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Abstract

We present the sensitivity of Global Navigation Satellite System (GNSS) measure-
ments at selected GNSS stations used both in the EUREF Permanent Network as well
as in the BIFROST project to distinct areas in a laterally heterogeneous upper mantle
beneath Fennoscandia. We therefore use a three-dimensional finite element model for
glacial isostatic adjustment (GlA) calculations. The underlying structure is based on
the S20A seismic tomography model, whose shear-wave velocities have been trans-
formed into a viscosity structure of the upper mantle. Lower mantle is not investigated
as previous results showed negligible sensitivity of Fennoscandian GIA data to it. We
subdivide the upper mantle in four layers with lateral viscosity structure. Areas with
similar viscosity within a layer are combined to larger blocks. Further subdivision is
made into areas inside and outside the formerly glaciated areas. This leads to about
20 differently shaped areas per layer. We then calculate the sensitivity kernels at 10
selected GNSS stations for all blocks in comparison to a well-fitting one-dimensional
GIA model.

We find that GNSS stations are most sensitive to mantle viscosity in the near sur-
rounding of the station, i.e. in the nearest about 250 km, and only within the formerly
glaciated area. This area can be enlarged up to 800 km when velocities of stations in
the uplift center are investigated. There is no indication of sufficiently high sensitivity
of all investigated GNSS stations to regions outside the glaciated area. We also note
that in the first mantle layer (70-250 km depth) below the lithosphere, there is only
small sensitivity to parts along the Norwegian coast. Most prominent features in the
Fennoscandian upper mantle may be detected in the second (250—450 km depth) and
third layer (450-550 km depth).

In future investigations on the lateral viscosity structure using GNSS measurements
one should only consider GNSS stations within the area of former glaciation. They can
be further grouped to address certain areas. In a combination with other GIA data,
e.g. relative sea-level and gravity data, it is then highly recommended to assign more
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weight on those GNSS results with high sensitivity in order to determine the viscosity
of a certain region.

1 Introduction

The process of glacial isostatic adjustment (GIA) allows the determination of Earth’s
structure, especially beneath formerly glaciated areas such as Fennoscandia and
North America. The GIA process is indicated in and also affects multiple observa-
tions around the world. Here, relative sea-level data, Global Navigation Satellite System
(GNSS) measurements and recently observations of the Gravity Recovery and Climate
Experiment (GRACE) satellite mission are the most frequently employed ones in GIA
investigations with dedicated models. They are used to identify model parameters such
as lithospheric thickness and mantle viscosity. In recent years, owing to improved mod-
elling techniques and advances in computation power, investigations regarding lateral
variations of both lithospheric thickness and mantle viscosity were enabled. In view of
that, it is important to understand the capability of the many GIA observations to de-
termine these lateral variations. This study will analyze how sensitive class “A” GNSS
stations of the EUREF Permanent Network (EPN, Bruyninx et al., 2013) are to distinct
areas of similar viscosity in the upper mantle beneath Fennoscandia.

GIA observations such as mentioned above are equally sensitive to radial and lateral
variations in mantle viscosity (Steffen et al., 2007). Sensitivity (or Fréchet) kernels of
these GIA observations show how sensitive a quantity is to a specific region in the man-
tle, i.e. how much more or less sensitive it is compared to another region. Approaches
to calculate sensitivity kernels were introduced by Mitrovica and Peltier (1991) and
Peltier (1998) for a laterally homogeneous earth, and Wu (2006) if lateral heterogene-
ity is also allowed. For example, for the inversion of GIA observations, kernels were
calculated for sensitivity of GIA observations to radial changes in viscosity (Mitrovica
and Peltier, 1991, 1993, 1995; Peltier and Jiang, 19964, b; Peltier, 1998). These stud-
ies showed that sensitivity is highest to the upper mantle, while sensitivity to the lower

2391

Jaded uoissnosiq

Jaded uoissnosiq

L

Jaded uoissnosiq | Jaded uoissnosiq

1|

SED
5, 2389-2418, 2013

Sensitivity of GNSS
stations to 3-D
upper-mantle
viscosity

H. Steffen and P. Wu

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/5/2389/2013/sed-5-2389-2013-print.pdf
http://www.solid-earth-discuss.net/5/2389/2013/sed-5-2389-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

mantle is much smaller. This is especially true for Fennoscandia, where the resolv-
ing power of GIA observations is too low to provide accurate results for lower-mantle
viscosity at all (Mitrovica and Peltier, 1993; Steffen and Wu, 2011). In North Amer-
ica though, more information about the lower mantle can be retrieved because of the
higher sensitivities to at least the shallow lower mantle (Mitrovica and Peltier, 1995).

Milne et al. (2004) presented with the help of a one-dimensional (1-D) model ker-
nels for the velocity field at selected Fennoscandian GNSS stations of the BIFROST
(Baseline Inferences for Fennoscandian Rebound Observations, Sea Level, and Tec-
tonics) project to radial viscosity. Interestingly, they found sufficiently high sensitivities
for the lower mantle when compared to sensitivities for the upper mantle. This was not
supported by Steffen et al. (2006), who showed with a three-dimensional (3-D) model
that lateral variations in lower-mantle viscosity do not affect the GNSS velocity field in
Fennoscandia. As pointed out in Wu (2006), the sensitivity of the Fennoscandian data
to the lower mantle may actually be due to contribution from Laurentia!

Sensitivity to lateral viscosity variations were further investigated by Wu (2006) and
Steffen et al. (2007). While Wu (2006) presented a global investigation with an axisym-
metric (two-dimensional) model and simplistic ice load, Steffen et al. (2007) focused on
the GNSS stations in Fennoscandia as used by Milne et al. (2004) with a 3-D model
and realistic (four-dimensional) ice load. The advantage of the model used by Stef-
fen et al. (2007) compared to Wu (2006) was that all components of the velocity field
could be analyzed in conjunction with a realistic ice load. Steffen et al. (2007) investi-
gated the sensitivity of blocks with 600 km x 600 km or 1000 km x 1000 km size, which
are equally distributed blocks within the model. Both studies showed that sensitivity is
highest within the former glaciated area to about 450-550 km depth. The distribution
and deglaciation history of the ice strongly affect the magnitude of sensitivity (Steffen
et al., 2007). If one is interested in a certain area outside the former glaciated area, one
should analyze horizontal velocities. In this regards, Steffen et al. (2007) additionally
noted that this depends on the size of the perturbed mantle region. They suggested
further investigation with a more realistic viscosity structure in the mantle.
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This study will investigate such a viscosity structure. We therefore use a commonly
used GIA model with a lateral viscosity distribution in the upper mantle, which has
been used in former studies, as well as a realistic ice sheet. We then determine the
sensitivity of selected GNSS stations to distinct regions of similar viscosity in the upper
mantle beneath Fennoscandia. The GNSS stations used in this study (Fig. 1) belong
to the best and well-maintained stations of the EPN. They are considered as class
“A” stations, thus their positions have an accuracy of 1cm at all epochs of the time
span of the used observations (Bruyninx et al., 2013). One exception is the station
Vaasa, which is of class “B” (positions with an accuracy of 1 cm at the epoch of minimal
variance of the station). The selected stations are also used in BIFROST investigations
to GIA (see Lidberg et al., 2010).

The aims of this study are (i) to identify and categorize the sensitivity of the stations
(i.e. the velocity field determined there) to a viscosity block depending on the location
of the station and the block — and here also in view of their location to the former ice
sheet —and (ii) outline where future GNSS stations in Fennoscandia would be helpful to
identify lateral viscosity changes. The next section describes the model used, followed
by the presentation and discussion of the results. We finally conclude in Sect. 5.

2 Modelling

The GIA process in Fennoscandia is modelled with a flat, layered, isotropic, compress-
ible, Maxwell-viscoelastic, laterally heterogeneous finite-element model as described
in Steffen et al. (2006). Such models based on an approach by Wu (2004) have been
successfully used in many GIA investigations regarding North America (e.g. Wu, 2005),
Fennoscandia (e.g. Steffen et al., 2006), the Barents Sea (e.g. Kaufmann and Wu,
1998), Antarctica (e.g. Kaufmann et al., 2005) and Iceland (e.g. Schmidt et al., 2012).
It consists of a central area of 3000 km x 3000 km size, where each element has a hor-
izontal side length of 100 km. The ice-load history from the regional ice model FBKS8
(Lambeck et al., 1998) is applied to the surface in the central area. Outside the central
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area is a peripheral frame of 60 000 km width to allow the mantle material to flow due
to application of a surface load outside the area of interest.

We use two models from Steffen et al. (2006) and keep their naming. Model U3L1_V1
has a uniform 70 km thick lithosphere on top, followed by four layers of the upper mantle
and another four of the lower mantle. The upper mantle has laterally varying viscosities
in each layer, which are converted from the seismic shear-wave tomography model
S20A (Ekstrédm and Dziewonski, 1998). The viscosity structure within the four upper-
mantle layers is shown in Fig. 2 with solid black lines. Model U1L1_V1 is the same as
U3L1_V1, but has no laterally varying viscosity in the upper mantle. Here, a value of
4x10%° Pas is assigned, which represents a good average of upper-mantle viscosity
in Fennoscandia (Steffen and Wu, 2011). Lower-mantle viscosity in both models is
set to 2 x 10% Pas. Each element within a layer is assigned volume-averaged values
of density p, shear modulus 1 and bulk modulus « as derived from the Preliminary
Reference Earth Model (PREM Dziewonski and Anderson, 1981). An overview of the
depths and values of the material parameters of each layer is provided in Table 1 of
Steffen et al. (2006).

Sensitivity is investigated for certain blocks within a layer. To do this, the viscosity
structure within a layer is grouped into blocks of similar viscosity, see red lines in Fig. 2.
These blocks of similar viscosity are further subdivided in blocks that lie inside the
former glaciated area and those lying outside. With this subdivision of the mantle layers
we can investigate the sensitivity behavior of a block as a relation of its location to
the former ice sheet. In addition, we design three blocks in the center of uplift, which
have the same shape in all four layers. With this subdivision we overcome the different
shapes of the blocks between the layers and are able to investigate sensitivity kernels
as a function of depth. The total number of blocks is 78. In the first upper-mantle layer
there is the maximum number of blocks with 22. The lowest number of blocks is with 18
in the third layer. The other two layers have 19 blocks each. Numbering starts with the
three central blocks and then continues counterclockwise from the North, first inside,
then outside the former glaciated area. The subdivision in terms of similar viscosity is
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in one order of magnitude steps in the first layer. In the other three layers it is every
half order of magnitude. The subdivision does not always follow exactly the isolines of
viscosity nor the extent of the ice sheet. This is not of major importance as we employ
two models (ice and seismic tomography model) only as examples in a test. Other
models, e.g. the ice-load history of ICE-5G (Peltier, 2004) or the seismic tomography
model by Grand et al. (1997), will prefer other subdivisions. But, we will show that the
results from our investigation will most likely hold also for other (ice and tomography)
models.

3 Results

We calculate normalized sensitivity kernels Kj;(r;) of block j in layer / at location /
following an approach introduced by Peltier (1998) and slightly modified by Wu (2006):

op,
6mj(r,-)A|//-(r,-) Vmax(ri)’

Kj(r;) = (1)

with 6p, the differential prediction between the prediction p?‘D of a certain perturbed

3-D model and the prediction p} P of the U1L1_V1 model at location /, &m;(r;) the vis-
cosity perturbation of block ; in layer / and AV;(r;) the fractional volume of this particular
block. The latter

_ Vi(r;)

AV(r;)
7 |/model

: ()

with V;(r;) the block volume, and Vj,q4¢ the volume of the entire central area in the

model, which includes the upper and lower mantle. V,,,,,(r;) is the maximum fractional

volume of each layer, i.e. the largest block volume in a layer, which is used to normal-

ize the kernel. This normalization is possible as the relative amplitude is important for

the sensitivity kernels rather than their absolute amplitude. Thus, we do not provide
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absolute values which can be compared to the accuracies of GNSS observations, but
we show to which areas a station is most sensitive. V,(r,), for example, refers to the
volume of block 1 in the second layer shown in Fig. 2. A prediction p, is one of the
velocities. The viscosity perturbation is set as magnitude difference between the vis-
cosity of the block in model U3L1_V1 and the upper-mantle viscosity in model U1L1_V1
(4 x 10%° Pas).

The kernels for each velocity are calculated for the location of each of the 10 selected
EPN stations. Thus, we are able to analyze the relative sensitivity of the station to every
block.

Figure 3 presents exemplarily, for the two stations Kiruna and Brussels, the sensitivity
kernels for three velocity components (EW, NS, Z) to all the different viscosity blocks
in the model. Kiruna (Fig. 3a) is located above block 1 in each layer and also not too
far away from the former area of maximum glaciation. It is apparent that sensitivity of
any velocity component to a block in the first mantle layer (70-250 km depth) is almost
negligible. The plot also shows that sensitivity is highest to blocks right underneath the
station or in the near surrounding, but generally within the area of former glaciation.
The largest sensitivity in the vertical velocity is found to block 1 in the second mantle
layer (250—450 km depth). This is also the highest sensitivity found for any velocity
at one of the 10 selected stations to any block. In the same layer, sensitivity is also
relatively large to the two neighboring blocks in the north (block 4) and south (block 2).
For all other blocks in this layer the sensitivity is much smaller. Sensitivity of the vertical
component is also eye-catching in blocks 1, 2 and 5 of the third mantle layer (450—
550 km depth) as well as blocks 1 and 4 in the fourth mantle layer (550-670 km depth).
Horizontal velocity sensitivities are generally smaller. However, their horizontal extent
is the largest in the second layer, and their amplitude decreases with depth.

For the station of Brussels (Fig. 3b), which is located outside the former area of
glaciation, sensitivities of all velocities to any block in any layer are almost negligible.
This also holds for the viscosity blocks underneath the station. Any sensitivity that is
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marginally indicated is related to horizontal velocities and located within the area of
former glaciation.

The representation of kernels as in Fig. 3 can be repeated for the other stations as
well. However, this illustration may not be helpful in clearly identifying the blocks (and
thus areas) of major or significant sensitivity in the velocities. To overcome this, we set
a threshold sensitivity. As the sensitivities presented are normalized and thus a relative
measure, we may choose an arbitrary value within the range indicated in the ordinate of
Fig. 3. From the 10 stations, Kiruna shows the largest kernel values, while Brussels has
the lowest. After testing, we find a threshold of 0.05 mm yr‘1, which provides helpful in-
sights in the sensitivity of the vertical velocity. This value corresponds to about 0.5 % of
the maximum uplift velocity of about 1cm yr‘1 observed in Fennoscandia. A threshold
of 0.015mm yr'1 is found to be reasonable for the horizontal velocities. Figures 4—12
provide an overview of the blocks to which the velocities observed at 9 of the stations
are sensitive to. Velocities at the Brussels GNSS station are not sensitive to any viscos-
ity block when the selected thresholds are applied, and thus we do not show a figure
here. Please note that we mean sensitivity above the selected threshold of a velocity
to a certain block in the following discussion when we write about sensitivity.

GNSS-derived velocities at Kiruna (Fig. 4) are sensitive to several blocks in a layer.
However, not all components of the velocity field are always sensitive to the same vis-
cosity block. In the first mantle layer, horizontal velocities show a sensitivity to blocks
in the west of the station at the edge of the former ice sheet. Vertical velocity is in-
sensitive here to any viscosity block. In the second mantle layer, however, sensitivity
arises to the block below the station as well as to the block north and south of it. In
addition, a block in the southwest is detectable by vertical velocity. Horizontal velocities
may provide information for the underlying block, the EW component also for blocks in
the west and east of this block, the NS component for the ones in the north and south
of it. In the third layer there are less viscosity blocks than in the second layer which
have high enough sensitivity in the velocity field. The vertical component is sensitive to
the underlying block and blocks south and west of it, the EW component to the block
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west of the station, the NS component to block 3 about 400 km south of the station.
In the lowermost upper-mantle layer only the underlying block influences the vertical
component. Three blocks lead to sensitivity in the horizontal components; the block in
the west in the EW component, the block in the north in NS component, and a block
further in the south in the NS component as well.

The stations of Skelleftea (Fig. 5), Vaasa (Fig. 6) and Martsbo (Fig. 7) show simi-
lar patterns like Kiruna. Interestingly, there is sensitivity of the vertical component in
Skellefted to a block east of the station mainly outside the former glaciated area in the
third layer. There is also sensitivity of the vertical component in Vaasa to the underlying
block in the first layer.

The sensitivity pattern changes for the stations of Oslo (Fig. 8) and Onsala (Fig. 9).
There is a clear dominance of sensitivities to nearby blocks in the second mantle layer,
while blocks especially in the first and third layer yield mostly no significant sensitivities.
In the case of Onsala, no sensitivity is observed to the third layer at all. At Smidstrup
(Fig. 10), eventually, only sensitivities by the vertical component to two blocks of the
second mantle layer are found.

At Svetloe (Fig. 11) the pattern is different compared to the other stations. Only
similarity is that the second mantle layer is the layer with the most blocks that show
sufficient sensitivity in the velocities. In the other three layers, horizontal velocities, and
here especially the EW component, highlight a sensitivity to blocks located underneath
the central Norwegian coast. This also holds partly for the second layer. There are
also blocks near the center of former glaciation which yield larger sensitivities than
the threshold. In Riga (Fig. 12), which is a station further southwest from Svetloe, but
still within the former glaciated area, the number of blocks with sensitivity above the
threshold is much lower. However it is not sensitive to the viscosity structure directly
below, also here a sensitivity of the horizontal velocities to the area of the Norwegian
coast is indicated in the third layer, as well as the sensitivity to the block in the southern
center of the Scandinavian Peninsula in the second layer. In the first and fourth layer
sensitivity of all blocks lies below the threshold.
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4 Discussion

It becomes evident that sufficient sensitivity mainly yields for viscosity blocks that are
located inside the former glaciated area. This sensitivity affects all velocity components,
with the strongest influence in the vertical component. However, the sensitivity will
most likely be only large enough for GNSS stations that are located inside the former
glaciated area as well. The maximum sensitivity results in the center with maximum
glaciation. Not only large sensitivities are observed in all components here, also blocks
in all layers show large sensitivities.

The central stations of Kiruna, Skellefted, Vaasa and Martsbo are sensitive to the
area along the Norwegian Atlantic coast, that has both strong gradients in viscosity in
the first layer and is located near the edge of glaciation. The stations of Oslo, Onsala
and Svetloe are sensitive to a certain block (number 8 in UM1 in Fig. 2) in this area
as well. The strong gradient is due to the fixed lithospheric thickness of 70km in the
model, but it is well known that there is a strong lateral variation, i.e. a thickening from
west to east, in Fennoscandia (Steffen and Wu, 2011). This is simulated with higher
and thus stiffer viscosities in the first mantle layer. Thus, sensitivity to viscosity blocks
in the first mantle layer also implies sensitivity to lithospheric thickness variations.

All three velocity components observed at the GNSS stations in the center of glacia-
tion or in the southern part of the Scandinavian Peninsula are sensitive to the under-
lying block in the second layer. Here, the maximum sensitivities for a particular station
are usually found. Sensitivities larger than the threshold are also determined for the
surrounding blocks, which are generally nearby blocks for the vertical component. In
the horizontal components, blocks located in the north or south of the station show
sensitivity in the NS component, while blocks in the east or west of the station reflect
sensitivity in the EW component. The two stations in the immediate center of glacia-
tion, Skellefted and Vaasa highlight the most blocks in the second layer. Both stations
are with at least one velocity component sensitive to almost every (only one is missing)
viscosity block within the former glaciated area. The number of blocks in the second
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layer that stations show enough sensitivity to, is reduced as the station moves away
from the glaciation center. Also, these blocks are generally located in the vicinity of the
GNSS station, i.e. within a radius of about 500 km.

Of interest is block number 7 in the second layer (Fig. 2) in the southern center of
the Scandinavian Peninsula. All stations within the former glaciated area show a sensi-
tivity of at least one velocity component to this particular block. This may mean that in
GIA inversions for mantle viscosity with a majority of GNSS stations within the former
glaciated area (and assuming that our used viscosity structure as derived from model
S20A as well as the ice model represent reality without a doubt), the determined vis-
cosity of a larger area value is strongly referring to this particular area only. Also, by
comparing the viscosity inferred from the vertical component of GNSS stations within
the former glaciated area and the one inferred without the ones in the center, one
should get hints on the accurate viscosity of this area.

Sensitivity of the velocity components to the third mantle layer (450-550 km depth) is
smaller than that for the second layer (250—450 km depth). Velocities at three stations
(Onsala and Smidstrup in addition to Brussels) are not sensitive to any block at all.
Onsala and Smidstrup are located within about 300 km distance to the glaciation limit
and thus far away from the glaciation maximum. The stations of Oslo, Riga and Svetloe
in mid-distance have small sensitivities to one block only. While for Oslo the vertical
component is sensitive to the underlying block, the other two stations have one of the
horizontal components sensitive to the Norwegian coast area, which is on the opposite
side of the glaciated area. Here, the chosen threshold value may lead to this pattern. It
appears that it is close to the sensitivity values in all three velocity components of mid-
distance GNSS stations. Hence, future investigations should address if these stations
can deliver enough information of the third layer in an absolute manner when taking
the accuracy of GNSS measurements into account.

The stations closer to the center and thus larger ice thickness show comparable
pattern as for the second layer, but with a smaller range of blocks in the surrounding of
the GNSS station they are sensitive to. The distance is 600 km at most. An exception

2400

Jaded uoissnosiq

Jaded uoissnosiqg

L

Jaded uoissnosiq | Jaded uoissnosiq

1|

SED
5, 2389-2418, 2013

Sensitivity of GNSS
stations to 3-D
upper-mantle
viscosity

H. Steffen and P. Wu

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/5/2389/2013/sed-5-2389-2013-print.pdf
http://www.solid-earth-discuss.net/5/2389/2013/sed-5-2389-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

is block number 17 (Fig. 5, UM3), which is mainly located outside the former glaciated
area. Here, the vertical component in Skelleftea is sensitive to it. As no other block
shows a high sensitivity above the threshold in any of the stations (including Skelleftea),
it may be an accidental case.

The fourth mantle layer cannot be investigated with GNSS data from Smidstrup and
Riga. The stations of Onsala and Svetloe indicate sensitivity to the Norwegian coast
area again. Oslo instead may give insight into two blocks underneath the station. The
stations located closer to or in the center mainly repeat the pattern of the second layer,
but show a lower number of blocks they are sensitive to. However, these stations cover
blocks within a range of up to 800 km, and thus should provide useful information of
the lowest part of the upper mantle underneath the Scandinavian Peninsula.

Our results strongly support the usage of stations in the center such as Skelleftea
or Vaasa for investigations on the viscosity structure in the upper mantle. The vertical
component is giving information of the viscosity structure in an area of 500 to 800 km
around the station from about 250 to 670 km depth. Horizontal velocities may enlarge
this area to more than 1000 km, especially in the second and fourth layer. The further
one goes away from the center, the less information can be obtained. The interesting
result here is that the area around the Norwegian coast is a dominating signal in the
horizontal velocity component of many GNSS stations also on the other side of the
former glaciated area, e.g. in Riga and Svetloe. A thorough analysis of a set of hori-
zontal velocities in this area can probably result in viscosity estimates referring to this
respective area. Moreover, it is the only area where horizontal components are found
to be sensitive to each layer in the upper mantle. Stations outside the former glaciated
area cannot be used.

Oceanic areas far off the coast, i.e. the ones that were also never affected by ice
load on top, do not show any significant sensitivity at any GNSS station. We further
note that blocks in the southwest imply insignificant sensitivities. This may be different
if ice load on the British Isles is investigated. Future investigations with British GNSS
stations should analyze their potential sensitivity for the area.
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5 Conclusions

We presented the sensitivity of 10 selected GNSS stations to a realistic structure of
lateral viscosity variations under Fennoscandia. The GNSS stations are backbones of
the EPN and the BIFROST project and thus represent excellent and well-maintained
stations of high accuracy. We employed a 3-D finite element model that has been
commonly used in the last two decades. A realistic ice load of the ice model FBKS8
(Lambeck et al., 1998) was applied.

Our results confirm that GNSS stations are most sensitive to viscosity changes un-
derneath a station (see e.g. Milne et al., 2004; Steffen et al., 2007), but mainly in
a depth below 250 km. This has been found by Steffen et al. (2007) as well. Both hor-
izontal and vertical velocities show significant sensitivities. However, we further note
that this only holds for GNSS stations located within the area of former glaciation, and
here especially to stations in the uplift center. The depth of sensitivity goes parallel with
ice thickness, the less ice the less information can obtained from the fourth layer, which
confirms the resolving power of GIA data in general.

The sensitivity is mainly limited to the viscosity blocks right underneath (thus to a lat-
eral extent of about 250 km) and also to a few other blocks nearby if these blocks or
parts of such a block are located within a lateral distance of about 500 km to 800 km
and if the station is located in the uplift center or in mid-distance to it. This is in contrast
to the findings by Steffen et al. (2007), who showed that the sensitivity of neighboring
blocks is mainly negligible. This difference is related to the regular block structure used
in Steffen et al. (2007). Thus, it is important for future studies to investigate the sensi-
tivity of our conclusions with a different block structure, which is based, for example, on
a different seismic tomography model.

Stations outside the former glaciated area do not highlight sufficient sensitivity to
viscosity underneath. This is different to the findings by Steffen et al. (2007), who found
a slight indication that such horizontal velocities of such stations might be helpful. This
is probably due to the approach of averaging the kernels of a block they used. This may
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have increased the kernel value for blocks that covered glaciated and non-glaciated
areas. It should be noted that Steffen et al. (2007) already suggested to use a more
realistic viscosity block structure for a sophisticated analysis to find out if their result is
correct or not.

Regarding planning of future GNSS stations for GIA research and additionally the
question: which existing stations should be considered for GIA investigations, e.g.
within the BIFROST project, it becomes evident that mainly stations within the for-
mer glaciated area should be considered. There is a dense network installed in the
countries of Norway, Sweden, Finland and Denmark, which will be further densified
in the next years. In Sweden, for example, the network will consist of 400 stations by
2020 (Lantméateriet, 2011). Recently, 20 stations of the existing network have been
proposed as new EPN stations (Engberg et al., 2013), which demonstrates the qual-
ity of the observed data. Thus, an adequate network of GNSS stations already exists
which allows thorough investigations. Wu et al. (2010) investigated optimal locations for
GNSS stations in Fennoscandia. In view of lateral viscosity variations (and also other
GIA modelling parameters), they suggested more stations in the Baltic States and NW
Russia. Our results clearly support this argument as both regions are located within
the former glaciated area.

The results from this study are helpful in future investigations on lateral variations
of mantle viscosity and lithospheric thickness. We recommend a careful grouping of
GNSS velocity fields from selected areas, e.g. from the uplift center or the Baltic States,
to investigate the vertical viscosity profile underneath the uplift center or the viscosity
structure of the Norwegian coast, respectively. In combined analyses with other GIA
observations such as relative sea-level data or gravity on ground and in space we
highly recommend to assign more weight to a specific regional GNSS result when
focusing on one of the regions in Fennoscandia discussed in our study.

Acknowledgements. We thank Kurt Lambeck for providing the FBKS8 ice model. Figures are
prepared using GMT software (Wessel and Smith, 1998).
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Fig. 1. Overview of EPN/BIFROST station used in our investigation.
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Fig. 2. Distribution of viscosity blocks (red lines, green numbers) based on the lateral viscos-
ity structure (black lines) as calculated from seismic tomography model S20A (Ekstréom and
Dziewonski, 1998). Viscosity blocks are additionally subdivided into blocks inside and outside
the former glaciated area (blue line, based on ice model FBKS8; Lambeck et al., 1998). Depth
ranges: UM1 70-250 km, UM2 250-450 km, UM3 450-550 km, UM4 550-670 km.
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Fig. 3. Sensitivity kernels shown as bars for vertical (red) and horizontal velocities (EW: blue,
NS: green) at the stations of (a) Kiruna, and (b) Brussels to viscosity blocks in the four layers of
the upper mantle (UM1-UM4). Depth ranges: UM1 70-250 km, UM2 250-450 km, UM3 450—

550 km, UM4 550-670 km.
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Fig. 4. Location of viscosity blocks in each layer where sensitivity kernels of the velocities in
Kiruna (red dot) lie above selected threshold. Red solid line: vertical velocity. Orange dashed
line: EW velocity. Green dotted line: NS velocity. Blue line: former glaciated area based on
ice model FBKS8. Depth ranges: UM1 70-250 km, UM2 250—450 km, UM3 450-550 km, UM4

550-670 km.
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Fig. 5. Same as Fig. 4, but for Skelleftea.
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Fig. 9. Same as Fig. 4, but for Onsala.
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Fig. 10. Same as Fig. 4, but for Smidstrup.
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Fig. 11. Same as Fig. 4, but for Svetloe.
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Fig. 12. Same as Fig. 4, but for Riga.
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