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Abstract A yearly maximum sea level simulator for

Stockholm is presented. The simulator combines extreme

sea level estimates and mean sea level rise projections into

a joint probabilistic framework. The framework can be

used, for example, to assess the risk that new structures

placed at the current minimum allowed height above the

sea level can become flooded in the future. Such

assessments can be used to underpin future building free

levels, which would be a great improvement over the much

more arbitrary criteria in use today. Another strong point of

the framework is that it can be used to quantify the

influence of uncertainties in mean sea level projections,

estimates of sea level extremes and future emission

scenarios on the risk of flooding. For Stockholm mean

sea level uncertainty is found to be much more important

than extreme sea level uncertainty. The framework is also

set-up to test adaptation measures. It is found that

protections that are built once the mean sea level has

risen above some given threshold can be very efficient.

Lastly, the framework is embedded into a simple decision

problem that can be used to calculate risk/reward ratios for

land development as a function of height above today’s

mean sea level.

Keywords Adaptation � Extreme sea levels � Flooding �
Sea level rise � Stockholm

INTRODUCTION

Infrastructure planning in many coastal areas around the

world is complicated by rising mean sea levels (Hinkel

et al. 2018; Oppenheimer et al. 2019). Rising mean sea

levels increase the risk of coastal flooding, and the great

inertia of the ice-sheets and the deep ocean assures that sea

levels will continue to rise long after atmospheric green-

house gas concentrations have stabilized (Fox-Kemper

et al. 2021). Some key difficulties that must be tackled in

coastal infrastructure plans, apart from the long time scales,

are that: sea level rise is inhomogeneous in space, future

sea level projections are highly uncertain and sea level

projections depend on poorly constrained future emission,

concentration or temperature pathways (van Vuuren et al.

2011; Mitrovica et al. 2018; Oppenheimer et al. 2019).

Apart from mean sea level rise; successful infrastructure

planning must also handle extreme sea levels that can

occur, for example, during storms when the sea level

temporarily can become elevated far above its mean level.

Plans must therefore be made with regional or even local

scales in mind. Planning for sea level rise with local scales

in mind is, however, challenging and can be costly. Many,

and especially smaller, municipalities also have limited

expertise and lack adequate tools and data to make such

plans (Schöld et al. 2020).

The focus of this manuscript is to introduce a new tool, a

yearly maximum sea level simulator, aimed to aid such

planning. The simulator is set-up for Stockholm, which is

used as a case study, but the same methodology can be

used anywhere. Stockholm similarly to most Swedish

coastal cities expects a sea level rise that is considerably

smaller than the global average. The comparably small sea

level rise owes primarily to a significant post glacial

rebound, but also to Sweden’s relative proximity to

Greenland, which ensures that melting of the Greenland ice

sheet has a small influence on Swedish sea levels

(Hieronymus and Kalén 2020). Mean sea level rise pro-

jections and extreme sea level estimates were recently

produced for a number of Swedish locations including

Stockholm by Hieronymus and Kalén (2020), and those

projections and estimates will be used here. The focus here
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is, however, not on the specifics of these data, but rather on

how to combine them into a framework that can be used to

produce probabilistic answers to a number of important sea

level related questions. Such as, for example, what land is

suitable for new settlements and how effective certain

adaptation measures might be.

Current practise in Stockholm is that new developments

should be placed on land laying higher than 2.7 m in the

national height system RH2000 (Department of civil

engineering county administrative board of Stockholm

2015). This is approximately equal to 2.5 m above the

current mean sea level in Stockholm, since the 1986-2005

averaged sea level in Stockholm was 19 cm in RH2000

(Swedish Meterological and Hydrological Institute 2021).

The rational for choosing this particular level is not given

in the reference, which is only available in Swedish.

However, it is said to be composed of an assumed 1 m sea

level rise until the year 2100, the estimated local land rise

during the same period, a 100 year return level and an extra

safety margin of 0.9 m. Uncertainty is not treated specifi-

cally and neither is it specifically stated what level of risk

the 2.7 m building free level level is supposed to protect

against. Swedish municipalities generally speaking enjoy

greater freedom in choosing their own building free levels

than municipalities do in many other countries. The recipe

of adding some return level to some assumed mean sea

level rise and sometimes adding an extra safety margin is,

however, commonly used in many countries (Arns et al.

2017; Schöld et al. 2020)

The simulator framework proposed here, in contrast to

the current practise, is well tailored to handle uncertainties

and it can easily be used, for example, to calculate the risk

that land situated 2.5 m above the current mean sea level

will be flooded sometime between now and the year 2100.

The results are, however, contingent on our beliefs in the

likelihood of different climate scenarios coming to pass.

The simulator can also give quantitative answers to ques-

tions such as how does the assumed likelihood of a given

climate scenario coming to pass affect the probability that a

given level will be flooded. Another application is to

quantify the risk that a certain level becomes flooded given

that protection is put in place when the mean sea level has

risen by some set amount.

The main aim of the manuscript is to introduce the new

simulator framework that combines mean level rise and sea

level extremes into one joint probabilistic projection. It will

be shown how the framework can be used to calculate the

probability that a given level above the current mean sea

level could be flooded sometime within a future time per-

iod. A number of examples of different applications are

also shown and discussed, but many more could easily be

set-up and adapted by future users. A great benefit of the

new framework is that is uses only completely free and

open data. Mean sea level projections are from the Inter-

governmental Panel on Climate Change (IPCC) and

extreme sea levels are derived using open data from the

Swedish Meteorological and Hydrological Institute.

MATERIALS AND METHODS

Mean sea level rise projection

Our mean sea level rise projections for Stockholm are from

the IPCC special report: The Ocean and Cryosphere in a

Changing Climate (SROCC) (Oppenheimer et al. 2019).

These projections exist for three different representative

concentration pathways (RCPs) and are complemented

with estimates of post glacial rebound from the

NKG2016LU model (Vestøl et al. 2019), as described in

Hieronymus and Kalén (2020). The SROCC global

mean sea level projections for the different RCPs agree

well with those produced for the similarly named Shared

Socioeconomic Pathways (SSPs) in the IPCC’s Sixth

Assessment Report (Fox-Kemper et al. 2021). However,

regional projections for Stockholm based on those newer

projections were not yet available at the time this article

was written.

The RCPs are labelled according to their radiative

forcings in the year 2100, which are 2.6, 4.5 and 8.5

Wm�2. In RCP2.6, emissions peak around 2020, while in

RCP8.5 they continue to grow throughout the century (van

Vuuren et al. 2011). The likely range of the temperature

increase for 2081–2100 relative to 1986–2005 is 0.3–1.7
�C under RCP2.6, 1.1–2.6 �C under RCP4.5 and 2.6–4.8 �C

under RCP8.5 (IPCC 2013). The expected sea level change

in Stockholm between the years 2021 and 2100 is - 0.16 m

under RCP2.6, - 0.03 m under RCP4.5 and 0.24 m under

RCP8.5.

The uncertainty in our mean sea level projections is

represented by fitting a skew normal distribution to the

likely range (defined as the range between the 17th and

83rd percentile) of the SROCC regional projection for

2100 interpolated to the Stockholm tide gauge location. In

practise we fit the 17th, 50th and 83rd percentile of skew

normal distribution to the SROCC distributions values at

the 17th minus the 50th percentile, zero and the 83rd minus

the 50th percentile. Thus giving us a zero centered uncer-

tainty distribution dependent on the skew normal distri-

butions three parameters: shape (n), scale (r) and location

(l). Each mean sea level projection then gets an uncertain

part which is randomly drawn from this distribution and a

constant part which is the central estimate projection by

Hieronymus and Kalén (2020). The uncertainty in the

regional projections is considerably larger than in the more

commonly seen globally averaged projections. This is a
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consequence of many processes averaging out on the glo-

bal scale (e.g. heat and mass redistribution owing to

changes in the ocean circulation), but not in regional pro-

jections. The projections used here range from 2021 to

2100 and the uncertainty is set to increase linearly from

zero in 2021 to its full value in 2100. The mean sea level

projections for the different RCPs and their 2.5th-97.5th

percentile ranges are shown in Fig. 1a.

Extreme sea levels

Extreme sea level distributions are derived by fitting a

generalized extreme value distribution (GEV) to the annual

maximum time series from the Stockholm tide gauge, using

the same data and methodology as in Hieronymus and

Kalén (2020). The GEV distribution depends on three

parameters: shape (n), scale (r) and location (l). The tide

gauge time series is linearly de-trended to remove the joint

impacts of mean sea level rise and post glacial rebound.

Years are defined as starting in July and ending in June.

Baltic sea level extremes are affected by strong low fre-

quency sea level variability in the basin (Hünicke et al.

2015; Johansson and Kahma 2016), but extremes nearly

never occur during summer months (Männikus et al. 2020).

The redefined year is thus tailored to give rise to inde-

pendent yearly maxima. In total we have 127 such years

and the highest sea level extreme during this period is 116

cm above the mean.

Extreme sea levels projections are done by randomly

drawing one yearly maximum from the GEV distribution

determined from the tide gauge data for each year between

2021 and 2100. This is essentially the same method used in

Hieronymus and Hieronymus (2021) in their first boot-

strapping method. A return level curve for sea level

extremes, its 95% confidence interval, and the observations

they both are based on are shown in Fig. 1b. The figure also

shows the 2.5th-97.5th percentile range of return level

curves estimated from samples of yearly sea level maxima

for the period 2021-2100 produced by the simulator, as an

alternative uncertainty quantification.

(a) (b)

Fig. 1 Mean sea level projections and extreme sea level estimates used by the simulator. Mean sea level as a function of time in the different

RCPs in (a), and return levels for sea level extremes (b). The profile likelihood confidence interval is computed directly from the tide gauge data

(i.e. the data plotted with black rings in panel b). The percentile ranges in a are directly computed from the mean sea level rise used in the

simulator. The percentile ranges in b are computed directly by fitting return level curves to a large amount of random 2021-2100 yearly

maximum sea level samples produced by the simulator
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The simulator

The purpose of the simulator is to incorporate mean sea

level rise and sea level extremes into one joint probabilistic

framework. A schematic of the framework is shown in

Fig. 2. To run the simulator one must first prescribe prob-

abilities for the different RCPs (i.e. p and q). Current

practise in many Swedish municipalities including Stock-

holm is to use the unlikely, and very cautious, choice of

p ¼ 0; q ¼ 0, which gives RCP8.5 the probability of one.

In reality p and q are essentially unknowns, and the whole

representation of future greenhouse gas concentrations is

somewhat hampered by the fact that we only have pro-

jections for three RCPs. Nevertheless, using all three cer-

tainly allows a more realistic representation of possible

future emissions than only keeping the highest emission

scenario. Moreover, the framework can be used to assess

how the assumed scenario probabilities affect the risk of

flooding, which is another major improvement over current

practise where scenario uncertainty is often simply ignored.

The simulator produces an empirical cumulative distri-

bution function (CDF) that gives the probability that a

certain level, x, above the current mean sea level will be

flooded at least once between the years 2021 and 2100. We

call this function F(p, q, x). The probabilities are found by

running the simulator very many times (we call the amount

of ensemble members, or 2021-2100 periods, n). Our main

results are derived using n ¼ 109, meaning that the period

2021–2100 is simulated 109 times for each different

[p,q] combination. Each of these n ensemble members has

its own mean sea level projection for the period with a

random component drawn from the skewnormal distribu-

tion and its own unique set of yearly maximum sea levels

drawn from the GEV distribution. The GEV based yearly

maximum sea levels have the local mean sea level as ref-

erence and are thus added to the yearly mean sea level

projection to find the yearly maximum sea level relative to

the 2020 mean sea level. The CDF value for any given

level above the mean is then computed by dividing the

amount of ensemble members that reached that particular

level by the total amount of ensemble members.

Using the same technique and ensemble; a CDF called

G(p, q, t), where t is time in years, is also computed. This

CDF gives the probability for when during the 2021-2100

period the highest sea level occurs. Here CDF values are

found by dividing the amount of ensemble members who

had their highest sea level reached before or during the year

t by the total amount of ensemble members. The simulator

set-up is the same throughout the article except for some

smaller modification such as adding an adaptation option

and embedding the framework into a simple decision

problem. These smaller modifications are described sepa-

rately in the results section.

RESULTS

Simulator results and their uncertainties

Figure 3 shows the CDF of sea levels reached at least once

during the period 2021–2100 for some different

[p, q] combinations, as well as the CDF of the year when

the highest sea level is expected to occur. The legend

shows the p=q=ð1 � p� qÞ numbers used in the different

experiments. The maximum sea levels reached in the 109

member ensembles together with the probability that the

2.5 m level (the current minimum height above sea level

where new constructions are allowed) will be flooded are

given in Table 1. A nice feature of this framework is that

the somewhat arbitrarily chosen 2.5 m level can now be

given a probabilistic meaning. It is, for example, abun-

dantly clear that the 2.5 m level is highly unlikely to be

Stockholm

p

1-p-q

q

RCP2.6

RCP4.5

RCP8.5

Mean sea level
2021-2100

Sk(μ26,σ26,ξ26)

Sk(μ45,σ45,ξ45)

Sk(μ85,σ85,ξ85)

Mean sea level
uncertainty

GEV(μO,σO,ξO)

GEV(μO,σO,ξO)

GEV(μO,σO,ξO)

Extreme sea level
with uncertainty

Empirical
CDF

Fig. 2 A schematic of the flood risk simulator. The numbers p and q give the probabilities of the scenarios RCP2.6 and RCP4.5 coming to pass,

respectively. The probability of the scenario RCP8.5 is set to be 1 � p� q. The n, r and l parameters of the skew normal mean sea level

uncertainty are RCP dependent and fitted to SROCC projections of Oppenheimer et al. (2019), while those for the GEV are determined from the

tide gauge data and are assumed to be independent of the RCP scenario
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reached during the projection period even under RCP8.5

(p ¼ 0; q ¼ 0), while its almost impossibly unlikely under

RCP2.6. It is also evident from the table that the risk of

seeing a 2.5 m sea level reached this century is almost

uniquely determined by the probability of having emissions

following RCP8.5. This follows from the nearly perfect

scaling of 1 � p� q with the probability of exceeding the

2.5 m level (see Table 1).

The timing of the extremes also reveal some interesting

scenario dependent features. Again it is RCP8.5 (RCP2.6)

that sticks out with a very high (low) probability of seeing

the highest sea levels late in the century. This is, of course,

a function of the difference in the expected mean sea level

change in the two scenarios. Under RCP8.5 the expected

sea level rise exceeds the post glacial rebound so the rel-

ative sea level is expected to rise, while the opposite is true

under RCP2.6.

To better understand how the mean sea level and

extreme sea level uncertainty respectively contribute to the

ensemble spread we have conducted some additional

experiments. Figure 4a, shows a CDF computed without

mean sea level uncertainty (i.e. each ensemble member

gets the central estimate mean sea level projection from

Hieronymus and Kalén (2020)) divided by that from the

reference case shown in Fig. 3. This CDF ratio becomes

extremely small for high sea levels, suggesting that the

most extreme sea levels are practically impossible to occur

without a very extreme mean sea level projection, far

(a) (b)

Fig. 3 Maximum sea level and timing of maximum sea level CDFs. The number triplets in the legends give the values of p, q and 1 � p� q. The

CDFs are calculated from an ensemble of 109 2021–2100 periods

Table 1 Maximum sea level reached and probability of exceeding a sea level of 2.5 m above the 2020 mean in the experiments of Fig. 1. The

number triplets in the first row give the value of the probabilities p� q� ð1 � p� qÞ. Ensemble size is n ¼ 1 � 109

1–0–0 0–1–0 0–0–1 0.33–0.33–0.33 0.2–0.6–0.2 0.2–0.7–0.1

Maximum SSH 2.43 2.60 3.50 3.55 3.66 3.44

Probability 2.5 m 0 4:0 � 10�9 1:8 � 10�4 5:9 � 10�5 3:5 � 10�5 1:8 � 10�5
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exceeding even the expected mean sea level rise under

RCP8.5.

The extreme sea level uncertainty is similarly quantified

in panel (b). Here a CDF is computed so that the random

GEV sea level extremes are replaced each year with the

highest recorded sea level above the mean (1.16 m from the

Stockholm tide gauge). This CDF is then divided by the

CDF from the reference case as was done in the mean sea

level case in panel (a). In this experiment the probability of

seeing extremely high sea levels in Stockholm becomes

greatly amplified. This happens even though the GEV

distributed extremes used in the reference case can be

significantly higher than 1.16 m above the mean. However,

such extremes are infrequent. With the current GEV fit the

yearly probability of hitting the highest recorded sea level

from the tide gauge is about 1/871. In light of this one

might argue that a better way of removing extreme sea

level uncertainty would be to take the mean of the yearly

maximum values. However, the current approach is tai-

lored to be relevant for coastal planners. Both the maxi-

mum recorded sea level and events with a yearly

probabilities much lower than 1/871 are currently used to

determine building free levels in different European

countries, while the average yearly maximum sea level is

not (Fredriksson et al. 2016; Boverket 2020).

The reason why mean sea level rise rather than infre-

quent very high sea level extremes is responsible for the

highest sea levels modelled by the simulator is illustrated in

panel (c). Here the right tail of the CDFs of the departure

from the 2021-2100 mean of the mean sea level and the sea

level extremes are shown. That is, the CDFs depict the

variation of the yearly maximum sea level and the yearly

mean sea level around their respective ensemble means,

and we are looking at the probability range between 0.99

and 1. It is clear that for Stockholm, the right tail of the

distributions is much longer for mean sea levels than for

sea level extremes, making mean sea level rise much more

likely to cause high sea levels. Note that this is true even in

the case studied here where p ¼ 0:2 and q ¼ 0:7. Meaning

that the probability, 1/10, of getting RCP8.5 is much less

than those for getting RCP4.5 or RCP2.6 of respectively

7/10 and 2/10.

The uncertainty owing to the choice of RCP scenario

probabilities can be quantified approximately using Taylor

expansions. Here we make numerical differentiations of

F(p, q, x) with respect to p and q. These derivatives can

(a) (b)

(c) (d)

Fig. 4 Mean and extreme sea level uncertainty quantifications. a ratio of CDF without mean sea level uncertainty to reference case, b ratio of

CDF without extreme sea level uncertainty to reference case, c CDFs of departure from 2021–2100 of mean and extreme sea level and d partial

derivatives of F with respect to p and q. n ¼ 1 � 109 is used in a, b and d. The designation Fp stands for oF=op and similarly for Fq
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then be used to approximate F(p, q, x) for small changes in

p and q using such an expansion. To first order we get,

Fðp0 þ Dp; q0 þ Dq; xÞ � Fðp0; q0; xÞ þ
oF

op
ðp0; q0; xÞDp

þ oF

oq
ðp0; q0; xÞDq;

ð1Þ

where p0 and q0 are any set of currently used estimates of

p and q. Figure 4d illustrates oF=op and oF=oq for some

different combinations of p and q. In general it is clear that

oF=op\oF=oq. This is natural since increasing p means

increasing the likelihood of RCP2.6 on the expense of the

likelihood of RCP8.5, while in the case of q it is the more

similar RCP4.5 and RCP8.5 scenarios that have their

probabilities perturbed in equal amounts. It is clear from

the figure that both partial derivatives have well defined

minima between sea levels reached of 1 and 1.5 m. It is

thus in this region where F, in absolute terms, is most

strongly affected by changes in p and q. It is also clear that

while F is sensitive to variations in p and q (see Fig. 3),

oF=op and oF=oq are both quite similar for the different

[p, q] combinations probed here. The effect of changing

p and q by some given amount on F is thus relatively

independent of the p0 and q0 values used for a large range

of x values.

Adaptation and decision problems

In this subsection we present some simple applications of

the simulator. The first application is an adaptation prob-

lem. Here we imagine that we have a settlement or intend

to build one at some given height above today’s mean sea

level. We also imagine that we could protect this settlement

from flooding, for example, by building a sea wall. How-

ever, protection is expensive and unnecessary with today’s

mean sea level. We therefore decide to model at what mean

sea level increase we would have to build the wall to keep

our flooding risk at a suitably low level. For this experi-

ment we use p ¼ 0; q ¼ 0 as RCP8.5 is the only one of our

scenarios where such adaptation measures could reason-

ably become practicable during this century. The set-up of

the simulator is the same as that used in Fig. 3, but n ¼ 108

is used here to save some computational time. However, an

extra condition on each 2021–2100 period is added in this

application. That is, that when the mean sea level has risen

by DH m the local decision-makers decide to protect the

settlement. Getting such protection agreed upon and built,

however, could not reasonably be expected to occur within

the year even if the decision-makers lives depended upon

it. The protection is thus assumed to be active first 10 years

after the mean sea level has exceeded DH. When the

protection is up all subsequent yearly maxima are set to

zero and the CDF is computed as in the reference case.

Figure 5 shows the CDF from the adaptation application

for some values of DH. The DH ¼ 1 case shows the no

adaptation CDF. Some results are also summarized in

Table 2. It is abundantly clear from the experiment that

such protection measures could very effectively lower the

probabilities of seeing high sea levels. Moreover, it is clear

that the current 2.5 m building free level could be protected

efficiently even with a high DH. This owes in part to the

very low probability that such a level could be reached in

this century even without protection. The high efficiency of

these measures is, however, also dependent on the fact that

for Stockholm very high sea levels are almost exclusively

owing to very high mean sea level rise, not extremely rare

high extremes (see Fig. 4a, b and c). Conditioning protec-

tion on mean sea level rise would therefore be very effi-

cient in Stockholm. In other locations the situation can be

different.

The last application showcased here is a decision

problem. Here we imagine that the 2.5 m rule does not exist

and that we want to find a suitably high level above the

mean sea level, where the benefits of developing land

outweighs the risk of it being flooded. A schematic of this

problem is shown in Fig. 6a. The objective is thus for

Stockholm to decide on whether to develop some land

situated x m above the 2020 mean sea level. Developing

the land would yield a profit P, the same profit would, of

course, not be realized if the land was not developed. In

case the land is developed there is some risk, k, that the

land is flooded during the 2021–2100 period, which leads

to a loss L. There is also a chance 1 � k that the land is not

flooded in which case the profit P is realized. For the

development option to be attractive the expected profit

from developing the land must be greater than zero. Thus,

in this simple example we get the condition,

0\ð1 � kÞPþ kðP� LÞ ð2Þ

or equivalently

L

P
\

1

k
: ð3Þ

Figure. 6b shows the maximum L/P ratio where the

building option is preferable as a function of height above

the sea for some different [p, q] combinations. For the

current 2.5 m level, it is clear that, developing land is

profitable in the different scenarios used here as long as

L does not exceed P by more than four to nine orders of

magnitude.
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DISCUSSION

The simulator results depend on a number of different

assumptions that are hard or even impossible to test; such

as the values of p and q and also the assumed distributions

for Stockholm’s future mean sea levels and sea level

extremes. Mean sea level projections rely to a large degree

on subjective expert judgements and especially the uncer-

tainty estimates in different high emission projections can

be very different (Jevrejeva et al. 2018; Horton et al. 2018;

Le Bars 2018; Hieronymus 2020). The mean or median

projections for mean sea level are typically in better

agreement than the uncertainty quantifications since those

more often derive directly from model results. Generally

speaking different projections for low and medium emis-

sion scenarios typically agree much better than those for

high emission scenarios and the agreement is also much

higher in shorter projections (Fox-Kemper et al. 2021).

Nevertheless, exchanging the current SROCC based mean

sea level projection for some other projection could have

large effects on the computed probabilities and simulators

should thus be updated with some regularity. For the pre-

sent it is worth noting that the new main projections from

IPCC’s sixth assessment report (Fox-Kemper et al. 2021)

agree well, at least, in their global averages with those from

SROCC. However, the sixth assessment report also

includes projections that take their ice sheet contribution to

sea level rise from an expert judgements study and a single

ice sheet model for Antarctica which incorporates para-

metrized marine ice cliff instability. Those projections give

considerably higher mean sea level rise under the highest

emission scenario (Bamber et al. 2019; DeConto et al.

2021; Fox-Kemper et al. 2021). Including such scenarios in

the simulator would lead to an even greater dominance of

Fig. 5 Same as Fig. 3a, but with adaptation option for some different levels of DH. DH ¼ 1 shows the no adaptation option n ¼ 1 � 108 is used

Table 2 Maximum sea level reached and probability of exceeding a sea level of 2.5 m above the 2020 mean in the adaptation experiments of

Fig. 5. The parameters used for the experiment is p ¼ q ¼ 0 and n ¼ 1 � 108

DH ¼ 0:3 DH ¼ 0:4 DH ¼ 0:5 DH ¼ 0:6 DH ¼ 0:7 DH ¼ 0:8 DH ¼ 0:9

Maximum SSH 1.88 2.02 2.11 2.19 2.30 2.39 2.52

Probability 2.5 m 0 0 0 0 0 0 0:2 � 10�7
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mean sea level uncertainty over extreme sea level uncer-

tainty, and of course to higher probabilities for seeing high

see levels.

Sea level extremes also come with considerable uncer-

tainties, both methodological and owing to relatively short

high resolution observational records (Suursaar and Sooäär

2007; Dangendorf et al. 2016; Wahl et al. 2017; Hierony-

mus and Hieronymus 2021). For Stockholm, however, the

high resolution observational record is, in fact, one of the

longest in the world (Ekman 1999), lending further support

for the conclusion that for Stockholm the extreme sea level

uncertainty is much less important than the mean sea level

uncertainty. This conclusion is, however, somewhat at odds

with the recommendations of the Swedish National Board

of Housing, Building and Planning. In their ‘‘Starting

points for flood risk assessment’’ (translation of Swedish

original title: Utgångspunkter för bedömning av

översvämningsrisk) they suggest that developments of new

important infrastructure and settlements should be done

with a 10 000 year return level in mind. At the same time

they give no exact recommendation for which RCP based

mean sea level projection or percentile thereof to use for

planning, apart from suggesting that RCP8.5 can often be

useful (Boverket 2020). Our simulator results, however,

clearly suggest that, at least, in Stockholm high sea levels

are much more likely to occur as a consequence of high

mean sea level rise than as a consequence of a very

extreme storm surge, even when RCP8.5 is given the

probability of 1/10. Thus, adding a very extreme 1/10000

year event to a central estimate RCP8.5 projection does not

appear as a particularly great recipe. These conclusions are,

of course, specific to Stockholm. However, it does seem

highly unlikely, given that both mean sea level rise and sea

level extremes are quite consistent along large parts of the

Swedish coasts, that adding a 10000 year return level to an

RCP projection would generally give rise to good planning

levels. Instead, our results suggest that high percentile

mean sea level rise should be given more thought in

planning than high percentile extremes and that site

specific recipes are likely needed.

Our simulator results are very sensitive to the values

used for p and q and in particular to the value of 1 � p� q

which give the probability for RCP8.5 to occur. This is

readily seen from Fig. 4d. Most experts believe RCP8.5 to

be a very unlikely future, even as a baseline scenario where

no new environmental policies are put in place (van Vuu-

ren et al. 2011; Hausfather and Peters 2020). With this in

mind it could seem a strange choice that the lowest non-

zero value of 1 � p� q discussed here is 1/10. One reason

for the scenario choices made here is the lack of sea level

projections for RCPs between 4.5 and 8.5, and 1 � p� q is

thus set somewhat high to compensate. Future simulators

would benefit greatly both from having more scenarios and

better constrained scenario probabilities. In the mean time,

however, the simulators usage of scenario probabilities and

our ability to use simulators to analyse the effects of

varying these probabilities is a major improvement over

current practice where most often just a single high emis-

sion scenario is used (Department of civil engineering

county administrative board of Stockholm 2015; Boverket

2020). Another smaller caveat for some application might

be that only yearly maximum sea levels are modelled.

Under some RCP8.5 realisations, for example, it is quite

likely that even a second or third highest sea level in one

year late in the century could be one of the highest recor-

ded throughout the whole century. However, for most

Fig. 6 Schematic of the decision problem (a) and maximum L/P ratios where build option is profitable (b). The node name N in a stands for

nature and and is represented by the simulator who calculates the probability k. The probability of flooding, k, used in b panel is thus consistent

with that in Fig. 3a)
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applications only locations where the probability of coastal

flooding is extremely low would be considered for any

development plans, so this unlikely to be a major problem.

The adaptation problem shown in Fig. 5 and the decision

problem shown in Fig. 6 are both simple and direct appli-

cations using the simulator. The adaptation problem clearly

shows that the probabilities of flooding can be very

effectively reduced with protective measures that are

installed once the mean sea level has risen by some given

amount. That is, assuming that the protection works

properly and can be built in ten years. The decision prob-

lem is highly simplified, being a single-person decision

problem (Tadelis 2013), while in reality there are many

stakeholders making profits and losses when areas are

developed or flooded. It is also simplified in that the

options available to the player is only build or do not build.

In reality a merger of the decision and adaptation problems

would give rise to the perhaps more attractive build and

protect option. Such extensions can easily be made using

the tools presented and discussed here. The biggest chal-

lenge with the decision problem, at least to a natural sci-

entist, however, is to produce reasonable estimates of P and

L. This issue has been avoided here where only bounds on

their ratio are computed, but this would be useful extension

in future work. To make reasonable P and L estimates one

has to tackle tricky issues on, for example, the valuation of

settlements and one must also decide to what extent future

losses should be discounted (Nordhaus 2007).

One further caveat worth mentioning is that for some

developments the time frame 2021–2100 may be too

restrictive, especially, if one believes high emission sce-

narios to be likely. Since then sea level maxima are much

more likely to occur toward the end of the century, see

Fig. 3b, and flooding risk are thus far from stationary. Even

without mean sea level rise we might expect some non-

stationarity in the extremes (Kudryavtseva et al. 2018), but

this issue gets greatly exacerbated with mean sea level rise

occurring over long periods. The simulator’s projection

period can be extended in the future when more long sea

level projections become available. However, if multi-

centennial sea level projections are used, scenario proba-

bilities (i.e. p and q) would be extremely hard to estimate.

More different scenarios such as overshoots and high

emission scenarios that turn into rapid emission reduction

scenarios would also be very useful to better represent the

great uncertainty in future emission pathways.

CONCLUSIONS

A yearly maximum sea level simulator for Stockholm has

been presented. The simulator is a natural framework for

incorporating emission scenario-, mean sea level- and

extreme sea level uncertainty into one unified probabilistic

framework. The framework is, however, avant-garde given

that even just the use of probabilistic mean sea level pro-

jections is uncommon in Europe today. In a 2021 survey of

32 European countries, McEvoy et al. (2021) found that

probabilistic mean sea level information was only used in

dedicated sea level planning in a single country and in non-

dedicated planning in a further three. Current practice in

Swedish municipalities and also in many places outside of

Sweden is that new buildings and infrastructure must be

placed at a distance deemed safe some x m above the

current mean sea level. The level x used is often a rather

arbitrary construct typically derived by adding some high

return level to some projected future mean sea level (Arns

et al. 2017; Department of civil engineering county

administrative board of Stockholm 2015; Boverket 2020).

The latter is most often the mean sea level for year 2100

under RCP8.5, both in a Swedish and a European context

(McEvoy et al. 2021). The risk that the level x could

become flooded some time between now and the year 2100

is typically not assessed. Moreover, the uncertainties of the

estimates adding to the sum x are typically not treated in a

consistent way, and sometimes they are not even consid-

ered at all (McEvoy et al. 2021). The here proposed

framework resolves, or at least alleviates both these prob-

lems and thus constitutes a significant improvement over

current practise.

Another major benefit of the framework is that uncer-

tainties can be manipulated and analysed in a straightfor-

ward manner. For Stockholm this leads to the conclusion

that mean sea level uncertainty contributes much more to

the overall uncertainty than extreme sea level uncertainty.

This result is, of course, site specific owing both to

Stockholm having relatively modest sea level extremes

(Hieronymus et al. 2018) and low extreme uncertainty

because of its long observation time series (Ekman 1999).

However, Stockholm also experiences a considerable land

rise that counteracts the mean sea level rise, making the

mean sea level rise there slower than in many other loca-

tions. Thus, a dominance of mean sea level uncertainty

over extreme sea level uncertainty might be expected along

much of the Swedish coast where the post glacial rebound

is slower than in Stockholm.

Lastly, the framework is also versatile and easily

adapted as was showcased in the adaptation and decision

problem applications. While both those applications are

highly simplified they illustrate well how the natural sci-

ence ingredients of the problem, that is, mean sea level

projections and extreme sea level estimates can be used in

a natural way to tackle decisions problems of relevance for

coastal communities around the world today.
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board of Stockholm, Länsstyrelsen i Stockholms län Avdelnin-

gen för samhällsbyggnad.

Ekman, M. 1999. Climate changes detected through the world’s

longest sea level series. Glob and Plan Change 21: 215–224.

Fox-Kemper, B., H.T. Hewitt, C. Xiao, G. Aðalgeirsdóttir, S.S.
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