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Abstract. The sensitivity of global navigation satellite sys- with other GIA data (e.g., relative sea-level and gravity data)
tem (GNSS) measurements in Fennoscandia to nearby vider the inference of mantle viscosity.
cosity variations in the upper mantle is investigated using a 3-
D finite element model of glacial isostatic adjustment (GIA).
Based on the lateral viscosity structure inferred from seis-
mic tomography and the location of the ice margin at the lastl ~ Introduction
glacial maximum (LGM), the GIA earth model is subdivided
into four layers, where each of them contains an amalgamalt is well known that observations of the glacial isostatic ad-
tion of about 20 blocks of different shapes in the central areajustment (GIA) process allow us to determine the earth’s vis-
The sensitivity kernels of the three velocity components at 10°0Sity structure, especially that beneath formerly glaciated
selected GNSS stations are then computed for all the blockgreas such as Fennoscandia and North America. So far, the
We find that GNSS stations within the formerly glaciated Most frequently employed GIA data are relative sea-levels,
area are most sensitive to mantle viscosities below and in it§lobal navigation satellite system (GNSS) measurements and
near proximity, i.e., within about 250 km in general. How- the gravity-rate-of-change data from the Gravity Recovery
ever, this can be as large as 1000 km if the stations lie nea®nd Climate Experiment (GRACE) satellite mission (e.g.,
the center of uplift. The sensitivity of all stations to regions Peltier 2004 Wu et al, 2013. These data are commonly
outside the ice margin during the LGM is generally negli- used to infer lithospheric thickness and radial variations of
gible. In addition, it is shown that prominent structures in Mantle viscosity. Owing to recent improvement in model-
the second (250—-450 km depth) and third layers (450-550 kning techniques and advances in computational power, lateral
depth) of the upper mantle may be readily detected by GNsgariations of both lithospheric thickness and mantle viscosity
measurements, while the viscosity in the first mantle layercan also be inferred. In view of that, it is important to under-
below the lithosphere (70—250 km depth) along the Norwe-sStand the capability of the many GIA observations for the
gian coast, which is related to lateral lithospheric thicknessdetermination of lateral lithospheric and mantle variations.
variation there, can also be detected but with limited sensi-This study will analyze how sensitive class “A” GNSS sta-
tivity. tions of the EUREF Permanent Network (EFBfpyninx et
For future investigations on the lateral viscosity structure, @l 2013 are to distinct areas in the upper mantle beneath
preference should be on GNSS stations within the LGM iceFennoscandia. (Note that class A’ stations are the best and
margin. But these stations can be grouped into clusters tgvell-maintained stations of the EPN — they have position ac-
improve the inference of viscosity in a specific area. How- curacy of 1 cm at all epochs of the time span of the used
ever, the GNSS measurements used in such inversion shougPservations&ruyninx et al, 2013.)
be weighted according to their sensitivity. Such weighting Sensitivity (or Fréchet) kernels of GIA observations at a

ity variations in a specific region of the mantle in comparison
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to another region. The methodology in computing sensitiv-the former ice margin, then the horizontal velocities should
ity kernels for a laterally homogeneous earth can be foundbe analyzed, although that also depends on the size of the
in Mitrovica and Peltie(1991) andPeltier(1998, while that ~ perturbed mantle region.

for a laterally heterogeneous earth is describe/in20086. It should be noted that in the models B (200§ and

The fundamentals of Fréchet kernel sensitivity are also deSteffen et al(2007), the perturbed viscosity has a fixed mag-
veloped in seismology (seéRahlen and Trompl199§ for a nitude and lies in a single rectangular block in an otherwise
review). laterally homogeneous mantle. When lateral heterogeneity in

Sensitivity kernels of GIA observations to radial changesthe mantle is taken into account, the shape of the blocks must
in viscosity have been calculated Mitrovica and Peltier be modified to reflect the shape of the lateral heterogeneity.
(1991, 1993 1995, Peltier and Jian@1996a b), andPeltier  Also, the magnitude of the viscosity in the block must reflect
(1998. These studies showed that sensitivity is generallythe true viscosity value there. This study will include such
higher in the upper mantle than in the lower mantle. Thischanges for a 3-D viscosity model and a realistic ice load
is especially true for data in Fennoscandia, where the resolvhistory will also be used.
ing power of GIA observations is too low to provide accurate The GNSS stations where sensitivity kernels are computed
inference of lower-mantle viscositytrovica and Peltier  in this study (Fig.1) belong to the class “A’ stations, except
1993 Steffen and Wu2011). However, the data in North for station Vaasa, which is of class “B” (positions with an
America can see deeper because the load is wider and theccuracy of 1 cm at the epoch of minimal variance of the sta-
sensitivity is higher down to the shallow part of the lower tion). The selected stations are also used in BIFROST inves-
mantle Mitrovica and Peltier1995. tigations to GIA (sed.idberg et al, 2010.

The sensitivity kernels for selected stations of the The aims of this study are (i) to investigate the sensitivity
BIFROST (Baseline Inferences for Fennoscandian Rebounaf velocity fields at selected GNSS stations to certain regions
Observations, Sea Level, and Tectonics) project to radial visof the mantle with similar viscosity and location relative to
cosity variations have been studied B)ine et al. (2004. the former ice margin; and (ii) outline where (future) GNSS
Interestingly, they found sufficiently high sensitivities for stations in Fennoscandia would be helpful to identify lateral
the lower mantle. This was not supported Bieffen et al.  viscosity changes. The next section describes the model in
(2006, who showed with a 3-D model, that lateral variations more detail. This is followed by the presentation and dis-
in lower-mantle viscosity do not affect the GNSS velocity cussion of the results. Finally, the conclusion is presented in
field in Fennoscandia. As pointed out\Wu (2006, the sen-  Sect.5.
sitivity of the Fennoscandian data to the lower mantle may
actually be due to Laurentia.

When lateral viscosity is included in the earth model, the2 Modeling
normal mode formulation oMitrovica and Peltier(1991)
and Peltier (1998 no longer applies or becomes impracti- The finite-element method is used to model the GIA pro-
cal to apply due to mode couplingy, 2002. To overcome  cess in Fennoscandia. The earth model used is flat with
this, Wu (2006 showed that the sensitivity kernel can equiv- isotropic, compressible, Maxwell-viscoelastic layers, but the
alently be computed from the difference in response betweeffinite-element model allows both vertical and lateral varia-
a model with a small but fixed perturbed viscosity in a sin- tions to be taken into account. This model is described in
gle mantle block (or layer) at the location of interest and theSteffen et al.(200§ and is based on the approach \&i
response of the reference model without the perturbation. I{2004) which has been used successfully in many GIA inves-
Wu (2006, an axisymmetric (2-D) earth model and simplis- tigations in North America (e.g\Wu, 2005, Fennoscandia
tic ice load, with size comparable to the Laurentian ice load,(e.g.,Steffen et al.2006, the Barents Sea (e.daufmann
are used to study the sensitivity of global GIA data. Later,and Wu, 1998, Antarctica (e.g.Kaufmann et al.2009 and
Steffen et al(2007) employed a 3-D earth model with a re- Iceland (e.g.Schmidt et al.2012. The model consists of a
alistic (4-D) ice model to study the sensitivity of GNSS sta- central area of 3000 km 3000 km size, where each element
tions in Fennoscandia. An advantage of the latter study is thalhas a horizontal length of 100 km. The ice-load history model
all three horizontal components can be investigated. In addiFBKS8 (Lambeck et al.1998) is applied to the surface in the
tion, the spatial resolution is much higher, with element blockcentral area. Surrounding the central area is a 60 000 km wide
sizes of 600kmx 600km or 1000 knx 1000km. In any peripheral area, that is connected to infinity horizontally with
case, both studies showed that sensitivity is highest withinsemi-infinite elements.
the formerly glaciated area. The radial or vertical variation In this preliminary study, where we are not interested in
of sensitivity kernels for uplift rate peaks around 300—450 kmthe sensitivity of small-scale features in the mantle, we con-
depth but becomes small below the upper mantle. Also, bothinue to use the laterally heterogeneous model U3L1_V1 in
the load distribution and the deglaciation history strongly af- Steffen et al(2006 to define the viscosity and shape of the
fect the magnitude of sensitivitys{effen et al.2007). Fur- blocks. This model has a uniform 70 km thick lithosphere
thermore, if one is interested in the lateral viscosity outsideon top of a laterally heterogeneous mantle which consists of
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EPN/BIFROST stations used the same shape in all four layers. This will help us investi-
gate the sensitivity as a function of depth without the shape-
70° effects of the blocks. The number of blocks in the first mantle
layer is 22, while that in the second and bottom layers is 19
and the third layer has 18 blocks. That means 78 models are
generated — where each model has a different block of lateral
heterogeneity included in Model U1L1 V1. One should note
that different ice-load models (e.g., ICE-58eltier 2004
&/V . or different seismic tomography models (e @rand et al.
' - 60° 1997 will give different shapes of the subdivisions. But, that
artsbo should not significantly change the major conclusions of this
investigation which is quite general in nature.

Skellefted

60°

3 Results

The normalized sensitivity kernek§; (;) of block j in layer
i at location!/ is computed based on the approachVidd
T T T (2006, which is modified fronPeltier(1999:

10° 20° 30°
Figure 1. Location of EPN/BIFROST station used in our investiga-

tion. The blue line marks the location of the ice margin at the Last
Glacial Maximum. wheredp; is the difference between the predictipﬁ_D of

the perturbed 3-D model and the predictigh™® of the ref-

. . erence model U1L1 V1 at GNSS locatibr(Here, the pre-
four layers in the upper mantle and another four in the lower . . . .
diction p; is one of the three velocity components) ; (r;)

mantle. The lateral viscosity variations in each layer of the. ' : . ) . o
is the (dimensionless) viscosity perturbation of blockn
upper mantle are converted from the SH shear wave tomogr

N . . 6\Eiyeri (i.e., the difference between the log of the viscosity
phy .model S'ZOAIE.kstrorn and Dz!ewonskilgga using the of the block in model U3L1_V1 and thatin model U1L1 V1
scaling relationship derived frotvins and Sammig1995,

. . 0 i . . .
but modified bySteffen et al.(2006. The viscosity struc- which is log of 4x 10%Pas). AlsoAV; (1) is the fractional

ture within the four upper-mantle layers is shown in Fi. volume of this particular block. The latter is given by
with solid black contour lines. Model U1L1 V1 @teffen V(i)
et al. (2009 is used as the reference model, on which the AV (i) =
blocks with lateral viscosity are superposed. It has an upper-
mantle viscosity value of & 10°°Pas, which is a good av- whereV; (r;) is the block volume, andmgdel the volume of
erage value of upper-mantle viscosity beneath Fennoscarthe entire central area in the model, which includes the upper
dia (Steffen and Wu2011). Lower-mantle viscosity is set and lower mantle. (For exampl®; (r2) refers to the volume
to 2x 10?2Pas Gteffen and Kaufmanr2009. Elastic pa-  of block 1 in the second layer shown in Fgj) Normaliza-
rameters (density, shear modulug. and bulk modulus) tion by this term is useful as we are only interested in the
of the model are obtained by volume-averaging the values irelative amplitude of the sensitivity kernels, i.e., which vis-
the Preliminary Reference Earth Model (PREMziewonski  cosity block is comparatively more sensitive to the particular
and Andersonl1981) and are shown in Table 1 &teffen et measurement at a GNSS station. Unlike the approadHof
al. (2006. (2009, we introduce the extra dimensionless normalization
To investigate the sensitivity of lateral heterogeneity in thefactor { Vimax(r;)}, which is the value of the maximum frac-
mantle, finite elements with similar viscosities (i.e., within tional volume of the four layers investigated. This normal-
one order of magnitude in the first mantle layer and within ization is introduced here mainly for plotting purpose.
half an order of magnitude in the three other layers) are The kernels for the three velocity components are calcu-
grouped together to form blocks, so that the blocks reflectated for the location of each of the 10 selected EPN stations.
the lateral viscosity structure within each layer (see red linesThus, we are able to analyze the relative sensitivity of the
in Fig. 2). These blocks of similar viscosity are further sub- station to every block. Figurépresents two typical sensitiv-
divided into groups of blocks that lie inside the former ice ity kernels for the three velocity components (EW, NS, Z) to
margin and those lying outside in order to study the effectall the different viscosity blocks in the model at the two sta-
of location relative to the former ice margin. In addition, we tions Kiruna and Brussels. Kiruna (Figa) is located above
design three groups of blocks in the center of uplift that haveblock 1 and also not too far away from the center of rebound.

pi
8m j(r;) AV;(ri) {Vmax(ri)}’

Kij(ri) = (1)

)

Vmodel’
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Figure 2. Distribution of viscosity blocks (red lines, green numbers) based on the lateral viscosity structure (black lines) as calculated
from seismic tomography model S20&Kstrom and Dziewonskil998. Viscosity blocks are additionally subdivided into blocks inside

and outside the former glaciated area (blue line, based on ice model FBE®®eck et al.1999. Depth ranges: UM1 70-250 km, UM2
250-450 km, UM3 450-550 km, UM4 550-670 km.

Figure3 clearly shows that sensitivity of any velocity com- as blocks 1 and 4 in the fourth mantle layer (550—670km
ponent to a block in the first mantle layer (70-250 km depth)depth), sensitivity of the vertical component is also larger
is small. However, sensitivity is highest for the blocks right than in other blocks of that layer. Sensitivities for horizon-
underneath the station or close to it, provided that the blockgal velocities are generally smaller, but they also peak in the
lie within the former ice margin. The largest sensitivity for second layer and their amplitudes decrease with depth. The
the vertical velocity is in block 1 of the second mantle layer exception is the EW component in block 5of the third layer,
(250-450 km depth). This block also has the highest sensitivwvhich shows the largest sensitivity for a horizontal compo-
ity for any velocity component at any one of the 10 selectednent of all stations.

stations. Sensitivity is smaller in the two neighboring blocks For the station in Brussels (Figb), which is located out-

in the north (block 4) and south (block 2), and become al-side the former ice margin, sensitivities of all velocities to
most negligible for all other blocks in layer 2. In blocks 1, 2 any block in any layer become almost negligible. This is true
and 5 in the third mantle layer (450-550 km depth) as welleven for the viscosity blocks directly underneath the station.
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Figure 3. Sensitivity kernels shown as bars for vertical (red) and horizontal velocities (EW: blue, NS: green) at the stgtgkSroha,
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.

Any sensitivity that shows up marginally is related to hori- only the blocks with sensitivity above the threshold value in

zontal velocities and they are located within the former ice Figs.4-13. (Likewise, in the rest of the paper, when we say

margin. the data is sensitive to a block, we mean that the sensitivity
The presentation of kernels as in Fi§.does not allow of the block is above the threshold.) Among the 10 stations,

us to see visually where the blocks with significant sen-Kiruna shows the largest kernel values, and Brussels has the

sitivity lie in the map. To overcome this, we set an arbi- lowest. After testing, we find a threshold of 3 mnTyrfor

trary threshold value for the normalized sensitivity and plot the vertical velocity. A threshold of 1 mmyt is found for
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Figure 4. Location of viscosity blocks in each layer where sensitiv- Figure 5. Same as Fig4, but for Skellefted.

ity kernels of the velocities in Kiruna (red dot) lie above the selected

threshold. Red solid line: vertical velocity. Orange dashed line: EW

velocity. Green dotted line: NS velocity. Blue line: former glaciated the station. At the bottom of the upper-mantle layer, the un-

area based on ice model FBKS8. Depth ranges: UM1 70-250 kmgerlying block and the one north of it influence the vertical

UM2 250-450 km, UM3 450-550 km, UM4 550-670 km. component. Several blocks have sensitivity in the horizontal
components, which have similar characteristics as found for
the third mantle layer.

the horizontal velocities. (Note that these threshold values The reader can continue to look at how sensitivity varies

as well as the normalized sensitivity kernels should NOT beyith depth at each station in Figs-13. However, it is more

compared to actually observed velocities of GNSS measurepqfitable to compare the block sensitivities for all stations at

ments because they are physically different quantities.) Figz certain layer of the upper mantle. This is what we will do
ures4-13 show the blocks where sensitivity of the velocities pext.

observed at the stations exceed the threshold values.

For example, GNSS velocities measured at Kiruna (#ig.
have sensitivity to several blocks in each layer. However, noi4 Discussion
all components of the velocity field are sensitive to the same
viscosity block. In the first mantle layer, vertical velocity is Let us begin with the first mantle layer (70-250 km depth).
insensitive to any viscosity block but horizontal velocities Horizontal components of all stations except Brussels are
show sensitivity to blocks west of the station at the edge ofsensitive to at least one block of the area along the Norwegian
the former ice sheet. In the second mantle layer, the verti-Atlantic coast (blocks 6—8 in UM1 in Fi@), where there is a
cal and NS components have sensitivity to the block belowstrong gradient in the viscosity of the first mantle layer. Since
the station as well as to the block south of it. In addition, lateral thickening of the lithosphere from west to east under
the NS component is also sensitive to the block north of itFennoscandiaSteffen and Wp2011) can appear as a strong
while blocks in the west and east are detectable by the EWiscosity gradient in the first mantle layer, sensitivity to vis-
component. This shows that horizontal velocities may pro-cosity blocks in the first mantle layer along the Norwegian
vide information for adjacent blocks. In the third layer, there Atlantic coast also implies sensitivity to lithospheric thick-
are more viscosity blocks with sufficiently large sensitivity ness variations there. The station of Vaasa is the only one
than in the second layer. The vertical component is sensitivavhere the vertical component is sensitive to a block (the un-
to the underlying block and blocks surrounding it, the EW derlying one). Therefore, the vertical component does most
component to blocks west and east of the station, and théikely not contain sufficient information of the first mantle
NS component to the underlying block and all three blockslayer.
south of the station within the former ice margin. Both NS  For the second mantle layer (250-450km depth), the
and EW component are also sensitive to a block southeast dBNSS stations in the center of rebound or in the southern
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Vaasa Oslo
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Figure 6. Same as Fig4, but for Vaasa. Figure 8. Same as Fig4, but for Oslo.
Martsbo Onsala
340°350° 0° 10° 20° 3040° 50° 60° 340°350° 0° 10° 20° 3040° 50° 60° 340°350° 0° 10° 20° 3040° 50° 60° 340°350° 0° 10" 20° 3040° 50° 60°
70° T Yo 2 ERSN " 70° 70° : 70°
60" 60° 60° 60°
50° 50° 50° 50°
W sensitivity W sensitivity e NS sensitivity
70° 70° 70° o 70°
60" 60° 60° 60°
50° 50° 50° 50°
10° 20° 30° 10° 20° 30° 10° 20° 30° 10° 20° 30°
Figure 7. Same as Fig4, but for Martsbo. Figure 9. Same as Figd, but for Onsala.

part of the Scandinavian Peninsula (Figs10) are sensitive  west of the station reflect sensitivity in the EW component.
to the underlying block in this layer where maximum sen- The two stations near the center of rebound, Skelleftea and
sitivity for a particular station is usually found. Significant Vaasa, are sensitive to the largest number of blocks in the
sensitivities for the vertical component are also found for thesecond layer. The number of blocks in the second layer is re-
surrounding blocks. For the horizontal components, blocksduced as the station moves away from the center of rebound.
located in the north or south of the station generally showAlso, these blocks are generally located in the vicinity of the
sensitivity in the NS component, while blocks in the east or GNSS station, i.e., within a radius of about 500 km. Svetloe
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Smidstrup Riga
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Figure 10. Same as Fig4, but for Smidstrup. Figure 12. Same as Figd, but for Riga.
Svetloe Brussels
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Figure 11. Same as Fig4, but for Svetloe. Figure 13.Same as Fig4, but for Brussels.

and Brussels show no sensitivity to any block in this layer, affects the measurements of these stations within the former
while Riga has sensitivity (for all components) to block num- ice margin, and strongly affects the value of viscosity in-
ber 7 in the second layer (Fig). verted from such GNSS measurements. Also, by comparing
Block number 7, which lies below the southern part of the the viscosity inverted from the vertical component of GNSS
Scandinavian Peninsula, is of special interest. Many stationstations within the former ice margin and the viscosity in-
show sensitivity of at least one velocity component to thisverted without the stations in the center, one should get a
particular block. In other words, the viscosity of this block feeling of the accuracy of the viscosity inverted for this area.
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For the third mantle layer (450-550 km depth), the num-may be different. Future investigations with British GNSS
ber of blocks with enough sensitivity (for any velocity com- stations should analyze their potential sensitivity for the area.
ponent) is larger than that for the second layer. In general,
the same characteristics as for the second layer apply, but
there are also some additional findings. Vertical velocity of 5 Conclusions
the stations near the center of rebound and in the southern
part of the Scandinavian Peninsula has sensitivity to surUnlike previous studies, this paper includes realistic struc-
rounding blocks and partly (Kiruna, Skellefted and Vaasa)tures of lateral viscosity variation under Fennoscandia to in-
to blocks about 1000 km away from the station. Horizontal vestigate the sensitivity of GNSS measurements in 10 se-
components at the stations Svetloe and Brussels are now selected stations. These GNSS stations are backbones of the
sitive to certain blocks which are located more than 800 kmEPN and the BIFROST project and thus represent excellent
away from the station. Riga and Svetloe, which both lie at in-and well-maintained stations of high accuracy. We employed
termediate distance from the center, have sensitivity for one 3-D finite element model that has been commonly used in
of the horizontal components to one block along the Norwe-the last two decades. A realistic ice load of the ice model
gian coast, which is on the opposite side of the glaciated ared=BKS8 Lambeck et a].1998 was also applied.

However, note that the sensitivity values for most of these ad- Our results confirm previous findings (see eMijne
ditional findings are close to the chosen threshold value anat al, 2004 Steffen et al. 2007) that GNSS stations are
so these results should be interpreted with care. most sensitive to viscosity changes underneath a station, but

The sensitivity of the fourth mantle layer (550—-670km mainly at a depth between 250 and 550 km. Both horizon-
depth) has similar characteristics as that of the third mantal and vertical velocities show significant sensitivities pro-
tle layer, but the vertical component with enough sensitivity vided that the GNSS station and the block are located within
is only found in the underlying block and/or blocks within the former ice margin. The depth of sensitivity depends on
400 km distance from the station. The stations in Riga andhe ice thickness — thinner ice gives less information on the
Svetloe still have sensitivity to the Norwegian coast area.fourth layer, which confirms the resolving power of GIA data
Brussels has sensitivity to an area closer to the station than im general.
the third mantle layer. Horizontal velocities of most stations  For stations closer to the center of rebound or mid-distance
are sensitive to blocks with distances up to 1000 km awaypetween the center and the ice margin, the sensitivity is
and thus provide viscosity information of the lowest part of largest for the viscosity blocks right underneath (thus to a
the upper mantle underneath the Scandinavian Peninsula. lateral extent of about 250 km), but also a few other blocks

Our results strongly support the usage of stations near theearby have sensitivity if these blocks or parts of such a
center of rebound (e.g., Skellefted or Vaasa) to investigate thblock are located within a lateral distance of about 500 to
viscosity structure in the upper mantle below Fennoscandial000 km. The latter is in contrast to the findings Steffen
The vertical component gives information of the viscosity et al. (2007, who showed that the sensitivity of neighboring
structure in an area of 500 to 1000 km around the station fronblocks is mainly negligible. This difference is related to the
about 250 to 670 km depth. Horizontal velocities may enlargeregular block structure used 8teffen et al(2007). To test or
this area to more than 1000 km, especially in the third andconfirm this conclusion, future studies should use a different
fourth layer. The farther one goes away from the center, theblock structure, which is based, for example, on a different
less information can be obtained. seismic tomography model.

An interesting result is that the horizontal components at  Stations outside the former glaciated area do not have suf-
many GNSS stations — even those on the other side of théicient sensitivity to viscosity directly underneath. This is dif-
former ice margin (e.g., in Riga and Svetloe) — have enoughferent to the findings bgteffen et al(2007), who found that
sensitivity in almost all the layers in the upper mantle below horizontal velocities of such stations might be helpful. This
the Norwegian Atlantic coast. Thus, thorough analysis of theis probably due to the approach of averaging the kernels of
horizontal velocities in Fennoscandia can probably result ina block they used. This may have increased the kernel value
better estimation of viscosity or lithospheric thickness varia-for blocks that covered glaciated and non-glaciated areas. It
tions there. should be noted th&teffen et al(2007) already suggested

Stations outside the former glaciated area are of limitedusing a more realistic viscosity block structure for a sophis-
value, e.g., sensitivities found for Brussels are very close tdicated analysis to find out if their result is correct or not. In
the threshold value and thus are quite small compared to valturn, it is indicated that horizontal velocities at stations out-
ues found for stations in the center of rebound. side the former glaciated area have sensitivity to certain re-

Oceanic areas far off the coast, i.e., the ones that wergions within the former glaciated area at 450-670 km depth,
never affected by ice load on top, do not show any signif-which should be further investigated in the future as well.
icant sensitivity at any GNSS station. Similarly, blocks in  Regarding the planning of future GNSS stations for GIA
the southwest do not have enough sensitivity. However, ifresearchWu et al. (2010 investigated optimal locations
ice load on the British Isles is investigated, then the situationin Fennoscandia and suggested more stations in the Baltic
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States and NW Russia. Our results clearly support this arguGrand, S. P., Van Der Hilst, R. D., and Widiyantoro, S.: Global seis-
ment as both regions are located within the former glaciated mic tomography: A snapshot of convection in the earth, GSA To-
area. Furthermore, the dense network installed in the coun- day, 7,17, 1997.

ther densified in the next few years. In Sweden, for example, N the mantle and the rheology of low frequency geody-
the network will consist of 400 stations by 2020a(tma- 22&?5@%%2@6‘1&;3; 123, 305-322, B01111/5.1365-
teriet 2011). Recently, 20 stations of the existing network : ' ’ )

. Kaufmann, G. and Wu, P.: Lateral asthenospheric viscosity varia-
have been proposed as new EPN statidfisgberg et al. tions and postglacial rebound: A case study for the Barents Sea,

2013, which means that the quality of the observed datawill ~ Gegphys. Res. Lett., 25, 1963-1966, 016i1029/98GL51505

increase. Together with the existing network of GNSS sta- 19gs.

tions, they should allow a thorough investigation of lateral Kaufmann, G., Wu, P., and Ivins, E. R.: Lateral viscosity varia-

viscosity structure under Fennoscandia. tions beneath Antarctica and their implications on regional re-
The results from this study are helpful in future investiga-  bound motions and seismotectonics, J. Geodyn., 39, 165-181,

tions on lateral variations of mantle viscosity and lithospheric  d0i:10.1016/j.jog.2004.08.002005.

thickness. We recommend a careful grouping of GNSS velambeck K., Smither, C., and Johnston, P.: Sea-level change, glacial

locity measurements from selected areas, e.g., from the uplift "ePound and mantle viscosity for northern Europe, Geophys.

center or the Baltic States, to investigate the vertical viscos- J. Int,, 134, 102-144, ddi0.1046/].1365-246x.1998.00541.x

. ) . 1998.

ity profile underneath the center of rebound or the viscos-

. fth . lanti vel Lantmateriet: Geodesy 2010 — A strategic plan for Lantméteriet’s
ity structure of the Norwegian Atlantic coast, respectively. In geodetic activities 2011-2020, Lantmateriet, Gavle, Sweden,

this or in combined analyses with other GIA observations, ayailable athttp:/www.lantmateriet.se/Global/Kartor%200ch%

such as relative sea-level data or gravity on ground and in  20geografisk%20information/GPS%200ch%20m%c3%adtning/

space $teffen et al.2012 2014, the observations should be  Geodesi/Rapporter_publikationer/Publikationer/Geodesy_2010.

properly weighted according to their sensitivity to a specific  pdf, 2011.

region. Lidberg, M., Johansson, J. M., Scherneck, H.-G., and Milne, G. A.:
Recent results based on continuous GPS observations of the GIA
process in Fennoscandia from BIFROST, J. Geodyn., 50, 8-18,
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