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Abstract

We have studied the land uplift and relative sea level changes in the Baltic Sea in northern
Europe. To observe the past changes and land uplift, we have used continuous GNSS
time series, campaign-wise absolute gravity measurements and continuous tide gauge time
series. To predict the future, we have used probabilistic future scenarios tuned for the Baltic
Sea. The area we are interested in is Kvarken archipelago in Finland and High Coast in
Sweden. These areas form a UNESCO World Heritage Site, where the land uplift process
and how it demonstrates itself are the main values. We provide here the latest numbers
of land uplift for the area, the current rates from geodetic observations, and probabilistic
scenarios for future relative sea level rise. The maximum land uplift rates in Fennoscandia
are in the Bothnian Bay of the Baltic Sea, where the maximum values are currently on the
order of 10 mm/year with respect to the geoid. During the last 100 years, the land has risen
from the sea by approximately 80 cm in this area. Estimates of future relative sea level
change have considerable uncertainty, with values for the year 2100 ranging from 75 cm of
sea level fall (land emergence) to 30 cm of sea-level rise.
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has also been studied for centuries (see e.g. Ekman 1999,
2009; Steffen and Wu 2011).
One sign of the uniqueness of the Fennoscandian uplift

1 Introduction

Fennoscandia is a geodynamically active region due to the
relatively recent (20-10 thousand years before present)
demise of the large ice sheets that covered this region at
the last glacial maximum. The weight of the ice sheets
pressed the Earth’s crust down and now, in the process called
post glacial rebound, the crust is slowly uplifting as the Earth
relaxes to a state of isostatic equilibrium. Fennoscandia has
the highest number of land uplift related observations in the
world (e.g. Poutanen and Steffen 2014), and the phenomenon
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is the World Heritage Site status the Kvarken Archipelago
(Finland) and High Coast (Sweden) have obtained (Fig. 1).
As part of the Lystra project, funded by EU Interreg Botnia-
Atlantica program, which main aim is to update the knowl-
edge and information materials for visitors of the World
Heritage Site, we have been looking at the geodetic data
available for the area to understand the land uplift patterns
and magnitudes better (Peltola 2019) and to compare them
to sea level rise scenarios to understand how the coastline
might move in the future (Huuskonen 2020).

One active operator in geodesy in the Nordic area is the
Nordic Geodetic Commission (NKG). The NKG was estab-
lished 1953 to enhance the co-operation between geodesists
in the Nordic countries (Denmark, Finland, Iceland, Nor-
way and Sweden), nowadays also Baltic countries (Estonia,
Latvia and Lithuania) are active. There are three NKG activi-
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Fig. 1 The UNESCO World Heritage Site of Kvarken and High Coast in Northern Europe together with the geodetic observation points of the

arca

ties that are of interest for our study. Firstly, the NKG2016LU
land uplift model (Vestgl et al. 2019) that was computed
in co-operation in the Working Groups for Geodynamics
and for Geoid and Height Systems. Secondly, the absolute
gravity measurements that are discussed and published in
co-operation in the Working Group of Geodynamics (e.g.
Olsson et al. 2019). And thirdly, the NKG Analysis Centres,
under the Working Group for the Reference Frames, which
continuously process the GNSS data from the permanent
GNSS stations (Lahtinen et al. 2018).

In this study we show comparisons of land uplift rates
from selected geodetic techniques as well as probabilistic
future scenarios for the Kvarken and High Coast areas. The

second chapter describes the data and methods chosen, the
third chapter shows and discusses the results. The last chapter
is left for conclusions.

2 Data and Methods

2.1 Geodetic Data

The GNSS uplift values used in the present study were the
trends from the NKG Analysis Centre solution by Lahtinen
et al. (2019). There were altogether eight stations in the
study area, one in Finland and seven in Sweden. The longest
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time series were approximately 20 years in length (Vaasa,
Umea and Sundsvall). The other stations have approximately
10 years of time series. The uncertainties in the time series
are less than 0.1 mm/year. GNSS gives absolute uplift rates
in a global reference frame. These rates must be converted
to uplift rates relative to the geoid, as measured by repeated
levelling, to be able to compare them to the sea level
height changes. We do this using the differences between
the absolute and relative versions of the NKG2016LU land
uplift model (NKG2016LU_abs and NKG2016LU_lev, see
below). The difference is in the order of 0.6 mm/year for our
study area. The elastic deformation from present day glacier
melt has an effect on the land uplift rates in Fennoscandia
(Simon et al. 2018). For now, the effect is not included as the
signal needs to be adequately approximated. In future studies
the effect should be considered.

The absolute gravity (AG) observations were obtained
from the NKG gravity database, published in Olsson et al.
(2019), with some additions for the last years (20162018,
pers. comm. P. Olsson, pers. comm. M. Bilker-Koivula). The
gravity data gives information on the land uplift independent
from the other observables or models. There are altogether
five absolute gravity stations in the area with long time spans
between 8 (Kramfors) and 20 years (Skellefted, Vaasa AA
and AB). Here we use only data measured with the FG5-
type instruments (Niebauer et al. 1995). At Skellefted and
the Vaasa stations also measurements exist made with the
JILAg-5 instrument (Faller et al. 1983). However, there is
a suspicion that the JILAg-5 measurements may have an
offset with respect to the FG5 measurements, as such an
offset has been found for other JILAg instruments (Timmen
et al. 2008; Lambert et al. 2001; Palinkas et al. 2013). Also,
Olsson et al. (2019) suggest that the JILAg-5 may have an
offset and leave JILAg data out of the final solution. To avoid
offset problems, we use only FG5 data in this study. The
FG5 data have uncertainties of 2-3 pwGals (where 1 wGal
is 1078 m/s?).

Absolute gravity measurements are subject to changes in
the environment such as variations in local hydrology. If
information on the hydrological signal is available this can
be used to reduce the variation of the gravity time series
(see e.g. Ophaug et al. (2016), Lambert et al. (2006) and
Mikolaj et al. (2015)). Modelling of the hydrological signal
is however out of the scope of this paper and we assume that
our long time series will cancel out any seasonal variations
in gravity.

To obtain the land uplift from the gravity change values, a
ratio of —0.163 pGal/mm was used (Olsson et al. 2015) with
the uncertainty £ 0.016 pGal/mm (Ophaug et al. 2016). The
ratio is theoretically predicted for a visco-elastic Earth model
and confirmed by absolute gravity observations (Olsson et al.
2019). Like the GNSS uplift rates, the gravity derived uplift
rates are absolute, as the absolute gravity observations give

the rate of change with respect to the center of mass. Thus,
correction for geoid rise needs to be added.

The land uplift model that was used for the comparison is
the semi-empirical NKG2016LU model (Vestgl et al. 2019).
The model combines GNSS time series and levelling as
observations with a GIA (glacial isostatic adjustment) model
covering the areas where observations are sparse (e.g. on the
sea). The model’s uplift rates are available relative to ellip-
soid (NKG2016LU_abs) or to geoid (NKG2016LU_lev). We
chose the latter. The model comes with uncertainty values
that are in general slightly less than 0.2 mm/year.

2.2  Sealevel Data

The sea level data was obtained from the PSMSL data base
(Holgate et al. 2013). The data consist of yearly mean aver-
ages for all tide gauge stations near the study area. There are
three tide gauges on the Finnish side and two on the Swedish
side. The time periods for the stations vary somewhat, the
earliest observations start in the early twentieth century and
all, except one station, are still running. The problem with the
tide gauges is that the eustatic sea level change, meaning the
global sea level change because of mass and volume changes
of the oceans, has changed over the years (e.g. Johansson et
al. 2004; Dangendorf et al. 2019), thus using a single number
for long time series would produce optimistic numbers for
the land uplift rates. In the Baltic Sea the trend in tide gauge
record has been estimated to be stable up to 1980, after which
it has started to change (Johansson et al. 2003, 2014). We,
therefore, decided to use time series only up to 1980 for the
land uplift estimates, to diminish the effect of the changing
global sea level. A uniform time period was chosen for all
the stations after some research. In order to compare the tide
gauge trends to geodetic trends, the eustatic sea level rise
of 1.0 mm/year for twentieth century (Ekman and Mikinen
1996) was removed.

23 Future Scenarios

In order to study how the World Heritage Site will change in
the future, we compared our results of what has happened in
the last 100 years to probabilistic future scenarios computed
into 2100 by Pellikka et al. (2018). We took the 5%, 50%
and 95% probability values for our comparison. The 50%
is the median value expected at each site by 2100 and the
5% and 95% are low- and high-end scenarios. The three
components affecting the sea level rise in the Baltic Sea
are the land uplift, the global mean sea level rise and the
meteorological component, i.e. the effect of westerly winds
that might increase in the future. The scenarios in Pellikka et
al. (2018) take into account these components on the Finnish
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coast. As we have stations also on the Swedish coast, we
have paired the Swedish stations with Finnish stations that
are located on approximately the same latitude from Pellikka
et al. (2018), based on the assumption that the whole gulf
would react similarly to future changes. To estimate the
future scenarios we take the sea level scenario value from
Table 3 in Pellikka et al. (2018), remove the land uplift they
have used (listed in the same table) and add back the land
uplift rate from our observations.

3 Results and Discussion

All the land uplift rates from different techniques are listed
in Table 1. The uplift rates from geodetic data, i.e. GNSS
and absolute gravity are shown in the first five columns of
Table 1. All the trends are converted to trends relative to the
geoid for comparison. In the sixth and seventh column are
the changing sea levels (S), which have a negative sign, as
the sea level falls relative to ground. Different time periods
give somewhat different results for the tide gauges. We tested
different time periods for each tide gauge (not shown here),
depending on when the tide gauges started operating, if
there were data gaps or other issues. We concluded that the
period up to 1979 shows the land uplift best and took, when
possible, the same time period for all stations. The Hw_mm,,
in the second last column was computed by weighing the
observations by their variance, if there were more than one
technique available, meaning that the GNSS time series
with their small standard deviations give the biggest impact
to the weighted mean and its standard deviation. The last
column shows the rates from the NKG2016LU model for
comparison.

Table 1 The land uplift rates from different techniques. ﬁgps and HGNSS
are the absolute and relative vertical rates of the permanent GNSS stations.
g4c are the absolute gravity change rates from AG data and h 4G and
H 4G are the absolute and relative vertical rates derived from the absolute
gravity data. S 1920—1979 are the sea level change for years 1920-1979 and for
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3.1 Geodetic and Sea Level Data

As can be seen from Table 1, the GNSS and AG results agree
quite well, especially within uncertainty. The Vaasa station
has previously shown some anomalistic low GNSS-derived
rates (Kierulf et al. 2014; Lidberg et al. 2009), which has
now been addressed to changing surroundings of the station.
For the Lahtinen et al. (2019) result the time series has been
modified more drastically and fits now the overall picture
better. The absolute gravity value of Vaasa AA is somewhat
higher than expected. We suspect that this is due to changes
in local hydrology over the years near the station. However,
this is speculation and must be subject of further studies. The
NKG2016LU values agree better with GNSS, which is not
surprising as the model has GNSS values inside it.

The tide gauges have comparable values to geodetic
measurements, in the order of 7-9 mm per year sea level
fall. When comparing to previous studies (e.g. Ekman 1996;
Pellikka et al. 2018) our values are in the same range.

3.2 Comparison of Geodetic and Sea Level

Trends

The land uplift rates from different techniques show com-
parable results, as could be expected. The maximum rates
are on the Swedish side, whereas the Finnish sites have
slightly lower values. The absolute gravity shows somewhat
higher values, which might relate to mass changes that are
not induced by land uplift or that the ratio derived using
visco-elastic Earth model is not optimal for the maximum
uplift area. However, the underestimation of gravity rates
estimated by Olsson et al. (2015) for the areas close to

comparison we show also N 1919—2018, change within the last 100 years (to be
used in Table 2). Hrg are the relative land uplift rates from tide gauges. The
bold numbers were used to compute the weighted mean I:Iw‘mw " H NKG are
the vertical rates from the NKG2016LU_lev land uplift model

hens Honss g4G hac Hag S1920-79 Storo—2018  Hre Hyymean Hyko
Station mm/a mm/a ngal/a mm/a mm/a mm/a mm/a mm/a mm/a mm/a
Pietarsaari —85+05 —71+£03 95£07 95£0.69 9.0%0.2
Vaasa AA —1.8+02 108+14 102+14 —-794+05 —-70%+02 89+07 92+£059 88+£02
Vaasa AB  9.1£006 85+0.06 —-16=£01 98+13 92+13 85£0.06 86=£02
Kaskinen® —73£07 —63+£03 83+07 83+0.67 8302
Skellefte® 103 +0.08 9.6+0.08 —18+0.1 11.0+12 104+12 —-95+05 —79+03 105+07 9.6+008 95+02
Bjuréklubb  10.0 £ 0.05 9.4 & 0.05 94+0.05 95%02
Ratan 10.1 £0.10 94+£010 —-1.7+03 107+23 10.0+23 —85£05 —-77+£03 95+07 94+0.10 95+02
Holmsund  10.0 = 0.08 9.4 £ 0.08 9.4+0.08 9.5+02
Umed 103 £0.01 9.6 £0.01 9.6 £0.01 9.6=£0.1
Kramfors 100£0.06 94+£0.06 —1.7+03 102+20 9.5+2.0 9.4+£0.06 92+£02
Sundsvall 9.5+ 0.04 8.9 %+ 0.04 891004 89+02

#Kaskinen observations start in 1926
bSkellefted (GPS and AG) was combined with Furudgrund tide gauge



Past and Future Sea Level Changes and Land Upliftin the Baltic Sea Seen by Geodetic Observations

the maximum uplift, are around 0.02 pGal/year, which is
of an order smaller than the deviations we see between
the absolute gravity rates and the gravity changes derived
from the NKG2016LU_gdot model (Olsson et al. 2019).
The GNSS dominated weighted mean values have clearly
lower uncertainty than the land uplift model, whereas the
other techniques’ uncertainties are two of threefold. The
uncertainty of GNSS time series has been studied a lot and
it has been suggested that the true uncertainty might be in
the order of 0.2-0.3 mm/year (Lahtinen et al. 2019). This
requires still more investigation.

Also the elastic component of the present day melting
studied by Simon et al. (2018) could affect both the mea-
surements and modelling. They did not use terrestrial gravity
measurements so the effect to this type of study would
require more studies.

3.3 Future

The future scenarios from Pellikka et al. (2018) modified
using our uplift rates are shown in Table 2. To show the
effect on coastline, Fig. 2 shows the future scenarios for
the Bjorko island in Kvarken as an example, The topog-
raphy is much steeper on the High Coast side and does
not really show much change even with the higher sea
level rise scenarios (Huuskonen 2020). The relative sea
level fall could not be visualized, because we have no
bathymetry data with adequate resolution available for the
area.

The future of the Kvarken and High Coast in the coming
100 years remains uncertain as the future scenarios are uncer-
tain. It looks very likely that the land uplift will compensate
for the globally rising sea levels, although, depending on the
rate of the future sea level rise, land subsidence is possible
even in the maximum land uplift area. The sea level change
will affect the coast line on the east and west coast of the
Bothnian Bay differently, due to different topography of

Table 2 The probabilistic future scenarios of relative sea level rise for
stations in our study area, showing the relative land uplift for the past
100 years from tide gauge time series (first column, see also Table 1)
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the landscape. The Hight Coast has very steep topography,
which will not be affected much by the rising sea level. In
Kvarken the situation is quite the opposite and the landscape
is very flat and prone to flooding. Rising sea levels can
easily drown landmarks and call for adjustments e.g. in
infrastructure. We are taking a closer look at this topic on
another publication that is under preparation (Huuskonen and
Nordman in prep).

4 Conclusions

We have studied the land uplift in the Bothnian Bay of the
Baltic Sea. We have computed the current rates of uplift from
geodetic observations, and probabilistic scenarios for future
relative sea level rise in the area. The maximum land uplift
rates in Fennoscandia are in the Bothnian Bay, where the
maximum values are currently on the order of 10 mm/year
with respect to the geoid. During the last 100 years, the
land has risen from the sea by up to 80 cm in this area.
Estimates of future relative sea-level change have consider-
able uncertainty, with values for the year 2100 ranging from
75 cm of sea-level fall (land emergence) to 30 cm of sea-level
rise.

The different techniques we have used give similar results,
as could be expected. There are some discrepancies, most
likely due to different time periods used for different tech-
niques as well as effects of other phenomena, e.g. changes in
local hydrology. Combining the techniques produces some
challenges, as all techniques studied here measure different
part of the land uplift phenomenon. This can also be seen
as an advantage and can be used to distinguish between
different parts, namely uplift, mass changes and their rela-
tion. Some issues in the differences can be addressed to the
theoretical and empirical relations between the measurement
types.

The most uncertain part in the current study is the future.
The future scenarios cover a wide range, and the uncertainty

for the tide gauge stations, and change to year 2100 for 5%, 50% and
95% probabilities. The unit is cm

Station 1919-2018 (cm) 2000-99: 5% 2000-99: 50% 2000-99: 95%
Pietarsaari 71 +£26 —-25 27 70
Vaasa AA 70 +£23 —27 25 68
Vaasa AB 70 +£23 —35 17 60
Kaskinen 63 2.8 —44 11 55
Skellefted/Furudgrund 79 £2.6 —24 28 71
Bjurcklubb —27 25 68
Ratan 77+£25 —26 26 69
Holmsund —27 25 68
Umed —23 29 72
Kramfors =25 27 70
Sundsvall —37 18 62
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Fig. 2 The future scenario of Table 2 plotted for Kvarken’s Bjorko. The light blue shows the present coast line, and the dark blue the 95%

probability scenario (sea level rise of 25 cm)

of the projections into year 2100 is large, even if it is fitted to
local conditions as in Pellikka et al. (2018). Also the effect
of the changing coast line is uncertain and should be studied
further.
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