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Abstract Current coastal spatial planning in Sweden uses
simple methods to account for how flood risks increase owing
to sea level rise. Those methods, however, fail to account for
several important aspects of sea level rise, such as: projection
uncertainty, emission scenario uncertainty and time
dependence. Here, enhanced methods that account for these
uncertainties are applied at several locations along the coast.
The relative importance of mean sea level rise and extreme
events for flood risk is explored for different timeframes. A
general conclusion for all locations is that, extreme events
dominate the flood risk for planning periods lasting a few
decades. For longer planning periods, lasting toward the end
of the century, the flood risk is instead dominated by the risk
of high sea level rise. It is argued that these findings are
important for assessments of future flood risk, and that they
should be reflected in coastal spatial planning.

Keywords Extreme sea levels - Flooding - Planning -
Sea level rise

INTRODUCTION

The global mean sea level rose faster during the last cen-
tury than during any preceding century in the last 3000
years, and even higher rates of sea level rise are projected
for this century (Fox-Kemper et al. 2021). When sea levels
rise, the risk of coastal flooding increases. Sea level rise
therefore poses a significant problem for coastal spatial
planners in many locations throughout the world (Hinkel
et al. 2018; Oppenheimer et al. 2019; Tebaldi et al. 2021).
Moreover, coastal spatial planning must consider not only
mean sea level rise but also temporary sea level extremes
that can occur, for example, during severe storms (Arns
et al. 2017; Wahl et al. 2017). Both sea level extremes and
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mean sea level rise have considerable spatial inhomo-
geneities, also on relatively small scales of tens to hundreds
of kilometres. Coastal spatial planning must therefore
account for regional and sometimes even local conditions.

Here we focus on the Swedish coast, using examples from
six different tide-gauge locations that exemplify the different
oceanographic conditions that exist along the nations shore-
line. Sweden is in many ways atypical in terms of both mean
sea level rise and sea level extremes. Swedish shores are
characterized by weak tides and they are also fairly well
sheltered from North Atlantic swells and storm surges. This
gives rise to relatively low extreme sea levels. For example,
even the 100 year return level (a sea level with a 1/100
probability of occurrence in any given year) at our six tide-
gauge stations is considerably lower than the high tide at
many locations in the neighbouring North Sea (Hieronymus
etal. 2017, 2018). The projected mean sea level rise for
Sweden is, similarly, much lower than the global average.
Primarily, this is due to high rates of land uplift owing to
glacial isostatic adjustment since the last ice age (Vestgl et al.
2019). Of secondary importance is Sweden’s relative prox-
imity to Greenland, which ensures that melting of the
Greenland ice sheet has a small effect on sea levels in the area
(Hieronymus and Kalén 2020). The projected mean sea level
change for Sweden is, however, highly spatially inhomoge-
neous. The rate of land uplift is highest in the northern parts of
the country where the Fennoscandian Ice Sheet was the
thickest. In these parts, the sea level is expected to fall during
the current century in all but the most extreme projections
(Hieronymus and Kalén 2020). However, in the southernmost
parts of the country the rate of land uplift is low, and the
projected mean sea level rise is not that much smaller than in
globally averaged projections.

As members of SMHI’s expert group on sea level rise,
we frequently get asked how high mean sea levels and sea
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level extremes municipalities should plan for. Formulated
this way, the question is more about risk appetite than
climate science, and may thus be more suited to an econ-
omist than a natural scientist. However, while natural sci-
ence offers little guidance for choosing acceptable risk
levels, it can inform us on how to combine the individual
risks from mean sea level rise and sea level extremes into a
joint risk of flooding. Hieronymus (2021) tackled this
problem by introducing a flood risk simulator that uses
mean sea level projections (Oppenheimer etal. 2019;
Hieronymus and Kalén 2020) and extreme sea level dis-
tributions based on tide-gauge data to produce joint prob-
ability distributions. The original paper used Stockholm as
a case study and modelled the planning period 2021-2100.
A key conclusion from that paper was that flooding was
much more likely to occur as a consequence of very high
mean sea level rise than very high extreme sea levels

A major benefit of the flood risk simulator framework is
that it is relatively straightforward to discern how different
modelling assumptions (e.g. probabilities given to emission
scenarios or mean sea level rise projections) affect the
probability that a given area will be flooded. This paper
extends the results of (Hieronymus 2021) in two important
ways. Firstly, more locations with rather different
oceanographic conditions are simulated. Secondly, it is
investigated how the length of the planning period affects
how big contributions mean sea level rise and sea level
extremes give to flooding events. The second point has
direct implications for how coastal spatial planning could
be improved to accurately account for how flood risks
evolve over time.

In comparison to Hieronymus (2021), this perspective
article is non-technical and argument-based. What’s
important here is not the specifics of the model or the
underlying data. Instead we focus here on the general
pattern of how the risk of flooding evolves with the length
of the planning period, and how knowledge of this pattern
can be used in planning. Ultimately, we hope that our
findings will be used by coastal spatial planners to design
better informed, location and planning period specific,
adaptation plans.

METHODS AND DATA

The flood risk simulator of Hieronymus (2021) has here
been set-up for all Swedish tide-gauge stations with cen-
tury long time series and the station in Ystad, which we
include even though its time series is only 99 years long.
The six stations, shown in Fig. 1, give a reasonable spatial
coverage and representation of the ranges of sea level
extremes and projected mean sea levels along the Swedish
coast. The mean sea level projections and extreme sea level

distributions used by the flood risk simulator are taken
from Hieronymus and Kalén (2020), where more details
are available. Further information about the Swedish tide-
gauge network and links to the data portal are given in
SMHI (2022). Updated mean sea level projections for
Sweden based on Fox-Kemper etal. (2021) are being
developed at SMHI, but were not yet finalized when the
current paper was written.

The general approach of the flood risk simulator is to
combine mean sea level rise projections with yearly sea
level maxima, drawn from generalized extreme value
(GEV) distributions fitted to the tide-gauge data from each
station. A schematic of the flood risk simulator framework
is given in Fig.2. Scenario uncertainty is introduced
through the numbers p,q and 1 —p — g, that give the
probabilities of having emissions following pathways
RCP2.6, RCP4.5 and RCPS8.5 (van Vuuren et al. 2011),
respectively. We use the same [p, g] combinations here as
in Hieronymus (2021). Uncertainty in the mean sea level
rise projections is modelled using skew normal distribu-
tions also following Hieronymus (2021). All simulations
start in 2021 and eight different planning periods between
10 and 80 years long are simulated. The shortest period
consequently ends in the year 2030 and the longest in 2100.
The flood risk simulator is run 108 times for each
[p, g] combination and planning period. Each such run has
its unique set of yearly maximum sea levels and time
dependent mean sea level change. A joint mean sea level
extreme sea level distribution is then computed for every
planning period and [p, g] combination.

This joint distribution can be used to determine the
probability that a given height above the current mean sea
levels will be flooded at least once during the planning
period as a consequence of the joint effect of mean sea
level change and extreme sea levels. Our analysis focuses
on levels above the current mean sea level that has a 1 in
10 000 probability of being reached during the planning
period. The usage of this probability level is inspired by the
recommendations of the Swedish National Board of
Housing, Building and Planning (Boverket 2020). How-
ever, it should be mentioned that those recommendations
do not specifically treat neither the length of the planning
period nor the usage of mean sea level projections. Dif-
ferent interpretations of how these recommendations
should be imposed are therefore certainly possible.

RESULTS

The flood risk simulator calculates the height of 1 in 10 000
joint sea level events. Joint meaning here that they are
caused by both mean sea level change and sea level
extremes. The individual heights of the mean sea levels and
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Fig. 1 The location of the stations where the flood risk simulator has been set-up. The colours show the depth in meters
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Fig. 2 A schematic of the flood risk simulator. The numbers p,g and 1 — p — ¢ give the probabilities for emission scenarios RCP2.6, RCP4.5 and
RCP8.5 coming to pass, respectively. Mean sea level projections are taken from Oppenheimer et al. (2019) with uncertainty distributions
following Hieronymus (2021). GEV distributions for yearly sea level maximum are determined from the tide-gauge data, and are assumed to be

independent of the RCP scenario

sea level extremes that contribute to these events are also
calculated. Moreover, the simulator calculates the proba-
bilities individually for seeing, at least once within a
planning period, a mean sea level and a sea level extreme at
least as high as those that contribute to the joint 1 in 10 000
sea level events.

Figure 3, shows the ratio of those probabilities and how
it varies with the length of the planning period at the dif-
ferent stations. A ratio of 10° implies that the extreme sea
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level and the mean sea level that contribute to a joint 1 in
10 000 sea level event are equally probable to occur within
the given planning period. A ratio smaller than one implies
that the extreme sea level is less likely to occur than the
mean sea level and vice versa for ratios greater than one.
It’s important to note here that the probabilities used to
calculate the P(extreme)/P(mean) ratio are not yearly
probabilities associated with return levels that are com-
monly used in coastal spatial planning. For example,
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Fig. 3 Ratio of the probabilities for seeing a sea level extreme and a mean sea level at least as high as those that give rise to 1 in 10 000 joint sea
level events. The x-axis shows the end date of the planning period whose start date is always 2021. The number triplets give the probabilities
[P,q,1 — p — g], that is, the probabilities for RCP2.6, RCP4.5 and RCP8.5 coming to pass, respectively

P(extreme) = 10~ for the period 2021-2100 means that 1
in 10000 of the simulated 2021-2100 periods has an
extreme sea level that high, not that the yearly probability
of seeing this extreme sea level is 1 in 10 000. These
probabilities are thus only equivalent if the planning period
is one year long.

All stations show a qualitatively similar pattern with
respect to length of planning period. For the shortest
planning period, 1 in 10000 joint sea level events are
essentially composed of a 1 in 10 000 extreme sea level
that co-occurs with a mean sea level that is close to its
expected value for the chosen [p, g] combination. How-
ever, as the planning period gets longer the situation
reverses. Sometimes almost completely so that a joint 1 in
10 000 sea level event is composed of a 1 in 10 000 mean
sea level co-occurring with an extreme sea level that has a
high probability of occurrence. In fact, for the longest
planning period, 1 in 10000 joint sea level events are
composed of a very low probability mean sea levels and
high probability extreme sea levels at almost all stations
and [p, g] combinations. The only exception is the p = 1
case (RCP2.6), where the two northernmost stations still
have 1 in 10000 joint sea level events composed of

@ Springer

extreme sea levels that are less likely to occur during the
planning period than the corresponding mean sea levels.
The reason for this is the high rate of land uplift at those
stations, which is much higher than the expected mean sea
level rise under RCP2.6. When the relative sea level falls,
sea level extremes occur from a lower baseline. A great
majority of all modelled planning periods with falling sea
levels, will thus experience their highest joint sea level
event in the beginning of the period. The effect of a falling
mean sea level is thus somewhat analogous to a shortening
of the planning period. Similarly, Hieronymus and Kalén
(2020) showed that the return period of a sea level equal to
today’s 100 year return level will exceed 200 years well
before the year 2050 under RCP2.6 at all tide-gauge sta-
tions in northern Sweden.

The height above the current mean sea level of 1 in
10 000 joint sea level events and the height of their mean
sea level and extreme sea level components are shown in
Fig. 4. Here we show only the p =0.2,¢g =0.7 and 1 —
p —q = 0.1 case to avoid too much clutter. In Hieronymus
(2021) it was shown that, at least for Stockholm, the risk of
seeing very high sea levels was almost entirely determined
by the probability of having emissions following RCP8.5.
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Fig. 4 The height above the current mean sea level of 1 in 10 000 joint sea level events and their mean sea level and extreme sea level
components. The x-axis shows the end date of the planning period whose start date is always 2021. The right y-axis shows the yearly probability
(one divided by the return period) of the extreme sea level component of the 1 in 10 000 joint sea level event. All panels depict the

p=02,g=07and 1 —p—¢q=0.1 case

This result is very much expected to hold true also for the
other stations and higher (lower) values of 1 — p — g would
thus give rise to higher (lower) 1 in 10 000 joint sea level
events. The yearly probability (one divided by the return
period) of the extreme sea level component of the joint
events is shown on the right y-axis. This enables direct
comparisons between the extremes that contribute to 1 in
10 000 joint sea level event and return levels for sea level
that are currently used in coastal spatial planning.

The heights of the mean and extreme sea level compo-
nents of 1 in 10 000 joint sea level events change in similar
ways at all stations, as functions of the length of the
planning period. For short planning periods, 1 in 10 000
joint sea level events are composed of very high extreme
sea levels and moderate mean sea levels. Conversely, for
long planning periods such events are composed of very
high mean sea levels and more moderate extremes. For
four of these six stations the mean sea level component is
even larger than the extreme sea level component of the
joint sea level events when the planning period ends in the
year 2100. The dominance of the mean sea level compo-
nent in these long planning periods owes not only to its

monotonic increase with the length of the planning period,
but also to a decrease in the extreme component. That is,
the extreme components of these events become lower by
some tens of centimeters as the planning period goes from
2030 to 2100. Moreover, the yearly probability of the
extreme component of these joint sea level events increases
from around 103 to 1072 over the same time period.
The reason for this behaviour is that the distribution of
plausible future mean sea levels expands its range rapidly
as the length of the planning period increases, in particular
for high emission scenarios (Oppenheimer et al. 2019; Fox-
Kemper et al. 2021). The distributions of yearly sea level
maximum, in contrast, is here assumed to be independent
of time and emission scenario. The range of sea level
extremes experienced within a planning period, however,
still increases with the length of the period because a larger
number of extremes are experienced in a longer period.
Moreover, all our tide-gauge-based GEV distributions have
negative shape parameters. Their yearly maxima are thus
Weibull distributed and have an upper bound. Rity et al.
(2022) found a large number of tide-gauges in neighbour-
ing Finland to also have Weibull distributed yearly
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Fig. 5 As Figs. 3 and 4 but for 1 in 1000 and 1 in 100 sea level events for the Smogen tide-gauge

maxima, indicating that bounded sea level extremes are
likely common in the area. Taken together this means that
the range of plausible mean sea levels grows much faster
with the length of the planning period than the range of
plausible sea level extremes. A consequence of this is that
for long planning periods it is much more likely that high
joint sea level events are caused by high mean sea levels
and moderate extremes than by high sea level extremes and
moderate mean sea levels.

Furthermore, the general pattern of mean sea level rise
becoming more important than sea level extremes as the
planning period grows longer is not specific to 1 in 10 000
joint sea level events. Figure 5 shows the ratio of the mean
sea level and extreme sea level probabilities and the height
of the different components (equivalent to Figs. 3, 4) for 1
in 1000 and 1 in 100 joint sea level events at the Smogen
station. It is evident that the same pattern of increasing
importance of the mean sea level prevails also for higher
probability, 1 in 100 and 1 in 1000, events.

DISCUSSION AND CONCLUSIONS

The minimum height above the current mean sea level
where new buildings can lawfully be erected in Sweden

today is determined by simple but arbitrary recipes. A
typical formula is to add a high mean sea level rise pro-
jection (e.g. the 83rd percentile of IPCC’s projection under
RCPS8.5 for the year 2100) to a tide-gauge-based return
level, which usually corresponds to a return period between
100 and 10 000 years. Sometimes an extra safety margin of
arbitrary amount is also added (Department of civil engi-
neering county administrative board of Stockholm 2015).
These levels give no information about the probability that
buildings constructed at the minimum allowed height
above the mean sea level could experience flooding during
their expected lifetime. In contrast, the flood risk simulator
framework used here offers a natural way of quantifying
the risk of flooding as a function of height above the cur-
rent mean sea level. However, the benefit comes at a cost of
increased complexity, setting up a flood risk simulator
could conceivably be beyond the capabilities of smaller
municipalities.

Nevertheless, the analysis presented clearly suggests
that if simple recipes, like those outlined above, are indeed
needed, then these recipes should not be independent of the
length of the planning period. More precisely, it is clear
that for long planning periods the recipe should be to add a
somewhat modest return level to a very high percentile
mean sea level rise, while the recipe for short planning

© The Author(s) 2022
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periods should be to add a high return level to a moderate
sea level rise. For very short planning periods, the recipes
may be simplified since any level that is deemed suit-
able for planning periods of length T years will be more
than adequate for all periods shorter than T.

As always regarding future sea levels, there are large
uncertainties both in the mean sea level projections
(Jevrejeva et al. 2018; Horton et al. 2018; Le Bars 2018;
Hieronymus 2020) and in the estimates of sea level
extremes (Suursaar and Sooddr 2007; Dangendorf et al.
2016; Wahl etal. 2017; Hieronymus and Hieronymus
2021). Major sources of uncertainty are, for example, that
mean sea level projections rely strongly on models whose
accuracy is hard to gauge, and that sea level extreme
distributions are determined from observational records of
limited length. Another problem with the sea level
extreme estimates that could potentially affect the timing
of when mean sea level rise becomes more important than
sea level extremes for joint sea level events is the
assumption of stationarity. That is, our analysis assumes
that the distribution of yearly sea level maximum is
unaffected by climate change. Consequently, it is assumed
that the only effect climate change has on sea level
extremes, is to raise the mean sea level from which they
occur. Trends in sea level extremes derived from historical
data have been detected, at least in the Baltic Sea (Barbosa
2008; Kudryavtseva et al. 2018). However, there is cur-
rently not enough evidence available to incorporate any
realistic RCP-dependent trends in sea level extremes into
our flood risk simulator. Regardless of this oversight, it is
quite clear that the largest uncertainties currently lie in the
mean sea level projections. Several very high mean sea
level rise projections exist that projects sea level rise for
the end of the current century that exceeds that in our
projections by more than a meter at high percentiles under
RCP8.5 (DeConto and Pollard 2016; DeConto et al. 2021;
Fox-Kemper etal. 2021). Moreover, for longer multi-
century projections, sea level rise could be in the tens of
meters under very high emission scenarios and at least
several meters even under future emissions more in line
with current emission pledges (Fox-Kemper et al. 2021).
Thus, even though there are large uncertainties in our
estimates of sea level extremes, the uncertainties in future
mean sea levels are clearly larger for long planning
periods.

Another reason why mean sea level rise rather than very
high sea level extremes is the primary problem for long
term coastal spatial planning is somewhat obscured by the
usage of fixed planning periods. A fixed planning period is
only really justifiable if one completely discounts any
flooding loss that occurs after the planning period ends.

© The Author(s) 2022
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This is likely a fair assumption for a home-owner buying or
building a house by the sea. However, it might not be
appropriate for a municipality planning a new sea-side
neighbourhood, given that such settlements could be
inhabited for centuries. Therefore, it is essential to note that
even though the total storm levels are the same, a freak
storm surge of 2.5 m on top of a mean sea level that is
elevated by 0.5 m is very different from a more normal
storm surge of 1 m on top a mean sea level elevated by 2 m.
Not only because additional flooding in the future is much
more likely if the mean sea level is elevated, but also
because mean sea level rise causes additional problems
such as erosion, permanent land loss, and salt water
intrusions into the ground water.

In conclusion, we set-up the flood risk simulator
(Hieronymus 2021) at six Swedish tide-gauge stations with
century long time series, and we ran it with eight different
planning periods. The original flood risk simulator paper
considered only Stockholm and the planning period
2021-2100. Our main finding is that the flood risk goes
from being dominated by the risk of high sea level
extremes in short planning periods to being dominated by
the risk of high mean sea levels in longer planning periods.
This transition generally occurs well within the current
century and it is common to all tide-gauge stations and
combinations of climate scenarios ( i.e. [p, g] combina-
tions). We argue that this general pattern should be con-
sidered in future coastal spatial planning. Optimally, this
should be carried out using sophisticated tools such as the
flood risk simulator used in this study. However, simple
method like those in use today could be enhanced to
account for the essence of our findings by basing short term
planning on high extreme levels and moderate sea level rise
and long term planning on moderate extremes and high sea
level rise.

Acknowledgements Magnus Hieronymus is partly supported by
Hydrohazards a 5-year project financed be the Swedish Civil
Contingency Agency (MSB), and the Swedish Research Council for
Sustainable Development (FORMAS).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

@ Springer



Ambio

REFERENCES

Arns, A., S. Dangendorf, J.J.S. Talke, J. Bender, and C. Pattiaratchi.
2017. Sea-level rise induced amplification of coastal protection
design heights. Scientific Reports 7: 40171. https://doi.org/10.
1038/srep40171.

Barbosa, S.M. 2008. Quantile trends in Baltic sea level. Geophysical
Research Letters 35: 1-6.

Boverket. 2020. Utgangspunkter for bedomning av éversvamningsrisk.
https://'www .boverket.se/sv/PBL-kunskapsbanken/planering/detaljplan/
lansstyrelsens-tillsyn/tillsynsvagledning_naturolyckor/tillsynsvagledning-
oversvamning/stod-till-lansstyrelsen-vid-riskbedomning/utgangspunkter/

Dangendorf, S., A. Arns, J.G. Pinto, P. Ludwig, and J. Jensen. 2016.
The exceptional influence of storm ‘Xaver’ on design water
levels in the German Bight. Environmental Research Letters 11:
054001. https://doi.org/10.1088/1748-9326/11/5/054001.

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

DeConto, R.M., D. Pollard, R.B. Alley, I. Velicogna, E. Gasson, N.
Gomez, S. Sadai, A. Condron, et al. 2021. The Paris climate
agreement and future sea-level rise from Antarctica. Nature 593:
83-89

Department of Civil Engineering County Administrative Board of
Stockholm. 2015. Rekommendationer for lidgsta grundliaggn-
ingsnivalings Ostersjokusten i Stockholms lin — med hénsyn till
risken for 6versvamning. Technical report, in County adminis-
trative board of Stockholm, Ldnsstyrelsen i Stockholms ldn
Avdelningen for samhdllsbyggnad

Fox-Kemper, B., H.T. Hewitt, C. Xiao, G. Adalgeirsdottir, S.S.
Drijfhout, T.L. Edwards, N.R. Golledge, M. Hemer, et al. 2021.
Ocean, cryosphere and sea level change. Technical report, 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

Hieronymus, M. 2020. Nonlinear interactions and some other aspects
of probabilistic sea level projections. Water 12: 3212. https://doi.
org/10.3390/w12113212.

Hieronymus, M. 2021. A yearly maximum sea level simulator and its
applications: A Stockholm case study. Ambio 51: 1263-1274.
https://doi.org/10.1007/s13280-021-01661-4.

Hieronymus, M., and F. Hieronymus. 2021. Southern Baltic sea level
extremes: Tide gauge data, historic storms and confidence
intervals. Boreal Environmental Research 26: 79-87.

Hieronymus, M., and O. Kalén. 2020. 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. https://
doi.org/10.1007/s13280-019-01313-8.

Hieronymus, M., J. Hieronymus, and L. Arneborg. 2017. Sea level
modelling in the baltic and the north sea: The respective role of
different parts of the forcing. Ocean Modell 118: 59-72.

Hieronymus, M., C. Dieterich, H. Andersson, and R. Hordoir. 2018.
The effects of mean sea level rise and strengthened winds on
extreme sea levels in the Baltic Sea. Theoretical and Applied
Mechanics Letters 8: 366-371.

Hinkel, J., J. Aerts, S. Brown, J.A. Jiménez, D. Lincke, R.J. Nicholls,
P. Scussolini, A. Sanchez-Arcilla, A. Vafeidis, and K.A. Addo.
2018. The ability of societies to adapt to twenty-first-century sea-
level rise. Nature Climate Change 8: 570-578.

Horton, B.P., R.E. Kopp, A.J. Garner, C.C. Hay, N.S. Khan, K. Roy, and
T.A. Shaw. 2018. Mapping sea-level change in time, space, and
probability. Annual Review of Environment and Resources 43:
481-521. https://doi.org/10.1146/annurev-environ-102017-025826.

@ Springer

Jevrejeva, S., T. Frederikse, R.E. Kopp, G.L.C.L.P. Jackson, and
R.S.W. van de Wal. 2018. Probabilistic sea level projections at
the coast by 2100. Surveys in Geophysics 40: 1673—-1696. https://
doi.org/10.1007/s10712-019-09550-y.

Kudryavtseva, N., K. Pindsoo, and T. Soomere. 2018. Non-stationary
modeling of trends in extreme water level changes along the
Baltic Sea coast. Journal of Coastal Research 85: 586-590.
https://doi.org/10.2112/S185-118.1.

Le Bars, D. 2018. Uncertainty in sea level rise projections due to the
dependence between contributors. Earth’s Future 6: 1275-1291.
https://doi.org/10.1029/2018EF000849.

Oppenheimer, M., B. Glavovic, J. Hinkel, R. van de Wal, A K. Magnan, A.
Abd-Elgawad, R. Cai, M. Cifuentes-Jara, et al. 2019. Sea level rise
and implications for low lying islands, coasts and communities.
Technical report, in Intergovernmental Panel on Climate Change
Special Report on the Ocean and Cryosphere in a Changing Climate

Rity, O., M. Laine, U. Leijala, J. Siarkkd, and M.M. Johansson. 2022.
Bayesian hierarchical modeling of sea level extremes in the finnish
coastal region. Natural Hazards and Earth System Sciences
Discussions 2022: 1-23. https://doi.org/10.5194/nhess-2021-410.

SMHI. 2022. Tide-gauge list. https://www.smhi.se/kunskapsbanken/
stationslista-havsvattenstand-1.13981, accessed 2022 Mar 30.

Suursaar, U., and J. Soodir. 2007. Decadal variations in mean and
extreme sea level values along the Estonian coast of the Baltic
Sea. Tellus A: Dynamic Meteorology and Oceanography 59:
249-260. https://doi.org/10.1111/j.1600-0870.2006.00220.x.

Tebaldi, C., R. Ranasinghe, M. Vousdoukas, D.J. Rasmussen, B.
Vega-Westhoff, E. Kirezci, R.E. Kopp, R. Sriver, and L.
Mentaschi. 2021. Extreme sea levels at different global warming
levels. Nature Climate Change 11: 746-751. https://doi.org/10.
1038/s41558-021-01127-1.

Vestgl, O., J. Agren, H. Steffen, H. Kierulf, and L. Tarasov. 2019.
NKG2016LU: A new land uplift model for Fennoscandia and the
Baltic region. Journal of Geodesy 93: 1759-1779. https://doi.
org/10.1007/s00190-019-01280-8.

van Vuuren, D.P., J. Edmonds, M. Kainuma, K. Riahi, A. Thomson,
K. Hibbard, G.C. Hurtt, T. Kram, et al. 2011. The representative
concentration pathways: An overview. Climatic Change 109: 5.
https://doi.org/10.1007/s10584-011-0148-z.

Wahl, T., I.LD. Haigh, RJ. Nicholls, A. Arns, S. Dangendorf, J.
Hinkel, and A.B. Slangen. 2017. Understanding extreme sea
levels for broad-scale coastal impact and adaptation analysis.
Nature Communications 8

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

AUTHOR BIOGRAPHIES

Magnus Hieronymus (0<) (PhD) is employed as a research leader
for the topic ocean climate at SMHI. His current research focuses
primarily on sea level rise and the ocean’s role in the climate system.
Address: Swedish Meteorological and Hydrological Institute, Norr-
koping, Sweden.

e-mail: magnus.hieronymus @smbhi.se

Ola Kalén works at the Department of Societal Services at SMHL
Apart from work on future sea-level rise, he is also deeply involved in
SMHI’s work with oceanographic measurements.

Address: Swedish Meteorological and Hydrological Institute, Norr-
koping, Sweden.

© The Author(s) 2022
www.kva.se/en



