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Abstract. We explore past trends and future projections of mean sea level (MSL) en-at the Finnish coast, in the northeastern
Baltic Sea, #n-during the period 1901-2100. We decompose the relative MSL change into three components: regional sea level
rise (SLR), postglacial land uplift, and the effect of changes in wind climate. Past trends of regional SLR can be calculated after
subtracting the other two components from the MSL trends observed by tide gauges, as the land uplift rates obtained from the
semi-empirical model NKG2016LU are independent of tide gauge observations. According to the results, local absolute SLR
trends are close to global mean rates. To construct future projections, we combine an ensemble of global SLR projections in a
probabilistic framework. In addition, we use climate model results to estimate future changes in wind climate and their effect
on MSL in the semi-enclosed Baltic Sea. This yields probability distributions of MSL change for three scenarios representing
different future emission pathways. Spatial variations in the MSL projections result primarily from different local land uplift
rates: under the medium emission scenario RCP4.5/SSP2-4.5, for example, the projected MSL change (5 to 95% range) over
the 21st century varies from —28 (—54 to 24) cm in the Bothnian Bay to 31 (5 to 83) cm in the eastern Gulf of Finland.

1 Introduction

Sea level rise (SLR) is an existential threat to many coastal communities worldwide, but the magnitude and rate of future SLR
are still shrouded in uncertainty. Over the last decade, advances in sea level projections have shifted the focus from global to
regional assessments (e.g. Slangen et al., 2014; Kopp et al., 2014; Grinsted et al., 2015; Fox-Kemper et al., 2021) and from
best estimates with uncertainty ranges to full probability distributions (Jevrejeva et al., 2014; Grinsted et al., 2015; Goodwin
etal., 2017; Le Bars et al., 2017). A probability distribution of expected local mean sea level change allows different risk levels
to be determined for different operations and types of infrastructure. Nuclear power plants, for example, need to be protected
against much more unlikely risks than conventional buildings.

This paper examines past and future mean sea level (MSL) en-at the Finnish coast, located in the northeastern Baltic Sea
(Fig. 1). The Baltic Sea is a semi-enclosed basin with a narrow ocean connection and a characteristic sea level behaviour that
differs from open oceans. Wind conditions create decadal variations in sea level en-at the northeastern Baltic coasts, in Finland
and Estonia (Johansson et al., 2014; Suursaar et al., 2006). Moreover, Fennoscandia is an area of substantial postglacial land
uplift, as the Glacial Isostatic Adjustment (GIA) following the last ice age is still an ongoing process (Poutanen and Steffen,

2014). Land uplift, in particular, causes the MSL change in the study area to deviate markedly from the global mean.
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Figure 1. Map of the Baltic Sea region, with Finnish tide gauges marked with triangles. The star denotes the point (55°N, 15°E) with the

best correlation between the zonal geostrophic wind speed component and mean sea level en-at the Finnish coast.

Despite major advances in the understanding of global mean sea level rise (GMSLR) and its causes, it has proved very
difficult to nail down the upper end of the projection range. Upper limits of published GMSLR estimates have varied widely
over the past 40 years when modern sea level projections have been available, and the total range of estimates in the literature
has expanded rather than contracted (Garner et al., 2018). There is no consensus about the upper extreme tail of the probability
distribution. This is mainly because of poorly understood instability mechanisms of marine ice sheets — continental ice resting
on ground below sea level and in direct contact with ocean, mainly found in West Antarctica (Fox-Kemper et al., 2021).
Currently, one of the main disputes concerns the so-called Marine Ice Cliff Instability (MICI) hypothesis, the structural failure
of ice cliffs after the loss of buttressing by floating ice shelves (DeConto and Pollard, 2016; Edwards et al., 2019; DeConto
etal., 2021). Incorporating ice cliff failure in ice sheet models increases the Antarctic SLR contribution considerably, especially
after 2100 (Fox-Kemper et al., 2021).

The problem for coastal planners and other end users of SLR projections is that there are numerous projections available,

which differ considerably from each other. The Intergovernmental Panel on Climate Change (IPCC) Assessment Reports
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provide an authoritative overview of the state of climate science, and this information is widely used as a basis for national SLR
assessments, e.g. in Norway (Simpson et al., 2015) and Sweden (Hieronymus and Kalén, 2020). A survey covering 32 European
countries found IPCC to be the primary source of information for SLR planning (McEvoy et al., 2021). There are possible
pitfalls in relying solely on IPCC projections, hewever,-especially in sectors where risk aversion is critical. The consensus-based
approach of IPCC tends to produce rather conservative projections, and the upper limits of the [PCC projections have been
consistently lower than the upper limits reported in individual studies (Garner et al., 2018). The Fifth Assessment Report (ARS,
2013) was criticized for disregarding low-confidence information and omitting the upper tail of the probability distribution from
the numerical SLR projections (e.g. Hinkel et al. 2015; Siegert et al. 2020). In the recently published Sixth Assessment Report
(ARG, 2021), IPCC for the first time provides local projections spanning the whole probability range. In addition, the marine
ice sheet uncertainty has been incorporated as a separate "low-likelihood, high-impact" storyline.

As Behar et al. (2017) point out, there has been a need to use multiple analyses and probability distributions in adaptation
planning. In Finland, the approach chosen in coastal management and high-risk applications, such as the safety analyses of
coastal nuclear power plants (Jylhi et al., 2018), has been to draw from a wide body of research in an attempt to create local
SLR projections covering the full probability range (Johansson et al., 2014; Pellikka et al., 2018). In this study, we build on
previous work to calculate projections of mean sea level change in Finland. It has become timely to update earlier national
projections after the publication of AR6 and other recent studies. Even though IPCC now provides localized projections, it
is still worthwhile to use regional models and perform local analyses to improve local projections. As a small inland sea
with a narrow ocean connection, Baltic Sea and its water exchange with the Atlantic Ocean is not well represented in global
climate models. Moreover, the probability distributions presented in Johansson et al. (2014) and Pellikka et al. (2018) do not
differentiate between future greenhouse gas emission pathways. Merging all uncertainties into a single probability distribution
was a choice based on practical needs, but this approach leads to a loss of information on how climate policies and other
societal changes affect future SLR outcomes.

The Finnish tide gauge network has been measuring sea levels on-at the Finnish coast for over a century. Historically, land
uplift has overruled sea level rise, causing declining trends in relative sea level and expansion of land area. It has, however,
been difficult to separate the different drivers of MSL change, as estimates of land uplift have partially relied on tide gauge
observations. In recent years, the development of geodetic measurement techniques, such as Global Navigation Satellite System
(GNSS) observations, has enabled independent estimates of land uplift rates. The current land uplift model for Fennoscandia,
NKG2016LU (Vestgl et al., 2019), has already been used to estimate the rates of absolute SLR in the Baltic Sea by subtracting
land uplift from observed relative sea level trends (Suursaar and Kall, 2018; Madsen et al., 2019; Passaro et al., 2021).

We use the long time series of Finnish tide gauge data to analyze past trends in MSL and its components. This analysis
contributes to the understanding of regional SLR trends in the Baltic Sea, which has already been addressed in a number
of studies. Using satellite altimetry, Stramska and Chudziak (2013) reported a trend of 3.3 mm a~! over 1992-2012, while
Madsen et al. (2019) arrived at 3.4 mm a~! over 1993-2014, in accordance with the GMSLR trend. Over the 20th century,
the Baltic Sea average was 1.3 mm a~! according to Madsen et al. (2019), but Suursaar and Kall (2018) reported 2.5 mm a~!
in 1901-2010 based on Estonian tide gauge data. The difference may be explained by significant spatial variability within the
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Baltic Sea, with larger rates in northern and eastern parts of the basin and lower rates in the southwestern areas (Grawe et al.,
2019; Madsen et al., 2019; Passaro et al., 2021). This pattern is attributed to wind and air pressure changes (Griawe et al., 2019).
In this study, we utilize tide gauge data, modelling results, and SLR projections from scientific literature to analyze past and

future MSL in Finland. The following research questions summarize the aims of this paper:

1. What was the rate of absolute sea level rise in the northeastern Baltic Sea over the past century and the satellite altimetry

era?
2. What are the expected changes in mean sea level in-at the coast of Finland by 2100?

3. How do the probability distributions of SLR provided by IPCC AR6 compare with other recently published projections,

and can they satisfy the needs of high-risk coastal management?

While the results of this study are mostly applicable for national planning purposes in Finland, the third question is not
confined to the study area, and our analysis of the probability distribution of GMSLR may be of interest to coastal planners in

other countries, as well.

2 Data and methods
2.1 Mean sea level components on-at the Finnish coast

Throughout this paper, mean sea level (MSL) refers to long-term sea level relative to land, while sea level rise (SLR) refers
to the absolute sea level change relative to the centre of the Earth. SLR is a global process driven by thermal expansion of
seawater and melting of glaciers and ice sheets, but local and regional SLR rates may deviate from the global mean. In the
terminology of this paper, SLR is one component of the local MSL change. The MSL change in the study area may be positive
or negative, depending on whether the land uplift is strong enough to overrule SLR.

We construct probability distributions of future MSL in Finland by combining three components: regional SLR, post-glacial
land uplift, and the effect of changes in wind climate. Johansson et al. (2014) have shown that observed annual mean sea levels

on-at the Finnish coast can be reproduced with good accuracy by computing the sum of these three components. More formally,

han(i,8) = (i, t) — d(i) (t — to) + w(i,t) + R(i) (1)

where h,,, is the estimate of local MSL at the tide gauge ¢ and time ¢, r(,¢,to) is the regional SLR relative to some reference
year tg, d is the rate of land uplift, w is the wind-induced MSL component, and R is a constant used to level h,, in relation
to the Finnish N2000 height reference system (Saaranen et al., 2009) and the MSL of the reference year ty. All sea level data
used in this analysis are taken from the database of the Finnish Meteorological Institute (FMI).

Our method is presented schematically in Fig. 2. To obtain a probability distribution of r, we use a set of GMSLR projections

published over the last decade (Sect. 2.2), also considering regional anomalies (Sect. 2.3). Land uplift rates d are based on
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Figure 2. Schematic illustration of the method. A set of global mean sea level rise (GMSLR) projections is normalized to a common
time span. Probability distributions are fitted to each projection and combined to produce a probability distribution of sea level rise (SLR),
then combined with land uplift and wind-induced changes to produce local relative mean sea level (MSL) projections. This calculation is

performed separately for different emission scenarios.

geodetic observations and modelling (Sect. 2.4). The wind-induced component w is estimated using climate model projections
of geostrophic wind (Sect. 2.5). Finally, we calculate the sum of the three MSL components to obtain a probability distribution
of future MSL at a selected location er-at the Finnish coast. We treat the components as independent random variables, so the

MSL distribution is the convolution of the distributions of the three components.
2.2 Probabilistic projections for sea level rise

To take into account the full range of potential future SLR, including low-probability, high-impact events such as marine ice
sheet disintegration and controversial mechanisms such as MICI, we use a wide range of GMSLR projections published over
the last decade. The projections are listed in Table 1. They are based on different approaches: i) process-based models, i.e. phys-
ical models that simulate the individual components contributing to SLR, including thermal expansion, ocean dynamics, and
the melting and disintegration of land-based ice; ii) semi-empirical models, which project GMSLR indirectly by constructing a
statistical relationship between global mean sea level and some other climate variable, e.g. the global mean temperature; and iii)
expert surveys that assess the uncertainty in SLR projections by polling experts in the field and reviewing their understanding.

Scenarios of future greenhouse gas emissions play a crucial role in SLR projections. In IPCC ARG6, the Representative
Concentration Pathway (RCP) scenarios used in AR5 were replaced by a new set of emission scenarios called Shared So-
cioeconomic Pathways (SSP). The SSP and RCP scenarios are not directly comparable, but both are labelled by the level of
radiative forcing reached in 2100. In the pre-AR®6 literature, the most widely used RCP scenarios were RCP2.6, RCP4.5, and

RCP8.5, which we also use in this paper since there is a sufficient number of GMSLR projections available for these scenar-
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Table 1. Sea level rise projections used in this study: median values and 5-95% ranges (in parentheses). All values are in centimetres in 2100
relative to 1995-2014. The low emission scenario refers to RCP2.6/SSP1-2.6, medium to RCP4.5/SSP2-4.5, and high to RCP8.5/SSP5-8.5.
ARO6MC and ARG6LC are the medium and low confidence projections of IPCC AR6 (Fox-Kemper et al., 2021), respectively.

Publication Low Medium High Method

Jevrejeva et al. (2012) 52 (32-77) 68 (47-103) 104 (76-157) Semi-empirical model constrained by
300 years of tide gauge records and

1000-year reconstructions of radiative

forcing

Jevrejeva et al. (2014) 78 (44-181) Process-based + expert assessment of

& Grinsted et al. (2015) ice sheet contributions

Kopp et al. (2014) 46 (28-80) 56 (35-91) 76 (52-118) Process-based + expert assessment of
ice sheet contributions

Kopp et al. (2016) 36 (23-59) 49 (32-83) 74 (51-129) Semi-empirical model calibrated to a
3000-year GMSL reconstruction

Mengel et al. (2016) 36 (24-50) 49 (33-72) 81 (50-124) Semi-empirical relations for each SLR
component separately

Goodwin et al. (2017) 54 (42-68) 66 (52-80) 87 (73-101) Process-based thermosteric + semi-
empirical ice melt contribution (their en-
semble ObsHist)

Kopp et al. (2017) 54 (25-96) 89 (49-156) 144 (91-241) Process-based (as in Kopp et al., 2014,

but replacing the Antarctic contribution

with DeConto and Pollard, 2016)

Le Bars et al. (2017) 103 (34-173) 180 (78-287) Process-based (including DeConto and
Pollard, 2016); their experiment DP16T
AR6MC 44 (27-78) 56 (37-94) 77 (56-124) Process-based, including medium-

confidence processes
ARO6LC 45 (27-109) 56 (36-117) 88 (53-227) Process-based + simulations incorporat-

ing MICI + structured expert judgement

ios. The corresponding SSP scenarios are SSP1-2.6, SSP2-4.5, and SSP5-8.5. The SSP scenarios generally result in slightly
stronger global warming than the corresponding RCP scenarios (Lee et al., 2021) and there are other differences as well, but
for the purposes of this study, it is reasonable to group together the SSP and RCP scenarios with the same nominal radiative
forcing. Hence, we construct probability distributions for three emission scenarios, which we call low (2.6), medium (4.5) and
high (8.5).

Our ensemble of GMSLR projections includes 8 members for the low emission scenario, 9 for the medium scenario, and
10 for the high scenario (Table 1). There are two sets of [IPCC ARG projections, medium confidence and low confidence
(hereafter, AR6MC and AR6LC), which are included in our ensemble separately. In contrast to AR6MC, AR6LC incorporates
information from structured expert judgment (Bamber et al., 2019) and ice sheet simulations (DeConto et al., 2021) that explore

the potential for rapid ice discharge from Antarctica through MICI. The probability of these high-end projections cannot be
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robustly quantified; therefore, IPCC has decided to include them in a separate low confidence projection to serve the needs
of stakeholders with a low risk tolerance. AR6MC and AR6LC differ from each other particularly under the high emission
scenario.

IPCC ARG sea level projections (Fox-Kemper et al., 2021) were downloaded from Physical Oceanography Distributed
Active Archive Center (PO.DAAC)! on Sep 29, 2021. Other data related to SLR projections are extracted from the tables or
supplementary material of the referenced publications.

For each emission scenario, the ensemble of projections is transformed into a probability distribution of GMSLR in a three-
step process (Fig. 2): First, the projections are normalized to a common baseline, 1995-2014. Second, a probability distribution
is fitted to each projection. Third, the ensemble of distributions is combined to form a single probability distribution.

1. Normalization. All projections are normalized to a common baseline, 1995-2014, by assuming an initial GMSLR rate of
3.25 4+ 0.37 mm a~* (Fox-Kemper et al., 2021 for 1995-2018) and constant acceleration from the initial rate. In practice, to
normalize a projection having a baseline year y,, we remove the rise realized between yy and 2005 after making a 2nd order
fit to the projected SLR from g to 2100 and the initial SLR rate.

2. Fitting distributions. To create an ensemble of continuous probability distributions, we fit distributions to the percentiles
of the published GMSLR projections. The number of percentiles available for the fit vary from three (median and the 5-95%
range) to 31, depending on projection. There is no theoretical basis for choosing what type of distribution might best represent
future SLR, but it is well known that the probability distributions of GMSLR are positively skewed with a fat upper tail. The tail
represents the low-probability, high-impact scenarios that are hard to quantify. We experiment with three types of distributions
that allow a positive skew: Weibull, FreehetFréchet, and skew normal. It turns out that no single distribution gives a good fit to
all projections, as the shape of the distribution varies between projections. We choose the best fit for each projection, defined
as the smallest residual sum of squares (RSS) between the original data points and the fitted distribution in semi-log space (z,
log(1 — F'), where z is sea level rise and F is the corresponding cumulative probability).

The fits to individual projections are shown in Fig. Al for the high emission scenario. For IPCC AR6, which provides a
large number of percentiles, we do not make a fit, but instead interpolate and extrapolate the distribution linearly in semi-log
space to make it continuous. Also, Jevrejeva et al. (2014) provide a continuous probability distribution, which we use as such
(digitized from their Fig. 3).

3. Combining distributions. Finally, we calculate a mixture distribution to obtain the probability distribution of GMSLR for

each emission scenario:

F(z) = Z/\Z-Pi(x) 2

where F' is the cumulative distribution function (CDF) of GMSLR by 2100, P; are the CDFs of individual projections (the
n ensemble members), and \; are weights attributed to each projection. Setting the weights is a matter of expert judgement.

It is reasonable to assign different weights to the ensemble members, if there are plausible arguments for some projections

"https://podaac.jpl.nasa.gov/announcements/2021-08-09-Sea- level- projections-from-the- IPCC- 6th- Assessment-Report
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and projection methods to be more credible than others. We give a lower weight (0.5) to projections that incorporate MICI
(Goodwin et al., 2017; Le Bars et al., 2017 and AR6LC) to factor in the low confidence in these projections. AR6MC is given
a large weight (4) as it can be thought to represent the latest scientific consensus on SLR projections, and other projections are
given equal weight (1). We explore different choices of weights, and the effects of the choices on the resulting projections, in

Sect. 3.2.
2.3 Considerations of regional SLR anomaly

Various processes create spatial inhomogeneity in SLR, including variations in ocean temperature, salinity, and circulation as
well as gravitational, rotational, and solid Earth responses to ice melt. Each melting glacier produces a characteristic geograph-
ical pattern (fingerprint) of SLR, resulting from changes in Earth’s gravity field and rotation as well as crustal deformation that
follow the reduced weight of the ice mass. Sea level rise is smaller than average in the proximity of the melting glacier or ice
sheet, even negative up to the distance of ca. 2000 km, because of elastic uplift of the crust and the reduced gravitational pull
of the ice mass (Mitrovica et al., 2011).

On-At the Finnish coast, the fingerprint effect makes the SLR contributions of the Greenland Ice Sheet and other northern
glaciers notably smaller compared to the global mean. The contribution of Greenland is essentially zero in the Bothnian
Bay and ca. 15% of the global mean or-at the southern Finnish coast (Mitrovica et al., 2001; Kopp et al., 2014). On the
other hand, according to global climate models, thermal expansion and ocean dynamical effects (hereafter referred to as the
ocean component) produce a larger-than-average SLR contribution in the Baltic Sea. Pellikka et al. (2018) analyzed the ocean
component from Coupled Model Intercomparison Project Phase 5 (CMIP5) models en-at the Finnish coast: median estimates
for different emission scenarios were 20 to 60% higher compared to the global mean. This additional SLR was, however,
overruled by the reduction caused by glacier and ice sheet fingerprints, and the total SLR (excluding land uplift) was about
80% of the global mean in end-of-century projections.

In IPCC ARG, which uses the current CMIP6 climate models, the local ocean component en-at the Finnish coast is larger
than previously estimated: almost twice the global mean in 2100. Fig. 3 shows the proportions of different SLR components —
the ocean component, different glaciers and ice sheets, land water storage, and vertical land motion — in the AR6MC median
projections locally and globally. ©r-At the Finnish coast, the large ocean component compensates the reduced glacier compo-
nents so that the absolute SLR is approximately the same as the global mean. Projections for Hanstholm, en-at the North Sea
coast of Denmark, are plotted for comparison and show no notable difference. Therefore, the large ocean component is not a
feature confined to the Baltic Sea basin, whose sea level dynamics the global models are not able to simulate well. The reason
for the notably larger ocean component in CMIP6 compared to CMIP5 seems to be the increased dynamic sea level rise in the
North Atlantic, associated with a weakening of the Atlantic meridional overturning circulation (Lyu et al., 2020).

It is important to note that the conformity of global and local absolute SLR takes place only because two phenomena happen
to cancel each other: the smaller-than-average glacial contribution and the larger-than-average ocean contribution. This may
not be true for other, methodologically different projections, or projections with different time spans, as the relative proportions

of the SLR contributors may be different. Localized projections based on essentially different methods (such as semi-empirical
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Figure 3. Median sea level rise projections of IPCC AR6 (medium confidence, 2100 relative to 1995-2014) divided into different compo-
nents, for three emission scenarios. The ocean component includes thermal expansion and ocean dynamical effects. The global projection is

shown together with three local projections: Vaasa and Helsinki en-at the Finnish coast, Hanstholm en-at the North Sea coast of Denmark.

modelling) are not available, however. To study projections with different time spans, we calculated the ratio of local to global
SLR from AR6 median projections every 10 years from 2030 to 2150. In Helsinki, for example, the ratio declines from 1.2-1.4
in 2030 to 1-1.1 in 2100 and 0.9-1 in 2150 (Fig. 4), as the contribution of land ice melt increases and gradually tends to
dominate the projected SLR.

Based on this analysis, we apply the GMSLR projections for 2100 to the Finnish coast as such, without regional adjustments.
In other words, we approximate the regional SLR r(i,t,to) in Eq. (1) with the global mean SLR, g(t,to). Using a scaling
approach similar to Pellikka et al. (2018) to convert GMSLR projections into regional ones would lead to small adjustments in
the final projections, which are minor compared to uncertainties involved in such analysis. Therefore, we omit these adjustments

for simplicity.
2.4 Land uplift

Vertical land motions (VLM) in the northern Baltic Sea area are dominated by Glacial Isostatic Adjustment (GIA). Slow crustal
recovery from the pressure of the ice sheet that covered the area during the last glacial period causes post-glacial land uplift.
On-At the Finnish coast, the rate of land uplift is of the same order of magnitude (3 to 9 mm a~?) as the current rate of GMSLR
(3.7 mm a~'; Fox-Kemper et al. 2021). The uplift rate can be considered constant in time over the next few centuries (Poutanen

and Steffen, 2014).
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Figure 4. Ratio of local absolute sea level rise in Helsinki (without the effect of land uplift) to the global mean in IPCC AR6 median
projections. Medium confidence projections (AR6MC) are plotted with dark lines, low confidence projections (AR6LC) with pale dashed

lines, while colours indicate different emission scenarios:: low (SSP1-2.6), medium (SSP2-4.5) and high (SSP5-8.5

We use land uplift rates calculated by NKG2016LU, a semi-empirical model of land uplift in the Fennoscandian area (Vestgl
et al., 2019). The model has been computed in the Working Group of Geoid and Height Systems of the Nordic Geodetic
Commission (NKG) and combines two parts: i) the observation-based part that uses geodetic observations of land uplift,
namely levelling and GNSS time series in the area, and ii) the geophysical GIA model that supplements data to areas where
observations are sparse. The GIA model is fitted to the geodetic observations using Least Squares Collocation (LSC). The
uncertainty estimate of the model is a combination of the observations’ and the GIA model’s uncertainty. The levelled version
used in the current study gives the uplift relative to the geoid (Fig. 5). Land uplift rates, d, at the Finnish tide gauges are listed
in Table 3 in Results (Sect. 3.1). We assume a normal (Gaussian) uncertainty distribution for the land uplift, using the 1 std
uncertainty ranges of the model to fit the distributions.

The local projections of IPCC AR6 account for VLM by calculating background rates of mean sea level change from tide
gauge data, using the statistical model of Kopp et al. (2014). The long-term background trend is scenario-independent and
assumed constant over the projection period. This way, other drivers of long-term VLM such as tectonics, volcanism, and
anthropogenic subsidence can be considered in addition to GIA. IPCC assigns low to medium confidence in VLM projections
and points out that in many regions, more detailed regional analyses would be needed to produce higher-fidelity projections.
In Fennoscandia, VLM is dominated by GIA, which is a relatively well known and predictable process. Comparing the VLM
rates of AR6 and the NKG2016LU model, the differences are small and result in a difference of a few centimetres at most over

100 years.
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Figure 5. The present day land uplift (millimetres per year) over Fennoscandia relative to geoid given by the semi-empirical land uplift

model NKG2016LU_lev.

2.5 Changes in wind climate

The wind-induced component w (Eq. 1) is related to sea level dynamics within the Baltic Sea basin. The narrow and shallow

Danish Straits are the only ocean connection of the Baltic Sea, and water exchange in the Straits plays an important role in

Baltic sea level variations. The barotropic water exchange is governed by large-scale wind and air pressure patterns, which also

5 affect the dynamical sea level within the Baltic Sea basin: persistent westerly winds push water through the straits and generate

a slope in sea level, elevating sea levels en-at the eastern Baltic coast. Climatological changes in wind conditions can have a

notable effect on long-term MSL en-at the Finnish coast (Johansson et al., 2014). We treat this component separately, as global

climate models are too coarse to fully capture the water exchange in the Danish Straits and the dynamical sea level topography
within the Baltic Sea.

10

and-Mean sea level

in the Baltic Sea is positively correlated with the North Atlantic Oscillation (NAO) index, especially in winter (Johansson et al., 2001; Ande:

2

. High NAO is related to a large north—south air pressure difference over the North Atlantic, which in turn is associated with
strong westerlies. The NAO index is not the best metric to characterize the connection between regional atmospheric conditions
and MSL at the Finnish coast, however. Johansson et al. (2014) found even better correlations with the zonal component of the

15 geostrophic wind in the region. The best correlation was found with geostrophic winds calculated at the grid point 55°N, 15°E,

11
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close to the Danish Straits (Fig. 1). The zonal geostrophic wind u, at this grid point explains more than 80% of the interannual
variability of sea level on-at the Finnish coast over the 20th century. Following Johansson et al. (2014), we calculate u, from
the Northern Hemisphere daily mean sea-level pressure fields for the years 1899-2018 (CISL Research Data Archive, 1979)

according to the standard definition

1 0p
"= " Fooy ¥

where f is the latitude-dependent Coriolis parameter, p the air density (calculated assuming a constant temperature of 283
K), and Op/0y the pressure gradient in the north—south direction.

To project ug into the future, we study zonal geostrophic winds derived from the sea level pressure fields produced by
the CMIP5 climate model runs (Taylor et al., 2012). We use results from 17 atmosphere—ocean general circulation models
(AOGCMs), listed in Table A1. We select all models that i) are assessed by Luomaranta et al. (2014) as capable of adequately
simulating the observed climate (temperature, precipitation) in northern Europe, and ii) provide information of daily sea level
pressure for all three emission scenarios.

From the daily mean sea level pressure fields of each model, we calculate u, using Eq. (3) (but instead of constant tempera-
ture, the modelled pressure and 2-m temperature fields are used to calculate air density). These are calculated to the middle of
the grid points of each model and interpolated to the actual model grid. For more details, see Ruosteenoja et al. (2019). From
the daily geostrophic winds, we calculate 20-year annual means for the historical reference period (1986-2005) and for the end
of the 21st century (2081-2100). Finally, the results are interpolated bilinearly to represent the point 55°N, 15°E.

The spread of the model-projected values of u, for the historical period (1986-2005) is large (Table A1), the averages for
this 20-year period ranging from 0.0 to 4.9 m s~! among the 17-model ensemble, while the observational average (calculated
from the CISL dataset) is 3.2 m s~!. To compensate for this large inter-model variability, we use a delta-change approach:
instead of using the projected values for the future time periods as such, we calculate the model-specific changes from the
historical period to the future period, and add these to the observational historical average of 3.2 m s~!. This still results in a
large spread of the model projections, ranging from 2.4 to 5.7 m s~! for 2081-2100. The means, maxima and minima, as well
as standard deviations among the 17-model ensemble for each emission scenario are given in Table 2.

The wind-induced sea level component is then calculated as w(i,t) = p;u,(t), where p; are regression coefficients between
ug and the detrended annual mean sea levels at the tide gauge 4, calculated from 20th century observations. For more details,
see Johansson et al. (2014). The regression coefficients range between 6.8 to 7.8 cm (m s~ 1) ~1. The probability distribution for
future w(4,t) is a product of two normal (Gaussian) distributions, whose standard deviations are the regression fit uncertainty

of p; and the standard deviation of the 17-model ensemble of u,.
2.6 Past regional SLR trends

The land uplift rates given by the NKG2016LU model are solely based on geodetic observations. Therefore, they are indepen-

dent of tide gauge observations and other sea-level related information. This allows us to estimate the rate of SLR en-at the
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Table 2. Projections of zonal geostrophic wind in 2081-2100 at 55°N, 15°E: means, maxima, minima, and standard deviations (metres
per second) among the 17-model ensemble under low (RCP2.6), medium (RCP4.5) and high (RCP8.5) emission scenarios. The values are
calculated so that the projected change from the historical period 1986-2005 is added to the observational average of 3.2 m s~ ' over that

period.

Low Medium High
Mean 3.29 3.46 3.96
Max  4.26 4.35 5.68
Min 2.40 2.75 2.61
Std 0.57 0.49 0.80

Finnish coast over the 20th century using the three-component model of Eq. (1), the unknown variable being the regional SLR
r. For all Finnish tide gauges, we take the observed annual mean sea levels (h,,,) and subtract the wind-induced component (w)
and the land uplift (d) from the time series. The trend calculated from the residual corresponds to the local absolute SLR rate.
Removing w from the annual mean sea levels reduces the year-to-year variability; therefore, r has narrower uncertainty ranges

than the trend of A,

3 Results
3.1 Rate of past sea level rise

Past SLR trends for two time spans, tg—2018 and 1993-2018, are shown in Table 3 for all Finnish tide gauges: tg is the
beginning of the observational period and, depending on the site, varies between 1901-1933. The historical SLR trends (to—
1 in accordance with some recent estimates of the rate of the 20th
century GMSLR (Hay et al., 2015; Dangendorf et al., 2017; Frederikse et al., 2020) but slightly lower than the AR6 estimate

of 1.73 £ 0.45 mm a~! (Fox-Kemper et al., 2021). Local trends obtained for the satellite altimetry era, 1993—2018, range from

2018) on-at the Finnish coast range from 1.2 to 1.5 mm a~

3.0 to 3.8 mm a~?, in accordance with the global mean rate of 3.25 4+ 0.37 mm a~—! (Fox-Kemper et al., 2021).
3.2 Ensemble projection of GMSLR and the effect of weighting

We have combined 10 SLR projections published over the last decade (Table 1) to yield probability distributions of GMSLR for
three emission scenarios. This analysis results in the following median estimates (5 to 95% ranges) of GMSLR in 2100 relative
to 1995-2014: 45 (26 to 78) cm for the low emission scenario, 60 (36 to 111) cm for the medium scenario, and 85 (54 to 176)
cm for the high scenario. Fig. 6 shows our probability distributions compared with the two IPCC ARG6 projections, AR6MC
and ARG6LC, plotted as complementary cumulative distribution functions (1 — CDF) in semi-log scale so that differences in
the upper tail are clearly visible. Interestingly, the combined distribution is nearly identical to AR6MC under the low emission

scenario, but close to AR6LC under the medium scenario. Under the high scenario, the combined projection lies between
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Table 3. Historical trends (millimetres per year) of observed mean sea level A, and its components: land uplift d, wind-induced component

w, and regional sea level rise 7. Error estimates are 1 std. The trends are calculated from the beginning of the observations (Zo) to 2018; the

trend of regional sea level rise r is also shown for 1993-2018.

t0—2018 1993-2018
Station to - —d W P 7

Kemi 1923 | —6.68+027 —8.60+£023 0.64+027 128+0.14 | 3.76 +0.90
Oulu 1923 | —626+027 —830+£020 0.63+026 1.36+0.13 | 3.75+0.92
Raahe 1923 | —6.74+£026 —871+0.19 0.64+027 1.31+0.12 | 3.40+0.89
Pietarsaari 1922 | —7.04 £0.26 —895+0.17 0.634+026 13040.12 | 3.59 +0.81
Vaasa 1922 | —6974+025 —879+0.16 0.60+025 1.23+0.11 | 3.54+0.76
Kaskinen 1927 | —6.29+028 —8314+0.17 0.744+027 135+0.13 | 3.504+0.78
Mintyluoto 1926 | —548 £0.25 —7.444+022 0674026 125+0.12 | 3.44+0.77
Rauma 1933 | —4534£029 —6.81+£0.17 0.79+030 148+0.13 | 3.41+0.77
Turku 1922 | —3.56+024 —541+0.17 059+025 129+0.11 | 3.18+0.80
Degerby 1924 | —370+£024 —570+£020 058+024 137+0.11 | 3.04+0.78
Hanko 1901 | —2514£0.17 —4.16+0.19 045+0.18 1.22+0.08 | 3.21 +0.85
Helsinki 1904 | —1.884£0.19 —3.69+0.18 049+0.19 1.32+0.08 | 3.15+0.85
Hamina 1929 | —0.87 +£0.31 —3.034+0.18 0814031 132+0.13 | 3.50+0.88

ARO6MC and ARGLC. The results are not drastically different even if the two ARG projections are dropped out of the ensemble
and we only use the 8 other projections to calculate the combined projection.

As long as unresolved questions around ice sheet instability remain, sea level projections aiming to cover the whole prob-
ability range unavoidably rely to some extent on educated guesses, or expert judgment. Expert judgment is involved in the
individual GMSLR projections (Table 1). In our method, there is subjectivity in the choice of the type of distribution fitted,
if there are multiple good fits, and the weights given to individual projections in the mixture (Eq. 2). Next, we examine how
sensitive our results are to these choices.

As seen from Fig. Al, the three distribution types (Weibull, FreehetFréchet, and skew normal) diverge substantially in the
extreme tail of the probability distribution. In some cases, it is clear which distribution provides the best fit, but often any one
of them could be chosen, while for Kopp et al. (2017) no good fit is found. We have tested different fitting strategies, such as
always choosing the most pessimistic or the most optimistic option when multiple good fits are available, and the differences
in the resulting mixture distribution are small (max. 2 cm in the 99.9th percentile). We conclude that our method is robust to
the choice of the distribution type at least up to the cumulative probability of 99.9%. Extrapolations beyond that are in any case
very speculative, and we avoid presenting such results.

What matters more is the weight given to the various members of the projection ensemble when calculating the mixture,
especially the weight given to projections that incorporate MICI. We experiment with different weighting strategies to see how

much the results are affected by the weights:
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Figure 6. Complementary cumulative distribution functions (1 — F) of global mean sea level in 2100 relative to 1995-2014 under different
emission scenarios. The red line denotes a weighted combination of 10 sea level rise projections, including the two IPCC ARG6 projections,

medium and low confidence (AR6MC and AR6LC, respectively). AR6MC and AR6LC are plotted separately for comparison.

1. All members are included with an equal weight.
2. AR6MC is given a 4-fold weight, as it can be considered to represent the latest scientific consensus on SLR projections.

3. Projections that incorporate MICI (Goodwin et al., 2017; Le Bars et al., 2017; and AR6LC) are given a lower weight

(0.5) which reflects the low confidence in these projections. AR6MC is given a weight of 4 and the other members 1.

4. Projections that incorporate MICI are excluded from the ensemble, while AR6MC is given a weight of 4.

Increasing the weight of AR6MC somewhat lowers the final projection, but the difference is ca. 10 cm at most compared
to the unweighted case. Unsurprisingly, lowering the weight of the MICI projections has a large effect on the upper tail of
the distribution under higher emission scenarios. The 99.9th percentile is lowered by 0.15 m, 0.5 m, and 0.9 m under the
low, medium and high scenarios, respectively, if MICI projections are drepped-left out compared to the unweighted case.
For the final results, we choose the fitting strategy 3, which represents a middle road — we want to take into account the
MICI uncertainty, but not give it too much weight because of the eontroverstalitycontroversy. By adjusting the weights, the

projections could be tailored to specific purposes according to the risk tolerance of the application.
3.3 Future mean sea level on-at the Finnish coast

After adding the land uplift and the wind-induced component related to the sea level dynamics within the Baltic Sea basin, we
obtain probability distributions of future-MSE-er-MSL change at the Finnish coast by 2100. Figure 7 shows the distributions
for three locations under the medium emission scenario. The distributions of the three components and-the-total-mean-sea-level
the-medium-emission seenario-a is the sum (mathematically, convolution) of these components. As can be seen, land uplift
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Figure 7. Probability distributions of projected mean sea level change (a) and its components (b to d) in Vaasa, Turku, and Helsinki under
the medium emission scenario (RCP4.5/SSP2-4.5), 2100 relative to 1995-2014. The distributions a) and b) are complementary cumulative
distribution functions (1 — F), while c) and d) are probability density functions (f).

varies slightly from place to place, but we apply the same distribution for all locations as explained in Sect. 2.3. Differences in

the distribution of the wind-induced component are negligible between locations over the Finnish coast.

Projections of MSL change are tabulated for selected locations in Table 4, while projections for all Finnish tide gauges are
provided in the Appendix (Tables A2, A3, A4). The projected MSL values are also given in the Finnish N2000 height reference
system (Saaranen et al., 2009). Mean sea level in-N2006-over the reference period 1995-2014 was averaged-from-determined
as the average of observed annual mean sea levels in N2000.

Under the low emission scenario, substantial MSL rise is not expected on-at the Finnish coast over the 21st century: the
median estimate ranges from a —43 cm decline in the Bothnian Bay to a 16 cm rise in the eastern Gulf of Finland (Table A2).
However, according to the high-end (95%) estimate, a MSk-rise-of-half-a-metre-is-possible-on-rise of 50 cm is possible at the
southern Finnish coast. Under the medium scenario, a sea level decline of —20 to —30 cm is expected in the Bothnian Bay,
whereas the Gulf of Finland shows a MSL rise of 20 to 30 cm with an upper limit (95%) of 70 to 80 cm. The high emission
scenario is the only one in which sea level rise is expected over the whole Finnish coastline, according to the median projection.

The 95th percentiles are close to 1 m in the Bothnian Bay and 1.5 m in the Gulf of Finland.
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Table 4. Mean-Projections of mean sea level change (centimetres) from 1995-2014 to 2100 in—for some of the largest coastal cities in
Finland: Oulu, Vaasa, Pori, Turku, and Helsinki. The global sea level rise over the same period, calculated as a weighted combination
of 10 SLR projections, is shown for comparison. The 5th, 50th, 95th, and 99th percentiles are given for three emission scenarios: low

(RCP2.6/SSP1-2.6), medium (RCP4.5/SSP2-4.5) and high (RCP8.5/SSP5-8.5).

Low Medium High
Station 5% 50% 95% 99% 5% 50% 95% 99% 5% 50% 95% 99%
Oulu =59 =37 -2 25 —-47 =21 30 72 —27 8 9 171
Vaasa —64 —42 -8 20 —52 =26 25 67 -31 3 94 166
Mintyluoto (Pori) —50 —28 6 34 -39 -13 39 80 —18 16 107 180
Turku -30 -8 26 54 —18 7 59 100 2 36 128 200
Helsinki —13 9 43 71 -1 25 76 118 20 54 145 217
Global 26 45 78 107 36 60 111 152 54 8 176 248

Fig. 8 shows the observed and projected MSL change-over-time-in Vaasa and Helsinki. The future time series are fitted to
the 2100 projections assuming constant acceleration in the MSL trend. Vaasa is located in the region of strongest land uplift
(8.8 mm a—!) while in Helsinki, the rate of land uplift is considerably weaker (3.7 mm a~!). This is reflected in the past and
future MSL trends. In Helsinki, the historical decline of mean sea level is about to reverse, and MSL rise is expected over the

5 2lst century. In Vaasa, the decline will likely still continue for several decades before the turning point is reached by the end

of the century. Uncertainties are large, however, as seen in the wide range of different percentiles plotted.

4 Discussion
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Figure 8. Observed annual mean sea levels and future projections under the medium emission scenario (RCP4.5/SSP2-4.5) in Vaasa, region

of strong land uplift, and Helsinki, where the land uplift is weaker. The reference level is the Finnish N2000 height reference system.
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We-have-also-examined-past MSItrends-on-the Finnish-coast—The-apparent sea level trend observed at a tide gauge site

in Finland is a combination of three trends: land uplift, regional sea level rise, and the trend in the wind-induced component
related to changes in the water balance of the semi-enclosed Baltic Sea. To illustrate the relative roles of all these components,
we next-disetss-take Helsinki as an example.

The observed trend in annual mean sea levels at Helsinki was —1.88 (—0.37) mm a~' in 1904-2018 (1993-2018). This

1 1

consists of land uplift of —3.69 mm a~ , and the trend in the wind-induced

component of 0.49 (0.17) mm a~'. Thus, eurrently-the-in the recent past, the trends of SLR and land uplift appreximatety
batanee-have approximately balanced each other. In particular, we note that the trend in the wind-induced component is large

, regional sea level rise of 1.32 (3.15) mm a~

enough that excluding it from the analysis would lead to a significant bias in the estimates of regional SLR rates.

e-Long-term absolute SLR trends is
notable-even—within-the Baltie-Sea-basin—Ourresults(from the early 20th century to 2018) at the various locations on the
Finnish coast vary from 1.22 to 1.48 mm a~! (Table 3). These are lower than the absolute SLR trends calculated for the Es-

tonian coast by Suursaar and Kall (2018)—the-authors-asseetate-the-difference-between-their-SERrates<: 2.0 to 2.8 mm a~!
in 1900-2010)-. The authors attribute the difference between their SLR rates and GMSLR to poorly resolved local land subsi-

dence and the meteorologically driven internal sea level dynamics of the Baltic Sea. Over the satellite altimetry era, eurresults
trends obtained in the present study (3.04 to 3.76 mm a_! in 1993-2018) are lower than the trends reported by Passaro et al.
(2021) for the northern Baltic Sea based on satellite altimetry (up to 5 to 6 mm a~! in 1995-2019). Our SLR trend excludes
the wind component (0.15 to 0.18 mm a~! in 1993-2018), which is included in the results of Passaro et al. (2021), but this
does not explain the discrepancy comprehensively.

Over-

4.2 Mean sea level projections

We have presented probability distributions of mean sea level change over the 21st century stand-along the Finnish coast for
three scenarios representing different greenhouse gas emission pathways. Land uplift will continue at a constant rate, while

signifieant-acceleration in global sea level rise is expected together with a small increase in westerly winds in the northeast
Atlantic, causing additional wind-induced sea level rise in the Baltic Sea. Due to accelerating SLR, thereverse-a reversal of the

historical declining MSL trend is imminent-en-expected at the southern Finnish coast. Nerth-In the north, in the Bothnian Bay,
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postglacial land uplift is probably strong enough to compensate for SLR so that significant relative sea level rise is unlikely

over this century, at least if earben-emissions-the emissions of greenhouse gases are mitigated.

The SER-seenarios used-in-eoastal-planning-need-to-uncertainty in the future MSL is high, both because of the unknown
trajectory of emissions (reflected in the large differences in SLR outcomes between the emission scenarios) and the uncertainty.
associated with the SLR projections (reflected in the width of the probability distributions). Under the low emission scenario
the MSL change would likely remain negative over most of the Finnish coastline during this century, the postglacial land uplift
being strong enough to compensate for the SLR. According to the median projection, only the areas of weakest land uplift
at the coast of the Gulf of Finland might experience a slightly rising MSL. Under the high scenario, substantial MSL rise is
expected on the southern Finnish coast. Even in the areas of strongest land uplift, the historical decline in MSL, may well be
reversed and the MSL return close to present-day levels by the end of the century. The upper tails of the distributions point to
a small but non-negligible risk of a considerably larger SLR, up to 1-2 m.

ublished MSL projections for the Finnish coast (Pellikka et al., 2018), used in national adaptation plannin

The previousl

are close to the medium-emission projections presented in_this study. The probability distribution calculated for the high
emission scenario shows potential for much stronger sea level rise, however. In the earlier estimates, the expected absolute
SLR in Finland (excluding land uplift) was lower than the global mean due to the reduction caused by glacier fingerprints.
According to current knowledge, this reduction may be canceled over this century by larger-than-average contributions induced

by thermal expansion and ocean dynamics.
Our mixture distribution of GMSLR is in line with the IPCC AR6 projection (Fox-Kemper et al.

2021, medium confidence

3

under the low emission scenario, but higher than that in the upper tail under medium and high emissions. The medium
confidence projections of AR6 do not include processes related to marine ice sheets that are characterized by deep uncertainty.
These are included in a separate low confidence projection, which is similar to our mixture projection under medium emissions
and even higher under high emissions. It can be concluded that ARG manages to cover potential SLR futures better than
the earlier IPCC reports, and including other projections in the mixture does not change the picture radically. In high risk
applications, it is important to consider the risk of SLR above the medium confidence projection of AR6.

As can be seen in Fig. 7, the rate of SLR is the dominant source of uncertainty in the local MSL projections. The uncertainty
interyals of the wind-induced and land uplift components are much narrower. The rate of land uplift simulated by the GIA model
is effectively constrained by observations. Varying changes in the zonal geostrophic wind among the AOGCM simulations stem
both from structural differences between the various models and internal variability in the climate system. For simplicity, we

have assumed that inter-model differences in the u, response follow the Gaussian distribution (Sect. 2.5). Owing to the small

number of AOGCMs studied (N = 17), we could neither confirm nor disprove the normality assumption; the multi-model

frequency histograms of the u, response for the various time spans and greenhouse gas scenarios proved to be significantly
affected by stochastic variations. Nevertheless, the contribution of uncertainty in wind-induced forcing and, in particular, land
uplift to the total local MSL, change is far smaller than the uncertainty originating from the global sea level rise. Evidently, the
exact shapes of the probability distributions of these factors have a negligible impact on the total uncertainty.
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4.3 Feasibility of the emission scenarios

The low emission scenario (RCP2.6/SSP1-2.6) represents ambitious climate mitigation in line with the Paris Agreement:

warming stays below 2°C as the emissions decline to net zero in the second half of the 21st century (Chen et al., 2021). In the

medium scenario (RCP4.5/SSP2-4.5), emissions peak around mid-centur

resulting in an estimated global warming of 2.7°C

by 2100. The high scenario (RCP8.5/SSP5-8.5) represents a fossil-fuel intensive pathway, where emissions

during this century and global warming by 2100 can exceed 4 °C..

IPCC does not assess the likelihood or feasibility of the different emission scenarios, but such estimates are often needed
by policymakers, and implicit assessments of scenario probabilities may well be made by end users in the absence of relevant
expert assessments (Ho et al,, 2019). Hausfather and Peters (2020) argue that considering current trends in the energy sector,
SSP3-8.5 should be regarded as a highly unlikely worst-case scenario, and that current policies point to the modest mitigation
pathway SSP2-4.5. On the other hand, the feasibility of the low emission scenario can also be questioned, as the ambition in
climate change mitigation should strongly increase to keep the goals of the Paris Agreement — and hence SSP1-2.6 — within
reach (den Elzen et al., 2022). This again points to SSP2-4.5 as the most likely greenhouse gas scenario.

4.4 Notes for the end-users of the projections

The projections presented in this study are intended for use in many different applications where information about future MSL
is needed. The projections are presented as probability distributions so that they can be taHered-individually-to-the-planning

OG- €an—arSoo a y-aaapted

: widely applied for
different purposese-g-by-adjusting the-weights—However-the_, It is up to the end users to choose the projections appropriately
$0 that the probability level of the projection is in line with the acceptable risk level, which depends on the application.
Tables A2-A4 present median projections with three different uncertainty ranges. The narrowest range, 17-83% corresponds
to_the likely range used by IPCC in their SLR projections. The widest range, 1-99%; is intended to be used in high-risk
applications. Even higher projections could be presented with an extremely small probability; it is impossible to determine a

definite upper limit for sea level rise.
The end users of all probabilistic SLR projections need to recognize that the probabilities are always partiatty-to some extent

subjective and dependent on different assumptions. As long as there is deep uncertainty related to ice sheet behaviour in the

warming climate, it is recommended not to be overconfident in any seemingly precise SLR projection (Behar et al., 2017).

Uncertainties are large, especially in the upper end; median projections are better constrained. The upper-end projections
should be viewed as illustrative, reflecting the best scientific understanding at the moment.

In many applications, the short-term sea level maxima (flooding) are of high relevance, not just the mean sea level. At the
Finnish coast, short-term maxima vary between 1-2 m above the mean. In Helsinki, for example, the worst coastal flood on
record, 1.51 m above the mean sea level. took place in January 2005 during the storm Gudrun and caused significant damage,
which was alleviated with temporary flood protection structures. Even under the medium emission scenario, coastal floods
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of that magnitude may become common by the end of the century (Pellikka et al., 2018), which would require substantial
investments in adaptation.

In the future, the height of coastal floods will increase simply because the mean sea level is rising. In addition, it is possible
in wind and air pressure conditions. The change in water depth as the mean sea level rises also impacts the dynamics of
short-term sea level phenomena, such as seiche oscillations, tides and wind waves. The effect of this interaction between the
mean sea level and short-term variability can be significant especially in shallow water areas (Idier et al., 2019), such as the

Baltic Sea, but is not very well understood. A more detailed study of short-term sea level variability is beyond the scope of this
aper.

5 Conclusions
The main findings of this study can be summarized as follows:

1. Historical trends of absolute sea level rise en-at the Finnish coast—thus, excluding the effect of land uplift and wind-
induced changes in Baltic sea level—, are in accordance with global mean rates. This evolution is expected to continue
over the 21st century, teoas well, as the smaller-than-average glacier contribution is compensated by the larger-than-

average ocean contribution in the Baltic Sea.

2. Median projections of mean sea level change in Finland (2100 relative to 1995-2014) range from —43 to +16 cm for the
low emission scenario, —28 to +31 c¢m for the medium scenario, and +1 to +61 cm for the high scenario depending on
location. Lewest-values-are-related-to-The lowest values occur in the area of strong land uplift in the north and highestto
the highest ones in the Gulf of Finland in the south. The upper tail of the probability distribution characterizes the risk
of higher sea level rise. The 95th percentiles range from —9 to +50 cm (low emissions), +24 to +83 cm (medium), and

+93 to +152 cm (high) depending on location.

3. Our weighted combination of 10 individual GMSLR projections is close to or in between of the two probability distribu-
tions provided by IPCC AR6 (Fox-Kemper et al., 2021, medium and low confidence). Thus;It seems that AR6 manages
to cover the full spectrum of potential sea level rise by 2100 better than earlier IPCC reports;-and-otherliterature-doesnot

suggestfundamentally-different-prejeetions. The low-confidence storyline should be considered in high-risk applications,
such as in assessing nuclear power plant safety.

Data availability. Sea level data from the Finnish tide gauges is open data that can be accessed through the Permanent Service for Mean Sea

Level (https://www.psmsl.org/). All data related to SLR projections, which is used in this study, is available from the publications referenced.
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Appendix: Additional results

Here, we provide additional tables and figures that might be beneficial for the end users of this study. Table A1 shows the
projections of zonal geostrophic wind from the individual CMIP5 models used in this study. Tables A2, A3, and A4 give
the MSL projections for all Finnish tide gauges and different emission scenarios. Fig. A1 shows the individual probability

5 distributions that are used to compose the mixture distribution of GMSLRin-this-study.
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Figure Al. Members of the projection ensemble under the high emission scenario. Fits for all three distribution types (Weibull,
FrechetFréchet, skew normal) are shown as complementary cumulative distribution functions (1 — F). No fits were applied to Jevrejeva
et al. (2014) and IPCC AR6 (Fox-Kemper et al., 2021). AR6MC and AR6LC are the medium and low confidence projections of IPCC ARG,

respectively.



Table A1l. Twenty-year means of zonal geostrophic wind (metres per second) at 55°N, 15°E, according to CMIP5 model results: historical

(1986-2005) and future (2081-2100) under low (RCP2.6), medium (RCP4.5), and high (RCP8.5) emission scenarios.

Model Histt Low  Medium High
MIROCS 0.04 —0.24 0.07 0.11
MIROC-ESM 297 3.38 3.85 4.55
MIROC-ESM-CHEM  3.01 3.42 3.86 4.54
MRI-CGCM3 456 497 4.89 4.86
BCC-CSM1-1 4.13 3.92 3.67 4.47
NorESM1-M 424 349 4.27 4.42
HadGEM2-ES 330 251 3.09 2.72
MPI-ESM-LR 3.13 3.56 3.51 431
MPI-ESM-MR 3.53 3.98 4.07 4.37
CNRM-CMS5 1.84 1.35 1.95 1.72
IPSL-CMS5A-LR 3.06 227 3.30 422
IPSL-CM5A-MR 3.64 398 3.74 4.97
GFDL-CM3 272 3.9 3.87 5.20
GFDL-ESM2M 209  3.07 3.23 3.79
NCAR-CCSM4 486  5.35 4.80 5.96
CanESM2 402  3.78 3.67 4.10
EC-EARTH 340 354 3.10 3.24

Table A2. Projected mean sea level (centimetres) at the Finnish tide gauges in 2100 under the low emission scenario (RCP2.6/SSP1-2.6).

Low scenario (2.6) 2100 (N2000) 2100 relative to 1995-2014

Station 1% 5% 17%_ 50% 83%_  95% 99% 1% 5% 17%_  50% 83%_  95% 99%
Kemi =50 —-43 -35 =20 =2 14 42 | =70 —-62 54 —40 -22 =5 22
Oulu —-47 —-40 32 18 0 16 4 | —66 -59 =51 =37 -—-19 =2 25
Raahe =53 —45 =37 =23 =5 12 39| -71 —-63 =55 -4 =23 7 21
Pietarsaari =55 —-48 40 =26 =8 9 371 =73 —66 —-58 43 =26 =9 19
Vaasa =53 —46 -39 24 -7 10 38| =71 —-64 56 —42 24 -8 20
Kaskinen —-47 —-40 32 18 0 16 4 | -66 —-59 51 =37 -—-19 =3 25
Mintyluoto -39 =32 -24 10 8 24 52 | =57 =50 —43 =28 11 6 34
Rauma -33 =26 18 -4 14 30 58 | =51 —44 36 22 -4 12 40
Turku -19 —-12 -4 10 27 44 721 =37 -30 -22 -8 10 26 54
Degerby -25 —18 11 4 21 38 66 | —40 33 25 11 7 23 51
Hanko —6 1 9 23 41 58 8 | =24 —-17 10 4 22 39 67
Helsinki 0 7 15 29 47 63 91 | =20 —-13 =5 9 27 43 71
Hamina 8 15 23 37 35 72 100 | —14 -7 1 16 34 50 78
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Table A3. Projected mean sea level (centimetres) at the Finnish tide gauges in 2100 under the medium emission scenario (RCP4.5/SSP2-4.5).

Medium scenario (4.5) 2100 (N2000) 2100 relative to 1995-2014
Station 1% 5% 17% 50% 83% 95% 99% | 1% 5% 17% 50% 83% 95% 99%
Kemi -39 31 —22 -5 18 47 8| —59 —50 —41 24 —2 27 €9
Oulu —37 —28 —19 -2 20 49 91| —56 —47 —38 21 130 72
Raahe —42 33 24 -7 15 4 8 | —60 —51 —42 25 -3 26 68
Pietarsaari —44 36 —27 —10 12 42 8 | —62 —54 —45 28 —6 24 65
Vaasa —43 34 26 -9 13 43 84| —60 —52 —43 26 —4 25 67
Kaskinen —37 —28 20 -3 20 49 90| —56 —47 —38 21 130 7
Mintyluoto 28 —20 —11 6 28 5T 99| —47 -39 30 —I3 9 39 80
Rauma 22 14 -5 12 34 63 105| —40 —32 23 -6 16 45 86
Turku -9 0 8§ 25 47 77 118 | -2 —18 -9 7 30 59 100
Degerby -15 -6 2 19 4 71 112|-29 -21 —12 5 27 56 97
Hanko 5 13 2 39 6 9 132|-14 -6 3 20 4 72 113
Helsinki 1119 28 45 67 9 138 | -9 —I 8 25 47 76 118
Hamina 18 27 36 53 75 105 146 | -3 5 14 31 54 83 125

Table A4. Projected mean sea level (centimetres) at the Finnish tide gauges in 2100 under the high emission scenario (RCP8.5/SSP5-8.5).

High scenario (8.5) 2100 (N2000) 2100 relative to 1995-2014
Station 1% 5% 17% 50% 83% 95% 99% | 1% 5% 17% 50% 83% 95% 99%
Kemi —21 —10 2 24 59 116 188 | —41 30 —18 5 39 9 169
Oulu -19 -8 4 27 6l 118 190 | -38 —27 —15 8 42 99 171
Raahe —24 —13 -1 22 56 113 185 | —42 31 —19 4 38 95 167
Pictarsaari —26 —15 —4 19 53 110 183 | —44 —33 21 1 36 93 165
Vaasa —25 —14 -3 20 54 111 184 | —42 31 —20 3 37 9% 166
Kaskinen -19 -8 4 26 6l 118 190 | -38 —27 —15 7 42 99 171
Miintyluoto ~10 1 12 3 6 126 198 |-29 —18 —7 16 50 107 180
Rauma —4 6 18 40 75 132 204 | -23 —12 0 22 57 114 186
Turku 9 20 32 54 8 145 218 | -9 2 14 36 71 128 200
Degerby 3 14 25 48 82 139 211 | —11 -1 1l 33 67 124 197
Hanko 23 34 45 68 102 159 231 4 15 26 49 83 140 212
Helsinki 29 40 51 74 108 165 237 9 20 31 54 88 145 217
Hamina 36 48 60 8 117 174 246 | 15 26 38 61 95 152 225

25



Author contributions. The analysis was performed by HP with the following contributions: KR analyzed the zonal geostrophic winds, MMJ
the wind-induced sea level component and the historical trends, and MN extracted the land uplift rates. The manuscript was written by HP

with contributions from all co-authors.

Competing interests. No competing interests are present.

5 Acknowledgements. This work was supported financially by VYR (National Nuclear Waste Management Fund) through SAFIR2018 (The
Finnish Research Programme on Nuclear Power Plant Safety 2015-2018). The study has utilized research infrastructure facilities provided
by FINMARI (Finnish Marine Research Infrastructure network). We wish to thank Dr. Jan-Victor Bjorkqvist for valuable comments and

discussions, and Dr. Simo Siirii for technical help.

26



10

15

20

25

30

35

References

Andersson, H. C.: Influence of long-term regional and large-scale atmospheric circulation on the Baltic sea level, Tellus A: Dynamic Meteo-
rology and Oceanography, 54, 76-88, 2002.

Bamber, J. L., Oppenheimer, M., Kopp, R. E., Aspinall, W. P., and Cooke, R. M.: Ice sheet contributions to future sea-level rise from
structured expert judgment, Proceedings of the National Academy of Sciences, 116, 11 195-11 200, 2019.

Behar, D., Kopp, R., DeConto, R., Weaver, C., White, K., May, K., and Bindschadler, R.: Planning for sea level rise: An AGU talk in
the form of a co-production experiment exploring recent science, in: AGU Fall Meeting 2017, https://www.wucaonline.org/assets/pdf/
pubs-sfpuc-agu-consensus-statement.pdf, 2017.

Chen, D., Rojas, M., Samset, B. H., Cobb, K., Niang, A. D., Edwards, P., Emori, S., Faria, S. H., Hawkins, E., Hope, P., Huybrechts, P.,
Meinshausen, M., Mustafa, S. K., Plattner, G.-K., , and Tréguier, A.-M.: Framing, context, and methods, in: Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change, edited by Masson-Delmotte, V. et al., pp. 147-286, Cambridge University Press, Cambridge, UK and New York, NY, USA, 2021.

CISL Research Data Archive: Daily Northern Hemisphere Sea Level Pressure Grids, continuing from 1899, Research Data Archive at the
National Center for Atmospheric Research, Computational and Information Systems Laboratory, University Corporation for Atmospheric
Research, Boulder CO, https://doi.org/10.5065/7NB6-RJ33, accessed 7 Nov 2018, 1979.

Dangendorf, S., Marcos, M., Woppelmann, G., Conrad, C. P., Frederikse, T., and Riva, R.: Reassessment of 20th century global mean sea
level rise, Proceedings of the National Academy of Sciences, 114, 5946-5951, 2017.

DeConto, R. M. and Pollard, D.: Contribution of Antarctica to past and future sea-level rise, Nature, 531, 591-597, 2016.

DeConto, R. M., Pollard, D., Alley, R. B., Velicogna, 1., Gasson, E., Gomez, N., Sadai, S., Condron, A., Gilford, D. M., Ashe, E. L., Kopp,
R. E., Li, D., and Dutton, A.: The Paris Climate Agreement and future sea-level rise from Antarctica, Nature, 593, 83-89, 2021.

den Elzen, M. G., Dafnomilis, I., Forsell, N., Fragkos, P., Fragkiadakis, K., Hohne, N., Kuramochi, T., Nascimento, L., Roelfsema, M., van
Soest, H., and Sperling, F.: Updated nationally determined contributions collectively raise ambition levels but need strengthening further
to keep Paris goals within reach, Mitigation and Adaptation Strategies for Global Change, 27, 1-29, 2022.

Edwards, T. L., Brandon, M. A., Durand, G., Edwards, N. R., Golledge, N. R., Holden, P. B., Nias, I. J., Payne, A. J., Ritz, C., and Wernecke,
A.: Revisiting Antarctic ice loss due to marine ice-cliff instability, Nature, 566, 58—64, 2019.

Fox-Kemper, B., Hewitt, H. T., Xiao, C., Adalgeirsdéttir, G., Drijfhout, S. S., Edwards, T. L., Golledge, N. R., Hemer, M., Kopp, R. E.,
Krinner, G., Mix, A., Notz, D., Nowicki, S., Nurhati, I. S., Ruiz, L., Sallée, J.-B., Slangen, A. B. A., and Yu, Y.: Ocean, cryosphere and
sea level change, in: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by Masson-Delmotte, V. et al., pp. 1211-1362, Cambridge University Press,
Cambridge, UK and New York, NY, USA, 2021.

Frederikse, T., Landerer, F., Caron, L., Adhikari, S., Parkes, D., Humphrey, V. W., Dangendorf, S., Hogarth, P., Zanna, L., Cheng, L., and
Wau, Y.-H.: The causes of sea-level rise since 1900, Nature, 584, 393-397, 2020.

Garner, A. J., Weiss, J. L., Parris, A., Kopp, R. E., Horton, R. M., Overpeck, J. T., and Horton, B. P.: Evolution of 21st century sea level rise
projections, Earth’s Future, 6, 1603-1615, 2018.

Goodwin, P., Haigh, I. D., Rohling, E. J., and Slangen, A.: A new approach to projecting 21st century sea-level changes and extremes, Earth’s
Future, 5, 240-253, 2017.

27


https://www.wucaonline.org/assets/pdf/pubs-sfpuc-agu-consensus-statement.pdf
https://www.wucaonline.org/assets/pdf/pubs-sfpuc-agu-consensus-statement.pdf
https://www.wucaonline.org/assets/pdf/pubs-sfpuc-agu-consensus-statement.pdf
https://doi.org/10.5065/7NB6-RJ33

10

15

20

25

30

35

Grawe, U., Klingbeil, K., Kelln, J., and Dangendorf, S.: Decomposing mean sea level rise in a semi-enclosed basin, the Baltic Sea, Journal
of Climate, 32, 3089-3108, 2019.

Grinsted, A., Jevrejeva, S., Riva, R. E., and Dahl-Jensen, D.: Sea level rise projections for northern Europe under RCP8.5, Climate Research,
64, 15-23, 2015.

Hausfather, Z. and Peters, G. P.: Emissions—the ‘business as usual’story is misleading, Nature, 577, 618-620, 2020.

Hay, C. C., Morrow, E., Kopp, R. E., and Mitrovica, J. X.: Probabilistic reanalysis of twentieth-century sea-level rise, Nature, 517, 481-484,
2015.

Hieronymus, M. and Kalén, O.: Sea-level rise projections for Sweden based on the new IPCC special report: The ocean and cryosphere in a
changing climate, Ambio, 49, 1587-1600, 2020.

Hinkel, J., Jaeger, C., Nicholls, R. J., Lowe, J., Renn, O., and Peijun, S.: Sea-level rise scenarios and coastal risk management, Nature Climate
Change, 5, 188-190, 2015.

Ho, E., Budescu, D. V., Bosetti, V., van Vuuren, D. P., and Keller, K.: Not all carbon dioxide emission scenarios are equally likely: a subjective
expert assessment, Climatic Change, 155, 545-561, 2019.

Idier, D., Bertin, X., Thompson, P., and Pickering, M. D.: Interactions between mean sea level, tide, surge, waves and flooding: mechanisms
and contributions to sea level variations at the coast, Surveys in Geophysics, 40, 1603—1630, 2019.

Jevrejeva, S., Moore, J. C., and Grinsted, A.: Sea level projections to AD2500 with a new generation of climate change scenarios, Global
and Planetary Change, 80, 14-20, 2012.

Jevrejeva, S., Grinsted, A., and Moore, J. C.: Upper limit for sea level projections by 2100, Environmental Research Letters, 9, 104 008,
2014.

Johansson, M., Boman, H., Kahma, K. K., and Launiainen, J.: Trends in sea level variability in the Baltic Sea, Boreal Environment Research,
6, 159-179, 2001.

Johansson, M. M., Pellikka, H., Kahma, K. K., and Ruosteenoja, K.: Global sea level rise scenarios adapted to the Finnish coast, Journal of
Marine Systems, 129, 35-46, 2014.

Jylhd, K., Kédmaéridinen, M., Fortelius, C., Gregow, H., Helander, J., Hyvirinen, O., Johansson, M., Karppinen, A., Korpinen, A., Kouznetsov,
R., Kurzeneva, E., Leijala, U., Mikeld, A., Pellikka, H., Saku, S., Sandberg, J., Sofiev, M., Vajda, A., Veniliinen, A., and Vira, J.: Recent
meteorological and marine studies to support nuclear power plant safety in Finland, Energy, 165, 1102-1118, 2018.

Kopp, R. E., Horton, R. M., Little, C. M., Mitrovica, J. X., Oppenheimer, M., Rasmussen, D., Strauss, B. H., and Tebaldi, C.: Probabilistic
21st and 22nd century sea-level projections at a global network of tide-gauge sites, Earth’s Future, 2, 383—406, 2014.

Kopp, R. E., Kemp, A. C., Bittermann, K., Horton, B. P., Donnelly, J. P., Gehrels, W. R., Hay, C. C., Mitrovica, J. X., Morrow, E. D., and
Rahmstorf, S.: Temperature-driven global sea-level variability in the Common Era, Proceedings of the National Academy of Sciences,
113, E1434-E1441, 2016.

Kopp, R. E., DeConto, R. M., Bader, D. A., Hay, C. C., Horton, R. M., Kulp, S., Oppenheimer, M., Pollard, D., and Strauss, B. H.: Evolving
understanding of Antarctic ice-sheet physics and ambiguity in probabilistic sea-level projections, Earth’s Future, 5, 1217-1233, 2017.

Le Bars, D., Drijthout, S., and de Vries, H.: A high-end sea level rise probabilistic projection including rapid Antarctic ice sheet mass loss,
Environmental Research Letters, 12, 044 013, 2017.

Lee, J., Marotzke, J., Bala, G., Cao, L., Corti, S., Dunne, J. P., Engelbrecht, F., Fischer, E., Fyfe, J. C., Jones, C., Maycock, A., Mutemi, J.,

Ndiaye, O., Panickal, S., and Zhou, T.: Future global climate: scenario-based projections and near-term information, in: Climate Change

28



10

15

20

25

30

35

2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, edited by Masson-Delmotte, V. et al., Cambridge University Press, in press, 2021.

Luomaranta, A., Ruosteenoja, K., Jylhd, K., Gregow, H., Haapala, J., and Laaksonen, A.: Multimodel estimates of the changes in the Baltic
Sea ice cover during the present century, Tellus A: Dynamic Meteorology and Oceanography, 66, 22617, 2014.

Lyu, K., Zhang, X., and Church, J. A.: Regional dynamic sea level simulated in the CMIP5 and CMIP6 models: Mean biases, future
projections, and their linkages, Journal of Climate, 33, 6377-6398, 2020.

Madsen, K. S., Hgyer, J. L., Suursaar, U., She, J., and Knudsen, P.: Sea level trends and variability of the Baltic Sea from 2D statistical
reconstruction and altimetry, Frontiers in Earth Science, 7, 243, 2019.

McEvoy, S., Haasnoot, M., and Biesbroek, R.: How are European countries planning for sea level rise?, Ocean & Coastal Management, 203,
105512, 2021.

Mengel, M., Levermann, A., Frieler, K., Robinson, A., Marzeion, B., and Winkelmann, R.: Future sea level rise constrained by observations
and long-term commitment, Proceedings of the National Academy of Sciences, 113, 2597-2602, 2016.

Mitrovica, J., Gomez, N., Morrow, E., Hay, C., Latychev, K., and Tamisiea, M.: On the robustness of predictions of sea level fingerprints,
Geophysical Journal International, 187, 729-742, 2011.

Mitrovica, J. X., Tamisiea, M. E., Davis, J. L., and Milne, G. A.: Recent mass balance of polar ice sheets inferred from patterns of global
sea-level change, Nature, 409, 1026-1029, 2001.

Passaro, M., Miiller, F. L., Oelsmann, J., Rautiainen, L., Dettmering, D., Hart-Davis, M. G., Abulaitijiang, A., Andersen, O. B., Hgyer, J. L.,
Madsen, K. S., Ringgaard, I. M., Sdrkkd, J., Scarrott, R., Schwatke, C., Seitz, F., Tuomi, L., Restano, M., and Benveniste, J.: Absolute
Baltic sea level trends in the satellite altimetry era: A revisit, Frontiers in Marine Science, 8, 647 607, 2021.

Pellikka, H., Leijala, U., Johansson, M. M., Leinonen, K., and Kahma, K. K.: Future probabilities of coastal floods in Finland, Continental
Shelf Research, 157, 32-42, 2018.

Poutanen, M. and Steffen, H.: Land uplift at Kvarken Archipelago/High Coast UNESCO World Heritage area, Geophysica, 50, 49-64, 2014.

Ruosteenoja, K., Vihma, T., and Venildinen, A.: Projected changes in European and North Atlantic seasonal wind climate derived from
CMIP5 simulations, Journal of Climate, 32, 6467-6490, 2019.

Saaranen, V., Lehmuskoski, P., Rouhiainen, P., Takalo, M., Mikinen, J., and Poutanen, M.: The new Finnish height reference N2000, in:
Geodetic Reference Frames — IAG Symposium Munich, Germany, 9-14 October 2006, edited by Drewes, H., vol. 134 of International
Association of Geodesy Symposia, pp. 297-302, Springer, 2009.

Siegert, M., Alley, R. B., Rignot, E., Englander, J., and Corell, R.: Twenty-first century sea-level rise could exceed IPCC projections for
strong-warming futures, One Earth, 3, 691-703, 2020.

Simpson, M. J., Nilsen, J. E. @., Ravndal, O. R., Breili, K., Sande, H., Kierulf, H. P,, Steffen, H., Jansen, E., Carson, M., and Vestgl, O.:
Sea Level Change for Norway: Past and Present Observations and Projections to 2100, Report 1/2015, Norwegian Centre for Climate
Services, Oslo, Norway, 2015.

Slangen, A., Carson, M., Katsman, C., Van de Wal, R., Kohl, A., Vermeersen, L., and Stammer, D.: Projecting twenty-first century regional
sea-level changes, Climatic Change, 124, 317-332, 2014.

Stramska, M. and Chudziak, N.: Recent multiyear trends in the Baltic Sea level, Oceanologia, 55, 319-337, 2013.

Suursaar, U. and Kall, T.: Decomposition of relative sea level variations at tide gauges using results from four Estonian precise levelings and

uplift models, IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 11, 1966-1974, 2018.

29



Suursaar, U., Jaagus, J., and Kullas, T.: Past and future changes in sea level near the Estonian coast in relation to changes in wind climate,
Boreal Environment Research, 11, 123, 2006.
Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: An overview of CMIPS5 and the experiment design, Bulletin of the American Meteorological
Society, 93, 485-498, 2012.
5 Vestgl, O, Agren, J., Steffen, H., Kierulf, H., and Tarasov, L.: NKG2016LU — A new land uplift model for Fennoscandia and the Baltic
Region, Journal of Geodesy, 93, 1759-1779, 2019.

30



