on the
height variation of the ice load. Studying G¢.~ for the
influence of the topography, we have shown that ¢~
tends to positive values if most of surrounding ice-
mass changes above the altitude of the observation
site and to values lower than —0.26 uGal/mm if it
changes below. We have also shown that G¢.v can be
known independently from the ice-height variation
using a DEM with a 0.01 puGal/mm accuracy pro-
vided the ice load is located at least 6.5 km from the
observation site and its variations are lower than 5
m/year. However, in general, for short distances and
large ice-height variations, the determination of C*
from a DEM only is not possible.

Using a particular example in Svalbard we have
pointed out that different changes of ice volume and
different load distributions can give similar vertical
displacements and gravity variations or similar
gravity variation-to-vertical displacement-rate ratio at
a single observation station. This is clearly important
in regions involving glaciers where the thinning rate
varies from one glacier to the other. We have shown
that C*" does not depend on the rate of ice-mass
change if it is spatially uniform. In this case, C*" is
larger than when the topography is neglected, and
—0.26 uGal/mm can be considered to be a lower
limit for the effect of PDIM change. If the ice-mass
change is not spatially uniform, C*" depends on the
rate of change of the closest ice-covered area.
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