Dear Editor,

Please find below our point-to-point answers to all the comments of the reviewers and detailed description of
all changes in the new version of the manuscript, followed by a marked-up manuscript version.

Best regards,
Ulpu Leijala

Referee Comments #1

Comment

Authors response and changes in manuscript

Major points

1. In page 9, it is written: “The exponential function
was fitted to sea levels with a frequency of
exceedance of 5 events/year or less.” Why? The
frequency of exceedance of the observed data in
Figure 4 is from 1/46 to about 8000 events/year. It is
thought that only the data of low frequency of
exceedance are used in the curve fitting because we
are interested in the events of high sea level. The
reason why the data of low frequency of exceedance
are used should be explained.

The exponential function was applied to the sea level
distribution in order to estimate the frequencies of
rare/high sea levels. The limit of 5 events/year was
chosen because only the tail part of the distribution
follows the exponential shape, not the entire
distribution. In this way, the fit is also only done on
sea level representing rare events, which may
behave differently from the more frequent sea
levels.

Above mentioned explanations will be added to the
manuscript as follows: “We extrapolated the ccdf
with an exponential function fitted to the tail of the
ccdf (Fig. 4). The exponential function was fitted to
sea levels with a frequency of exceedance less than
5.7x10*, which corresponds to 5 hours/year. This
limit was selected because only the tail part of the
distribution follows the exponential shape, while
more frequent sea levels behave differently.”

2. In Figure 4, the maximum frequency of exceedance
occurs at the sea level of -50 cm, indicating that
negative storm surges frequently occur in the study
area. The reason for this should be explained in the

paper.

We explain in Chapter 2 (Components contributing to
the sea surface level) that short-term sea level varies
from -1.3 m to +2.0 m around the long-term mean
sea level on the Finnish coast, and that these changes
are mainly due to wind and air pressure variations.
Thus -50 cm (in Figure 4) fits inside this range and is
normal behaviour in the study area.

3. In page 10-11, it is written: “The wave run-up can
be calculated for different percentages, e.g. as the
water level exceeded 2% of the time. We set out to
seek a conservative estimate for the level exceeded
once during the one hour time period.” In the design
of coastal defense structures, it is common to use the
2% run-up height to determine the crest freeboard. If
the mean wave period is 8 s, the wave run-up

We aim at estimating maximum total water level
exceeded during one hour period. Thus we defined
the wave run-up using the highest single wave during
an hour, since this corresponds to one well defined
event when the wave data and hourly water level
data are combined statistically.

See also our response to the comment [11] from
Reviewer #2.




exceeding 2% run-up height occurs 9 times during
one hour, whereas the run-up height exceeded
only once during one hour is exceeded 0.22% of the
time. Therefore, taking the run-up height exceeded
once during the one hour time period is too
conservative from the engineering point of view.

4. In page 11, the relationship Hmax= 2H; is used.
Longuet-Higgins (1952, J. Marine Res. 11, 246-266)
presented the relationship Hmax= 0.707VInNH;for a
storm with a relatively large number of waves N.
Again, if the mean wave period is 8 s, the number of
waves during one hour is 450, which gives Hmax=
1.75H;. Therefore, the relationship Hmax = 2Hs may be
too conservative.

We used Longuet-Higgins (1952) to check our results.
However, we didn’t find that exact relationship in the
paper, but interpolated the values of the Rayleigh
distribution by using the values given in the Tables.
The waves at the study sites are typically short. The
mean zero-upcrossing period (Tz, calculated as Tm02
from the spectral moments) is around 3 seconds (3.2
s at Lansikari and 2.8 s at Jatkdsaari). This means
about 1200-1300 waves during an hour, which
results in Hmax being between 1.9Hs and 2Hs. We
calculated this relation for the entire time series to
provide an even better overview (see Figure RC_A).

We agree that this was not presented properly in the
manuscript. A more rigorous justification for
choosing the relationship Hmax=2Hs will therefore
be added.

5. The assumption of complete wave reflection from
a coastal structure (i.e. Hrunup= Hmax) may also be a too
conservative assumption. This assumption, however,
could be justified if we take into account the effect of
wave nonlinearity in shallow water (i.e. peaked crest
and flat trough), which was not considered in this
study.

The water at the study sites is relatively deep when
considering the short waves generated by the local
fetches (around 3 s at Lansikari). At Lansikari the
depth is around 10 m and at Jatkasaari it is around 13
m. Even for the longest waves the water depth is
intermediate. Shallow water nonlinearities are
therefore not expected to be significant.

We want to stress that the study we cited with
respect to the wave reflection was made exactly at
the location of Jatkasaari. It is therefore highly
representative for this study. In Bjorkqvist et al.
(2017) the short waves were damped by the wave
damping chambers. However, the longer waves were
fully reflected. Since the wave damping chambers
only cover a short part of the shoreline, we have to
consider conditions without the presence of them.
We have no reason to believe, that all the waves
wouldn’t be fully reflected at a pure steep wall, since
we have direct measurements of full reflection of
waves that were too long for the wave damping
chamber to be effective.

6. Sorensen (2006, Basic Coastal Engineering, 3rd ed.,
Springer, p. 237) presented the relationship R, =

Rs/In(1/p) /2 where R, is the wave run-up height of

A lot of this has already been addressed, but in
conclusion:




the exceedance probability p and R is the run-up
height of the incident significant wave height as if it
were a monochromatic wave. If we use p =0.02 and
Rs = H; (i.e. complete wave reflection), Hrunup = R2% =
1.4H; which is 70% of the value used in this study. On
the other hand, if we use p =0.0022, which is the
exceedance probability of the wave height exceeded
only once during one hour (when the mean wave
period is 8 s), Hrunup = Ro.229% = 1.75H;. This changes to
Hrunup = Hmax (using the relationship Hmax =
0.707VInNHs), which is the same as the run-up
height used in this study except that Hmex is not
calculated as 2H; but as 1.75H;. In conclusion, to
avoid too conservative estimate for wave run-up
height, either Hyynup = 1.4Hs (general design standard)
of Hrunup = 1.75H; (run-up height exceeded once
during one hour as taken in this study) should be
used.

1) The choice of Hmax instead of e.g. 2% exceedance
value is not a matter of being conservative. It is a
choice done to get the results to correspond to “one
event”. It would be possible to choose a lower value
that is exceeded e.g. 25 times. However, when
combined with the sea level data the values would
not be events, but “25 events”, and the probability of
0.4% would not correspond to one event in 250
years, but to 25 events in 250 years and would
inevitably lead to some inference challenges.

2) The relation Hmax=2*Hs is not really conservative

assumption. It has its bases in the measurements and
theory (Rayleigh distribution). This will be clarified in

the manuscript also.

3) The assumption of full reflection is the main
conservative assumption. However, we feel it has a
valid base, since we have observed fully reflected
waves even when wave damping chambers are
present. Since the damping chambers are not
present everywhere, it is reasonable to assume that
the short waves — that were damped by the
chambers in the measurements — will be reflected in
the same way as the longer waves. This might not be
true, but since we have no evidence of the contrary,
we feel that this is a valid assumption, albeit a
conservative one.

7. In addition to Table 1, it may be worthwhile to
show the curves of Fs; for 2017, 2050, and 2100.

The curve for the still water level in 2017 as well as
for the years 2050 and 2100 at the Helsinki tide
gauge are presented in Figure 8 in the manuscript.

8. Two-parameter Weibull distributions are used for
the sensitivity analysis. It may be better to add the
fitted Weibull distributions (along with the shape and
scale parameters) in Figure 5 to show that the
Weibull distribution fits well the observation.

See our response to comment [16] from #2 Reviewer.

To provide a better comparison possibility between
case study wave run-up distributions (Figure 5) and
the theoretical wave run-up distributions, we plotted
the theoretical wave run-up distributions also in a
form of complementary cumulative distribution (see
Figure RC_B) and this redrawn figure will be added to
the manuscript.

Minor points

1. 1*tline below Eqg. (1): wave height >> wave run-up
height

This terminological mistake will be corrected to the
text where the terms of equation (1) are explained
i.e. “wave height” will be changed to “wave run-up”.

See also our response to comment [12.2] from #2
Reviewer.




Referee Comments #2

Comment

Authors response and changes in manuscript

[1] The first comment is purely formal. Authors state
in lines 22-23 (pag 3) that they are going to call “run-
up level” to the combined water elevation (mean
water level and wave run-up contributions. This is
misleading since it is not the unusual approach in the
literature. It should be better to use something like
“total water level” to avoid confusion with the
standard wave-induced run-up.

After re-consideration of the terms used in the
manuscript we agree that using “run-up level” to
represent the combination of still water level and
wave run-up might be misleading and cause
confusion with the wave related run-up. Thus, we
will replace “run-up level” with “total water level”
throughout the manuscript as suggested.

[2] Lines 13-14 (pag 3). Coastal floods are also a
consequence of storm-surges. Please rephrase the
sentence.

We agree that coastal floods are also a consequence
of storm surges and that the sentence is not properly
formulated. As this sentence is not very relevant for
our introduction (which is already quite long), we
decided that the whole sentence will be removed
from the manuscript.

[3] Lines 6 (pag 4). In general terms, the wave-
induced component of the water level at the
shoreline is the run-up and not the wave height (a
different thing is that you approach the run-up with
the wave height but this depends on how you
calculate it).

This terminological mistake will be corrected to the
text where the terms of equation (1) are explained
i.e. “wave height” will be changed to “wave run-up”.

See also our response to your comment [12.2].

[4] Line 1 (pag 5). Long-term mean sea level does not
change from decade to decade. Mean sea level is
continuously varying and “long-term” refers to the
low-frequency component which, apparently, you
consider to be associated to periods in the scale of
decades (or longer).

We agree that the sentence was poorly formulated.
However our purpose in the manuscript is to
distinguish between the sea level variations taking
place at short time scale (e.g. storm surges) and
those that happen slowly within long time span (e.g.
mean sea level change).

The sentence will be reformulated in a following
manner: “The long-term mean sea level on the
Finnish coast, on decadal time scale, is affected by
the global mean sea level, the post-glacial land uplift
and the Baltic Sea water balance (Johansson et al.,
2014).”

[5] Section 3.1. Long-term sea level. You are using
long-term estimations of sea level at selected
horizons based on a paper that is under review. If
this component is important for your calculations, it
can be difficult for some readers to trust on it
without having access to the scientific work
supporting used values.

The paper we are referring to has now been
published. The reference list will be updated
accordingly:

Pellikka, H., Leijala, U., Johansson, M. M., Leinonen,
K., Kahma, K. K., 2018. Future probabilities of coastal
floods in Finland. Continental Shelf Research, 157,
32-42.DOI: 10.1016/j.csr.2018.02.006.

[6] Section 3.2. Please change the heading. Here you
are not describing variability but just the existing
data. They are simply water level measurements
acquired by using tidal gauges. Use something similar

We agree that the heading was too complicated as
the aim of this section is to just describe the tide
gauge data. Thus we will change the heading of
Section 3.2 simply to “Sea level data”.




to heading of section 3.3 (e.g. tidal data, water level
data).

[7] Lines 6-7 (Page 8). Please remove the last
sentence “The significant wave heightis ...”. If you
want to use a definition of Hs use a formal one (e.g.
based on spectral moments).

We will replace the formal definition given on page 8,
line 4 with the one using spectral moments. The
“layman” definition will also be removed as
redundant, as you suggested.

[8] Lines 23-25 (pag 8). See comment [1].

See our response to your comment [1].

[9] Lines 10-11 (pag 9). When you explain which sea
levels are used to obtain the probability distributions
you mention that use sea levels with a given
frequency (5 events/year or less in your case). This is
equivalent to perform an extreme analysis in which
you use a subset of your data composed by extreme
events. Then, the usual way should be to select sea-
level events by applying the POT method using a
given threshold (which will result in a varying number
of events per year that, in your case, is up to five
events per year) and then fitting the obtained subset
by a probability function (exponential in your case).

In the POT method two limits are usually set. One is
the threshold (e.g. a certain sea level value), which
will give us a certain amount of events per year (on
average). The second limit determines the distance
between two points. This second limit is set to
remove events that are not independent, which
enables the final data set to converge to a Pareto
distribution. The second limit can be in the order of
24-72 hours, but for sea level data in the Baltic Sea
the correlation might be significantly longer (in the
order of months). This is because the slow changes in
the total water volume in the Baltic Sea.

If a proper POT method is applied, the resulting
distribution converges to a generalized Pareto
distribution (GPD) and will no longer simply be the
tail of the original distribution. The main point is the
following: in order to use our method, we ultimately
need to revert back to the full distribution, since the
statistical combination with the wave run-up will
otherwise not be possible. If we have fitted a GPD to
the data we got by applying the POT method and use
that tail to extrapolate the original data, then we are
extrapolating the original distribution with a fit that
has been made to a different distribution (the GPD).
This is obviously something we want to avoid.

By fitting the exponential distribution to the tail, we
are essentially using the POT method to the extent it
is possible in our case. Using the POT method “to its
fullest” would change the distribution, since the
entire point with the method is to converge the
subset of the original data to a GPD. Since we are not
only interested in the extreme values, but need the
full distribution to combine the sea level data with
the wave run-up, the traditional use of the POT
method is not a suitable tool for our purposes.

See also our response to comment [1] from #1
Reviewer.




[10] Section 4.3. You determine an attenuation factor
for both coastal locations to derive local wave time-
series from 15-year long offshore measurements.
This is equivalent to derive an empiric wave
propagation model instead of using a numerical
model. However, your coastal wave time series are
just 31 days long in Jatkdsaari and 11 days long in
Lansikari (section 3.3). Given the short-time duration
of these records, it is necessary to have more details
on this analysis to trust on reconstructed long-term
wave time series at both coastal sites. For instance, it
should be great to have Hs coastal-Hs offshore plots
at both locations under different conditions (T, 8) to
see the expected uncertainty in the reconstruction.

First, we want to stress that the attenuated time
series we get with the transfer function is not a valid
realisation of the wave height time series for the
entire 15 year period. The main idea is, that while we
can get the typical values (although with a slight
positive bias because the measurements were made
in the autumn) directly from the measurements, we
cannot get the rare exceedances. We therefore
determined a transfer function that was adjusted to
accurately model the highest values in the
measurement time series. When used on the longer
open sea wave buoy measurements we can then get
information about the nearshore wave height during
the more extreme wave events that have happened
outside of our short measurement period.

Figure RC_C shows that the estimated distribution
from the transfer function coincides with the
observed values at the tail of the observed
distribution.

We acknowledge that this is not an optimal way, but
it was a practical solution to extract as much
information from the existing data set as possible.
However, the method presented in the paper isin no
way reliant on the method we used to determine the
wave height distribution.

We will add the information shown in Figure RC_C
also to the manuscript, in order to show in more
detail how the wave run-up distributions were
formed.

[11] Line 1 (pag 11). This is a complicated ay to say
that you use the maximum run-up, Rumax instead of
Ruay,.

Our purpose is to say that we use the maximum run-
up and we acknowledge that our way of saying this
could be more straightforward. We will rephrase the
explanation as follows: “The final step was to
estimate the wave run-up, i.e. the maximum vertical
elevation of the water in relation to the still water
level. We defined the wave run-up using the highest
single wave during an hour, since this will produce
one well defined event when combined statistically
with the water level data.” This sentence is followed
by more detailed explanation of the selected
method.

[12.1] Line 3 (pag 11). It should be great to include a
typical coastal profile of the study sites (maybe after
Fig 2) to see how steep they are, especially since you
are using this characteristic to approach Ru by H.

We have added a picture of the shoreline at
Jatkasaari (Figure RC_D, from Bjorkqvist et al., 2017).
Although this figure shows the wave damping
chambers, the shoreline is similar at other locations




that are not equipped with wave damping chambers
(see Figure 1 in Bjorkqvist et al., 2017).

[12.2] The concept of run-up height needs to be
defined to avoid misunderstandings. The run-up
height is usually defined as the vertical distance
between highest run-up level Ru and deepest run-
down Rd. However, when we simply use wave run-up
we refer to the vertical distance with respect to the
mean water level. Please, clarify what you are using.

We agree that concepts need to be clearly and
uniformly defined throughout the paper. In this study
we define the “run-up” as the maximum vertical
elevation of the water in relation to the still water
level during a certain period. We will define this
clearly in the manuscript and remove “run-up height”
definition to avoid misunderstandings.

[13] Line 5 (pag 11). The use of the relationship Hmax
= 2 Hs need to be justified. The ratio Hs/Hmax can be
quite variable depending on local conditions (see e.g.
Oliveira et al. 2018, Ocean Engineering 153, 10-22).
One possibility to select the value to be used is to
obtain it from the wave data recorded at your
offshore location.

We calculated this based on the wave data recorded
at the nearshore location (not the offshore location,
since the typical wave periods are much longer
there). The mean zero-upcrossing period (Tz,
calculated as Tm02 from the spectral moments) are
around 3 seconds (3.2 s at Lansikari and 2.8 s at
Jatkasaari). This means about 1200-1300 waves
during an hour, which results in Hmax being between
1.9Hs and 2Hs (Figure RC_A).

See also our response to the fourth comment from
Reviewer #1.

[14] The use of “full” reflection needs to be justified
(or simply says that it is arbitrarily selected to be
conservative). The study of Bjorkqvist et al (2017c)
used to justify this selection was done in front of a
Caisson breakwater. Since we do not know how the
coast is (see comment [12.1]), it is difficult to see if
the application of this reflection coefficient is
appropriated for the site.

See our response to your comment [12.1].

[15] Section 4.5. Since you have 15 years of
simultaneous data of water level and waves, why you
did not convert these series into a single series of
total water level (by simple summation) and then to
obtain the probability distribution. This can give you
a good estimation of the “real” joint probability
distribution of water levels (for all components)
under current conditions. This could be used to
compare with the obtained one by combining
individual probability functions.

This is an excellent point, which we would certainly
have done if we had the data to do it. However, as
addressed in point [10], the wave heights that are
estimated do not produce a proper time series, but
are used to complete the tail of the distribution
based on the measurements (see Figure RC_C). Since
the transfer function is constructed with the aim to
get the highest tail (not to e.g. minimize the bias), it
means that the lower wave heights are
overestimated. This is acceptable, since they are not
used to construct the distribution.

[16] Section 5. It is not clear which is the contribution
of this analysis to overall results. If you are just using
theoretical distributions, you do not need any data
(?). However, for a real case (as it is yours) you
should fit a probability distribution (Weibull in your

This is a relevant point. The purpose of the
“sensitivity test” is to study how different wave
height conditions (based on theoretical wave run-up
distributions) affect the total water level when the
still water level distribution is kept unchanged.

We agree that the contribution of this section to the
overall results is not clear, and calling it a “sensitivity




case) and retain the best fit (with the corresponding
Weibull parameters). Of course, if you change your
Weibull parameters your results will change.

You want to include here a sensitivity analysis but,
there is no sensitivity analysis (nor uncertainty)
associated to your previous selections (Ru formula
(H), relationship between Hs and Hmax, refraction
model, etc...). If you want to do a formal sensitivity
analysis, probably you should account for the
different contributions through the entire
assessment.

test” is misleading. In order to clarify our aim of the
analysis we will remove Section 5 and instead
reorganize the “Results” section to include: 1) the
case study at Helsinki, 2) the study with these
theoretical wave distributions, and 3) a comparison
between the results of these.

[17] Section 7.2. Lines 4-8 (pag 22). See comment
[15].

See our response to your comment [15].

[18] Lines 9-20 (pag 22). This is true but this is also
less and less common. As it is written, it seems that
this is the most used approach. At present, flood
assessments for combined water level-wave
contributions, usually consider full time series
instead of monthly maxima.

We acknowledge that we generalized unnecessarily
the use of block maxima. We will rephrase the
sentence: “Using block maxima of sea level variations
— such as the monthly maxima used by Pellikka et al.
(2018) — in our analysis would implicitly restrict the
study of the joint effect to cases where the still water
level is high, thus excluding combinations of
moderate still water level and high waves.”

[19] Lines 21 to 25 (pag 22). More than the short-
term variability in waves, probably, you must also
consider the potential long-term variability in wave
conditions for long time projections (see e.g. Méndez
et al. 2006. Estimation of the long-term variability of
extreme significant wave height using a time-
dependent peak over threshold (pot) model." JGR
Oceans 111,C7).

Using the verified wave model data from Bjorkqvist
et al. (2018) we calculated the mean significant wave
height at the GoF wave buoy for the years 1965-2005
(the hindcast cannot resolve the nearshore
conditions of Lansikari and Jatkdsaari).

The results are shown in Figure RC_E for both ice-
free statistics and ice-included (as Hs=0) statistics. In
both statistics the trend is small, and not statistically
significant according to a t-test.

This is supported by Kudryavtseva and Soomere

(2017). The authors used satellite altimetry data

(1996-2015) and found no statistically significant
trend in the Gulf of Finland.

Of course, the absence of evidence is not evidence of
absence, but using the current knowledge we have
no means to predict the future changes of the
significant wave height in the GoF. We have
mentioned using long-term scenarios for wave
conditions in the Discussion part of the manuscript,
as a potential improvement on our method in future
studies.




Méndez et al. (2006) used a POT-method where the
coefficients of the GDP-distribution where allowed to
vary in time. The time varying parameters can
capture some of the seasonal variability that is lost if
the POT-method is used on the entire data set with
only one set of parameters. However, since the
method implemented in this paper uses the full
distributions, all seasonal variations are already
present in the data, and no special methods are
required to account for them.

Referee Comments #3

Comment

Authors response and changes in manuscript

1. As a general comment, the approaches taken for
estimating the wave run-up are rather bold and
general. There are definitely a number of not
necessarily better but similarly justified choices and |
wonder how big the uncertainty from making such
choices might be relative to issues discussed in this
text. My assumption would be that it is probably a
major source for uncertainty. | suggest that this
should at least be discussed and conclusions should
be put into perspective.

You are correct that we have not justified our choices
properly. Taking into account also the feedback from

reviewers #2 and #1, there are three main points we

need to address:

1) Using the maximum wave as the run-up instead of
a value exceeded e.g. 2% of the time.

2) The Hmax=2*Hs approximation.

3) The assumption of full reflection.

We will repeat our response to Reviewer #1 below:

1) The choice of Hmax instead of e.g. 2% exceedance
value is not a matter of being conservative. It is a
choice done to get the results to correspond to “one
event”. It would be possible to choose a lower value
that is exceeded e.g. 25 times. However, when
combined with the sea level data the values would
not be events, but “25 events”, and the probability of
0.4% would not correspond to one event in 250
years, but to 25 events in 250 years and would
inevitably lead to some inference challenges.

2) The relation Hmax=2*Hs is not really a
conservative assumption. It has its bases in the
measurements and theory (Rayleigh distribution).
This will be clarified in the manuscript also.

3) The assumption of full reflection is the main
conservative assumption. However, we feel it has a
valid base, since we have observed fully reflected
waves even when wave damping chambers are
present. Since the damping chambers are not




present everywhere, it is reasonable to assume that
the short waves — that were damped by the
chambers in the measurements — will be reflected in
the same way as the longer waves. This might not be
true, but since we have no evidence of the contrary,
we feel that this is a valid assumption, albeit a
conservative one.

We will modify the manuscript to better explain the
reasons for 1), better justify the validity of 2) and
discuss the assumption taken to conclude 3).

2. | would appreciate if the authors could better
motivate the sensitivity experiments described in
section 5. | understand technically what was done
but cannot see the added value. For the discussion of
results and significance of differences, confidence
intervals should be provided otherwise statements
regarding the significance of the results such as on
page 15, line 8 are difficult to assess.

See our response to comment [16] from #2 Reviewer.

Our purpose is not to refer to statistical significance
in the discussion of results and significance of
differences, and we will modify our statements
according to this in the “Results” section by e.g.
replacing the term “significant” with more
appropriate expression (e.g. “The contribution of the
waves is now larger compared to the situation with
the first pair.”)

3. Page 5, Lines 6-7: Contribution from rivers to the
water balance in particular the seasonal or longer
variability should be mentioned.

We will add a mentioning of the contribution of
rivers to the water balance in Chapter 2 (in the
section describing the long-term mean sea level).

4. Page 5, Line 19: There are higher waves reported
for the North Sea in chapter 7 of “State and Evolution
of the Baltic Sea, 1952-2005: A Detailed 50-Year
Survey of Meteorology and Climate, Physics,
Chemistry, Biology, and Marine Environment” (doi:
10.1002/9780470283134)

It is true that there are higher waves outside the
Baltic Sea, which is a semi-enclosed basin and rather
shallow compared to other seas around the globe. At
this point we did not have an access to the referred
book but as this paper focuses on the Baltic Sea we
therefore in the text have referred to the highest
wave that has been measured inside the Baltic Sea
(see Bjorkqvist et al., 2017b).

5. Page 7, Lines 4, 5: Please use projections instead of
predictions here and at several other places in the
manuscript.

We agree that projections is better term for the
mean sea level scenarios and this will be corrected
throughout the manuscript as suggested.

6. Page 7, Figure 3 and Lines 1-3: Please explain a bit
more detailed. | cannot immediately infer the
numbers given in the text from the Figure. Please
also mention the baseline; that is, the year relative to
which changes were computed.

We agree that our explanation could be more
detailed and clear.

The purpose of Figure 3 is to show the different
shapes of the mean sea level probability density
functions for the selected years i.e. the spreading of
the distribution towards the future. Figure 3 is drawn
from the results of Pellikka et al. (2018) that is
published now:




Pellikka, H., Leijala, U., Johansson, M. M., Leinonen,
K., Kahma, K. K., 2018. Future probabilities of coastal
floods in Finland. Continental Shelf Research, 157,
32-42.DOI: 10.1016/j.csr.2018.02.006.

To clarify our message, we have redrawn Figure 3
and rephrased its caption (see Figure RC_F) so that
the numbers mentioned in the text can be read from
the figure. The manuscript text will be changed
accordingly, and the baseline will be also mentioned.

7. Figure 4: | would appreciate a comment on the
extent to which the extrapolation is justified. The
data seem to suggest an upper (physically based?)
limit of about 150 cm.

We don’t know of any physical upper limit for the
short-term sea level variations. The value that seems
to be the upper limit in Figure 4 (around 150 cm) is
due to the fact that the highest observed points are
not independent but originate from the same sea
level event which lasted for several hours.

We have addressed our decision to use the
exponential fit by referring to studies of Sarkka et al.,
2017 in the text.

See also our response to the comment [1] from #1
Reviewer.

8. Page 12, Line 23: The authors introduce “SL-
distribution” to refer to sea level variations but
mainly use “still water levels” hereafter. This should
be made consistent.

This is a good comment. We agree that “SL-
distribution” is unnecessary definition and using it
complicates the text. Thus we will rephrase the
sentences that involve SL-distribution and used Fs.
instead. The same procedure will be done for
sentences including “SL,W-distribution” (i.e. SL,W-
distribution will be replaced by Fs.w).

9. Page 13, Table 1: Prediction should be replaced by
projection. Confidence intervals would be helpful.

We will replace “prediction” with “projection” as
suggested (see also our response to your comment

[5]).

We agree that confidence intervals would be helpful.
However, calculating them would require more in
depth analysis of the uncertainties of the sea level
distributions (short and long-term), which we
decided to leave outside this study where the main
focus is to present the method for combining the sea
level distributions with the wave distributions.

10. Section 8 “conclusions” is rather a summary of
results.

We agree that the “Conclusions” section was mainly
summarizing our results. Thus we will rewrite it to
better address conclusions that arise from our
results.

11. Page 23, Line 14: It could also be that none of
them is eventually realized.

This is a good point and true. The sentence will be
reformulated better.
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Combining probability distributions of sea level variations and wave
run-up to evaluate coastal flooding risks

Ulpu Leijala, Jan-Victor Bjorkqvist, Milla M. Johansson, Havu Pellikka, Lauri Laakso, and Kimmo
K. Kahma

Finnish Meteorological Institute, P.O. Box 503, FI-00101, Helsinki, Finland
Correspondence to: Ulpu Leijala (ulpu.leijala@fmi.fi)

Abstract. Tools for estimating probabilities of flooding hazards caused by the simultaneous effect of sea level and waves are
needed for the secure planning of densely populated coastal areas that are strongly vulnerable to climate change. In this paper
we present a method for combining location-specific probability distributions of three different components: 1) long-term mean
sea level change, 2) short-term sea level variations, and 3) wind-generated waves. We apply the method in two locations in the
Helsinki Archipelago to obtain run-tup-total water level estimates representing the joint effect of the still water level and the
wave run-up —These-estimates-for the present, 2050 and
i teRif tonal-2100, The variability of the wave conditions between the study sites

leads to a difference in the safe building levels of up to one meter. The rising mean sea level in the Gulf of Finland and the

uncertainty related to the associated scenarios contribute significantly-to-therun-up-notably to the total water levels for the year
2100. We-alse-presenta-sensitivity-testof the-method-and-diseuss-its-A test with theoretical wave run-up distributions illustrates
the effect of the relative magnitude of the sea level variations and wave conditions on the total water level. We also discuss our

method’s applicability to other coastal regions. Ou

1 Introduction

Predicting coastal flooding and extreme sea level events has a focal role in designing of rapidly evolving coastal areas, that
become continuously more populated and convoluted. Such flooding events ;related-to-extreme-seatevels;-are influenced by
long-term changes in mean sea level, together with short-term sea level variations and the wind-generated wave fields. These
processes are further influenced by a variety of other processes and conditions like the vertical crustal movements, islands, the
shape of the shoreline and the topography of the seabed. Because of a rising mean sea level, the effect of sea level variations
accompanied by waves might cause more damage in the future than in the present conditions. In this study, we analyse the joint
effect of the still water level and wind waves on the Finnish coast.

Globally, several studies have addressed the topic of combining sea level changes and variations with wind waves in different
circumstances and locations, using different methods and assumptions. Hawkes et al. (2002) studied the combined effect of

large waves and high still water in coastal areas of England and Wales using Monte Carlo simulations, accounting for the
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dependence between the water level, the wave height and the wave steepness. Hawkes (2008) summarized joint probability
methods and discussed issues related to data selection and event definition, concluding that the analysis method and source
data should be well chosen to meet the requirements of a particular problem.

Wahl et al. (2012) applied Archimedean Copula functions in the German Bight to achieve exceedance probabilities for
storm surges and wind waves. They found that using this methodology, realistic exceedance probabilities can be achieved and
used to enhance the results from integrated (i.e. multivariate problems) flood risk analyses. A copula based approach was also
implemented by Masina et al. (2015) to examine the joint distribution of sea level and waves at a location suffering from coastal
flooding in the northern Italy (Ravenna coast). This method accounts for the dependence structure between the variables, and
the authors also assessed the present probability of marine inundation accounting for the interrelationship among the main
sea condition variables and their seasonal variability. Results of this study highlight the need to utilize all variables and their
dependences simultaneously for obtaining realistic estimates for flooding probabilities.

In a study conducted by Prime et al. (2016), the authors used a combination of a storm impact model and a flood inundation
model to quantify the uncertainty in flood depth and extent of a 0.5% probability event in the Dungeness and Romney Marsh
coastal zone in the UK. They found that the most significant flood hazards on their study site were caused by low swell waves
during highest water levels, as opposed to large wind waves occurring at lower water levels. Chini and Stansby (2012) used
an integrated modelling system to investigate the joint probability of extreme wave height and water level at Walcott on the
eastern coast of the UK, thus determining changes in overtopping rates. Using different scenarios for the mean sea level rise,
the authors found that flooding probabilities are mainly influenced by changes in water level, as opposed to changes in the
waves conditions. Cannaby et al. (2016) reached a similar conclusion when studying coastal flooding risks in the Singapore
region.

Although the changes in water level have been deemed to have to-the highest impact on flooding risks by several authors,
Chini et al. (2010) found the near-shore wave conditions in the East Anglia coast (UK) to be sensitive to the changes in water
level. The authors used five linear sea level rise scenarios, and one climatic scenario for storm surges and offshore waves to
study the waves between 1960 and 2099. Cheon and Suh (2016) also found that the depth-limitation of waves can be relaxed
with increasing mean sea level, thus leading to increased risks for wave-induced damages on inclined coastal structures.

The Baltic Sea is a shallow semi-enclosed marginal sea, connected to the Atlantic Ocean only through the narrow and
shallow Danish Straits. This gives the sea level variations in the Baltic Sea an unique nature, which differs from that on the
ocean coasts. The components of local sea level variations in a short time scale include wind waves, wind and air pressure
induced sea level variations, currents, tides, internal oscillation (seiche) and meteotsunamis. Long-term changes are related
to the climate change driven mean sea level variations, postglacial land-uplift, and the limited exchange of water through the
Danish straits, which causes variations up to 1.3 m in the average level of the Baltic Sea on a weekly time scale (Leppiranta
and Myrberg, 2009; Pellikka et al., 2014; Johansson et al., 2014).

Both sea level and wind waves have been studied thoroughly separately in the Baltic Sea area, but research into their joint
effect is sparse compared to coastal regions outside ef-the Baltic Sea. Hanson and Larson (2008) examined jointly waves and

water levels to estimate run-up levels (as the sum of the mean water level and the wave run-up height) on the Swedish coast
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in the southern Baltic Sea. They established probability distributions based on existing climate data (mainly wind and water

level data) including also scenarios of future climate change. The-On the Estonian coast in the Gulf of Finland the impact of

breaking waves on the mean water level (wave set-up) has
was studied by Soomere et al. (2013) who found, based on results from a numerical wave model, Seemere-et-al(2613)found
the wave set-up to be strongly affected by the wind direction. Pindsoo and Soomere (2015) reached the same conclusion in a
study that also accounted for varying offshore water level variations simulated by the Rossby Centre Ocean (RCO) model.

In Finland, there is a clear demand for flooding risk evaluation. The irregular coastline ef-approx—46-000-km-is characterised
by coastal archipelagos consisting of about 73 000 islands. Especnally the southern part of the coast fﬂ}ghﬂglvllllg\eiy/\become

exposed to increasing flooding risks,

the land uplift rate no longer compensates for the accelerating sea level rise épdhlde&eﬁd—zmq—} Pellikka et al., 2018).
in-During the
record-breaking storm Gudrun in ZOOSdﬂﬂﬂg—%he—Sfefﬁi—Gﬂdfﬁﬂ—{ﬂ—fhﬂ{—ﬂeedﬂig—evem three different components acted si-

multaneously in the Gulf of Finland: a high total water amount in the Baltic Sea, a high phase of the standing waves (seiches),

and severe winds piling up the water and waves towards the shore. Gudrun caused major damage to coastal infrastructure on

both north and south sides of the Gulf of Finland (Parjanne and Huokuna, 2014; Ténisson et al., 2008; Suursaar et al., 2006).

The earlier flooding risk estimates in Finland (Kehma-et-al-1998; 2044 Pellikka-et-al-2047-(Kahma et al., 1998, 2014; Pellikka et al.,

based on combining the probability distributions of the observed short-term sea level variability and the long-term mean sea
level projections (Johansson et al., 2014). On top of these estimatesfor-thesealevel-variations-up-te2100, a location-specific
additional height for wind waves (henceforth "wave action height") was accounted for separately.

In this study, we use
and-wind-waves—We-utilize location- spemﬁc probablhty distributions of water level and wave run-up (the-maximum-vertieal

ing-to obtain a single probability

distribution for the maximum absolute elevation of the continuous water mass (Fig. 1). For simplicity, we call this resulting

elevation the run-up-total water level. The method presented in this paper has been applied to assess the safe building heights
on the coast of Helsinki (Kahma et al., 2016).

This paper is structured in the following manner. In Sect. 2, we outline the parameters affecting the sea surface level on

the Finnish coast. In Sect. 3, we introduce the scenarios and observations used in this study. This is continued in Sect. 4 by

forming the sea level and wave probability distributions, presenting the theory for evaluating the sum of two random variables,

and the partlculars of applylng it to sea level variations and wind waves. We—%heﬂ—mve%ﬁga{eﬂie—%eﬂ%mw%yeﬁﬂ%ﬂppmaeh—eﬂ

i-Seet—22-We-In Sect. 5 we apply the method on a case study in the Helsinki Archipelago in-Seet—5and beside it investigate

theoretically how different wave height conditions affect the resulting total water level. The paper is finished by discussion on
the relevance and applicability of the results in Sect. 6, and finally conclusions in Sect. 7.
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Figure 1. The run-up-total water level i.e. the maximum absolute elevation of the continuous water mass (solid blue) is a result of the 1)
long-term mean sea level change, 2) short-term sea level variations and 3) wind-generated waves. On a steep shore the waves can also be

fully or partially reflected (dotted blue).

2 Components contributing to the sea surface level

The instantaneous sea surface height at any coastal site in the Baltic Sea is affected by several physical processes in different

time scales. In this study, we

water level to represent the maximum elevation of the water level (incl. short- and long-term sea level variations). Moreover.

we use the term fotal water level H to represent the maximum absolute elevation of continuous water mass reaches;—4-as a
sum of three components with different time scales (Fig. 1):

he-use the term szill

H:SL+SS+Hrunup (1)
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where S, stands for the long-term sea level, Sg for the short-term sea level variations, and H. ., for the wave height

run-up above the still water level (S, + Sg). For-clarity;we-use-the-order—)long-term-sealevel; 2)short-term-sealevel 3>

The long-term mean sea level changes-slowly-from-decade-to-decade—On-on the Finnish coastit-, on decadal time scale,
is affected by the global mean sea level, the post-glacial land uplift and the Baltic Sea water balance (Johansson et al., 2014).
The global mean sea level is rising due to thermal expansion and-the-melting-of-e-g—the-Antarctic-and-the-Greenland-of sea
water and melting of glaciers and ice sheets. Nevertheless, the rising sea level is locally mitigated by the post-glacial land
uplift, which presently amounts to 3—10 mm/yr on the Finnish coast. The mean sea level in the Baltic Sea can also deviate from
the mean ocean level because of the limited water exchange through the narrow and shallow Danish Straits, which connect
the Baltic Sea to the North-Atlantic Ocean. The Baltie-Sea-water-balance-is-mainly-controled-by-the-in- and outflow of water
through the Danish Straits are mainly driven by the regional wind and air pressure conditionsever-, while other factors such as
river runoff, evaporation and precipitation have a negligible effect on the Baltic Sea and-North-Sea-areaswater balance.

Short-term water-sea level variations on sub-decadal time scale on the Finnish coast range from -1.3 m to +2.0 m above
the long-term mean sea level, with time scales ranging from year-to-year variability of the Baltic Sea total water volume down
to storm surges and other rapid variations in less than an hour. The week-to-week variability of the water volume results into a
sea level variability of about 1.3 m, while the shorter-period internal variations in the Baltic Sea basin contribute several tens of
centimetres to the sea level variability (Leppdranta and Myrberg, 2009). Along the Finnish coast, the largest variations occur
near the closed ends of the Bay of Bothnia and Gulf of Finland, while the range of variability on sites closer to the central
area of the Baltic Sea is substantially smaller (e.g. Johansson et al., 2001). These variations are mainly driven by wind and air
pressure variations. Ice conditions in the winter also affect the water level variability, but unlike in many other coastal areas, the
tidal variations are-only-a-few-centimeters-range only up to 10-15 centimeters on the Finnish coast (Witting, 1911; Leppéranta
and Myrberg, 2009; Sarkka et al., 2017).

The wave conditions in the Baltic Sea are influenced by the limited fetch, the topography of the seabed and the seasonal
ice-cover (Tuomi et al., 2011). The highest observed significant wave height in the Baltic Sea is 8.2 m (Bjorkqvist et al., 2017b).
In the Gulf of Finland the growth of the waves is restricted by the narrowness of the gulf (Kahma and Pettersson, 1994), but
a significant wave height of 5.2 m has still been measured in the centre of the Gulf of Finland (Pettersson et al., 2013). Close
to the shoreline the waves are modified by the archipelago and the irregular shoreline (Tuomi et al., 2014; Bjorkqvist et al.,
2017a). The significant wave height close to the coast in the Helsinki archipelago has been estimated to not exceed 2 m (Kahma
et al., 2016), but the steep shoreline near Helsinki causes wave reflection leading to a positive interference (Bjorkqvist et al.,
2017c). This wave-reflection affects the value-of-the-wave run-up, which is the vertical elevation during-a-certain-time-(where

the continuous water mass reaches with respect to the still water level).

3 Scenarios and observations used in this study



65°00'

62°30'

60°00'

57°30'

55°00'

O Jatkasaari wave buoy

@ Linsikari wave buoy

@ Gulf of Finland wave buoy
* Tide gauge

60°00'

25

Figure 2. The coastal area off Helsinki and the measurement sites used in the study. The red box in the Baltic Sea map (top) marks the area
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the sea level data. The contours mark the approximate water depth.
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3.1 Long-term mean sea level: past estimate and future scenarios

We focused our calculations on three different time-instants—the-present-year-years: 2017, and-future-years-2050, and 2100.
Pellikka-et-al; 2047 Pellikka et al. (2018) calculated estimates for the past long-term mean sea level, as well as future scenar-

ios, on the Finnish coast. They estimated the past and present long-term mean sea level as a combination of the past actualised
global sea level rise, land uplift, and the Baltic Sea water balance. The significant year-to-year variability in the Baltic Sea
water balance was smoothed out by a 15-year floating average.

The future scenarios of Pellikka-et-al52047Pellikka et al. (2018) were based on an ensemble of 14 global mean sea level
rise ictions-projections from the recent scientific literature. Each prediction-projection was adjusted to the Finnish coast
by taking into account the uneven geographical distribution of the thermal expansion of sea water, ocean dynamical changes,
and the fingerprints of the melting ice masses. The regionalized predictionsprojections, along with their uncertainties, were
combined to obtain a probability distribution of future-the sea level rise in 2000-2100. Lastly, these localized sea level rise
scenarios were combined with the postglacial land uplift and an estimate of wind-induced changes in the Baltic Sea water
balance. For more details of the method, see Johansson et al. (2014) and Pelikka-et-al-2647Pellikka et al. (2018). In Helsinki,
the change in mean sea level in 2000-2100 was predieted-projected to be 30 cm (-15 cm ... 87 cm, 5-95% uncertainty range).

3.2 Observedshort-term—sea-Sea level variabilitydata

The Finnish Meteorological Institute (FMI) operates 14 tide gauges along the Finnish coast, most of which have been operating

since the 1920s. We used

us-46 year-years (1971-2016) data
set-of instantaneous hourly sea level valuesobservations from the Helsinki tide gauge. The Finnish sea level data are measured
in relation to a tide gauge specific fixed reference level, which is regularly levelled to the height system N2000. The height
system N2000 is a Finnish realization of the common European height system. The N2000 datum is derived from the NAP
(Normaal Amsterdams Peil, Saaranen et al., 2009). For a more detailed description of the tide gauge data, measurement
techniques and quality, see Johansson et al. (2001).
The sea level variations are location-specific, but as our study area is limited to sites less than 5 km away from the Helsinki
tide gauge, we considered the sea level variability measured at the tide gauge sufficiently representative for both study sites at

Jatkasaari and Lansikari (Fig. 2).
3.3 Wind wave data

FMI conducts operational wind wave measurements in four locations in the Baltic Sea. In the Gulf of Finland, the observations

are carried out using a Datawell Directional Waverider moored in the centre of the gulf (see Fig. 2). However, these open
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sea observations are not representative of nearshore wave conditions (e.g. Kahma et al., 2016; Bjorkqvist et al., 2017a). The
operational measurements have therefore been supperted-supplemented by short-term observations with smaller Datawell G4
wave buoys inside the Helsinki archipelago.

We used the open sea measurements from the operational Gulf of Finland wave buoy in 2000-2014 in combination with
shorter time series at chosen locations inside the Helsinki coastal archipelago. The measurements in the archipelago were
conducted at Jitkidsaari (31 days in October 2012) and Linsikari (11 days in November 2013) (see Fig. 2). These shorter
measurements were a part of a research project commissioned by the City of Helsinki (Kahma et al., 2016).

We chose the measurement sites at Jatkésaari and Lénsikari so that they would represent two different kinds of wave con-
ditions: Jitkidsaari is close to the shore, in a place well sheltered from the open sea by islands. Linsikari, on the other hand, is

located in the outer archipelago, relatively unsheltered from the open sea conditions.

wave parameters can be defined using spectral moments

oy — / /S(f)df, @

where S(f) is the variance density spectrum (m?Hz ") given as a function of the wave buoys-verticatdisplacementfrequency.

The significant wave height is-a-st

Hy = Hmo = 4. @

The wave period 7T},,0- is defined as

Tino2 = 4| —. 4

4 Probability methods to combine sea level variations and wind waves

As a first step in estimating the combined effect of the long-term mean sea level, the short-term sea level variability, and
the wind waves on the frequencies of exceedance of coastal floods, we constructed probability distributions for each of them
separately (Sect. 4.1-4.3). Next, we calculated the probability distributions of their sum: the method for this is presented in
Sect. 4.4, and applied on the three constructed distributions in Sect. 4.5.
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In this paper, we use three types of probability distributions. The probability density function (pdf) f,, the cumulative
distribution function (cdf) F},, and the complementary cumulative distribution function (ccdf) F',, of the random variable z are

defined as:

fu(2) = Pz =1)
F.(x)=P(z <) )
F.(z)=P(z>x)=1-F,(x)

Since our data is based on hourly values, we eatettated-converted the frequencies of exceedance from the ccdf by-multiptying
the-probabilitiesby-to events/year by multiplying them with the average number of hours per year (§766). By using hourly sea

level values we practically assume a constant sea level for the entire hour. When summing a one hour constant sea level value

with a one hour maximum wave run-up elevation-with respect to the mean water level, the result is the maximum absolute

elevation within one hour. This maximum absolute elevation during one hour is defined as one event.

4.1 Distributions of the long-term sea level scenario

The probability distributions for the long-term mean sea level scenarios on the Finnish coast were calculated by Pehikka-et-al;-20+7Pellikka

We used their pdfs for sea level scenarios at Helsinki in 2050 and 2100, and the long-term mean sea level estimate of 0.19 m

for year 2017 in reference to the N2000 height system (Fig. 3). The medians of these scenarios prediet-project a rise of 4-em
0.04 m from the estimated mean sea level of 2017 (+19-em)-up to 2050, and a rise of 28-em-0.27 m from 2017 to 2100. The
uncertainties, however, increase markedly in the future, the width of the 5% to 95% range of the cdf being 37-em-0.37 m in
2050 and +63-em-1.03 m in 2100.

4.2 Distributiens Distribution of the short-term sea level variability

We constructed the probability distribution of short-term sea level variability from the observed sea levels in 1971-2016. The
observed sea levels from-which-the-wave-action-has-beenfiltered-out;practically represent the sum of the two first terms of
Eq. 1. We subtracted the annual values of the past long-term variations (Sy,; see Sect. 3.1) from the observed time series, to
obtain the short-term variability S.

We then calculated the ccdf for the short-term sea level variations—We-extrapolated-the-cedf-tofrequencies-of exceedanee
smaler-than-1/46-years-, and extrapolated it with an exponential function fitted-to-the-tail-of-the-eedf-(Fig. 4). The exponential
function was fitted to the tail of the ccdf, to sea levels with a frequency of exceedance of-less than 5.7210*, which corresponds

to 5 eventshours/yearortess, This limit was selected because only the tail part of the distribution follows the exponential
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Figure 3. Probability density functions of future mean sea level at the Helsinki tide gauge for years 2050 and 2100 :-and the long-term mean

sea level estimate of 0.19 m for year 2017. The 5", 50" and 95" percentiles are shown for 2050 and 2100. The data in the Figure is from

shape, while more frequent sea levels behave differently. Séarkka et al. (2017) examined different functions and methods for
extrapolating sea level ccdfs at Helsinki. They found that both a Weibull and an exponential extrapolation of simulated daily
sea level maxima produced results well in line with a Generalized Extreme Value (GEV) fit to annual-simulated-simulated

annual sea level maxima.
4.3 Distributions of the wind wave run-up
4.3.1 Observed distributions

The short time series measured at Jatkdsaari and Lansikari (Sect. 3.3) are not long enough for constructing the local wave
height probability distributions. We therefore compared these measurements to the simultaneous open sea data from the Gulf
of Finland to determine an attenuation factor for each wave direction and wave period. The attenuation factors were then
applied to the 15-year open sea measurement record to produce estimates of the wave conditions at the study locations. We
calculated hourly significant wave heights from two consecutive measured 30-minute values, to be able to combine these with

the hourly sea level data.
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Figure 4. Ccdf of the short-term sea level variations at the Helsinki tide gauge: observed hourly values in 1971-2016, from which a time-

dependent estimate for the long-term mean sea level has been subtracted.

The wave height values obtained by attenuating the open sea data were combined with the local measurements, and ccdfs
were estimated by fitting piecewise exponential functions to the data. For the large values of the ccdf the exponential function
was fitted to the observational data, while for the smaller values (rarer events) a fit was made to the modelled values. These
two pieces were connected to form one continuous distribution (see Fig. 6). The distribution was then extrapolated using
an exponential fit. Since neither the observations nor the modelled values are by themselves sufficient to form a probability
distribution, the above method was chosen to make the most efficient use of both data sets.

The final step was to estimate the wave run-up, i.e. the maximum vertical elevation of the water in relation to the still water

levelduring—a-ecertainperiod,—which-in-otr-ease-was-anheur—The-wave-. We defined the wave run-up ean-be-caleulatedfor

using the highest single wave during an hour, since this will produce one well
defined event when combined statistically with the water level data.

The highest wave during an hour was determined by assuming that the height of the single waves are Rayleigh distributed,
following Longuet-Higgins (1952). At both study sites the relation 1.9H, < Hyygq < 2.0H was valid for the entire measurement
period of the wave buoys. For simplicity we will use /45 = 28 5 throughout the paper. The high coefficient is explained by

the waves being short inside the archipelago (mean values for 7},,0o were 3.2 s for Linsikari and 3 s for Jatkidsaari).
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ed with wave damping chambers. Reprinted from Bjorkqvist et al. (2017¢).

The run-up height-depends on a number of parameters, but on a steep, sufficiently deep shoreline, the maximum vertical
elevation is determined by the highest single individual wave, which is further magnified by reflection. As-a-simplification;
we—transfermed-Spectral wave measurements have been conducted at the Jitkdsaari study site (Bjorkqvist et al., 2017¢) in

front of a wave damping chamber (Fig. 5). The authors found a reflection coefficient of 1.5 for the significant wave height

%WMM%%WW&@WMM@&MMW@Q
shorter waves where damped by the chambers. However, the longest waves were fully reflected.

Qur results should be valid also for the part of the shoreline that is not equipped with wave damping chambers. Based on the
results of Bjorkqvist et al. (2017¢) it is necessary to assume that the shorter waves would be fully reflected in a similar manner
as the longer waves if no damping devices are present. We therefore used the conservative assumption of full reflection, thus
doubling the single highest wave at the shore (Hyag e 11 = 4Hs), but since only half of the wave is above the still water levelis
half-of-the-wave-height-which-is-defined-fromtrough-to-erest—Thus:—, we arrive at the expression H,,nup = 2H,. Shallow

water wave non-linearities are ignored, since the wave lengths are typically small relative to the water depth at the shore. The
resulting cumulative wave run-up distributions are illustrated in Fig. 6.

4.3.2 Theoretical distributions

One traditional distribution used to describe the significant wave height at a certain location is the Weibull distribution
Battjes, 1972). Nevertheless, the wave conditions at the study locations in this paper are heavily influenced by e.g. the

12



10

15

(a) Jatkasaari (b) Lansikari

10°
©  Wave buoy o  Wave buoy
o Transfer function (H_ > 0.7 m) o Transfer function (H_ > 1.25 m)

Fitted Distribution Fitted Distribution

=
o
=)

[
o
-
-
o
-

-
o
[N}
[y
o
[N}

103.

=
o
w

104,

Complementary cumulative probability
5
S

Complementary cumulative probability

" " L 10 5 n "
1 2 3 4 0 1 2 3 4
Wave run-up (2H) (m) Wave run-up (2H_) (m)

=
o
)
o

Figure 6. Wave run-up distributions for the two locations in the Helsinki archipelago: Jitkdsaari and Lénsikari.

bottom_topography_and the numerous islands, which is why_their distributions deviate from the Weibull distribution. In
order to generalise the presentation of the method, we will also combine the sea level data to a set of Weibull two-parameter
distributions.

These distributions have different properties: shape, expected value and typical magnitude relative to the sea level variations,
with probability functions (pdfs and cdfs)

F(w,k,)\)zl—exp(—g)k, (7

where k is the shape parameter and A is the scale parameter. We formed three distribution pairs, each having equal scale
parameter and expected value, but different shape parameters (Table 1). These pairs represent three different wave conditions
when compared to the still water level distribution (Fig. 7). The first pair (W1a and W1b) represents a typical sheltered situation
where the wave height is small in comparison to the more dominant sea level variations. For the second pair (W2a and W2b)
the waves and the sea level variations are of similar magnitude, while the third pair (W3a and W3b) represents waves that
are clearly dominant compared to the sea level variations. The effect of the slightly larger shape parameter of distributions
W1b, W2b and W3b compared to W1a, W2a and W3a can be seen as a slightly narrower and sharper form of the wave height

distributions.
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Table 1. The different theoretical wave run-up distributions and observation based still water level distribution used for the theoretical test.
The Weibull scale parameter (\), shape parameter (k), expected value E, 90", 95" and 99" percentiles are given for the wave run-u
distributions, and the same percentile values for the still water level distribution.

Distibution Ak E_ 907 perc. 957 perc.  99'" perc.
Wavela 02 20 0J8m_ 030m  035m  043m
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Wave2a 05 20 O0M#m  0J6m  08Tm 107w
Wavedb 05 25 O044m  070m  078m  092m
Waveda 15 20 133m. 228m 260m  322m
Wavedh L5 25 133m 209m  23m  276m
Stllyaterlevel - - 000m_ 033m 045m 068m
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Figure 7. Pdfs (on the left) and ccdfs (on the right) for the still water level and the six theoretical wave run-up distributions.
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4.4 Probability of the sum of two independent random variables

The theory for determining the probability distribution of the sum of two random variables can be found in text books (e.g.
Schay, 2016), but it will nonetheless be outlined below for completeness and to introduce notation.

Let z,y,z € R be continuous random variables, which can take values denoted by z, y and z respectively. We use the
established notation of f., fy, f. and F,, F,, F, for the associated probability density functions and cumulative distribution
functions (Eq. 5). We now define z := x +y to be the sum of the independent random variables z and y, while imposing no
further constraints on z or y.

The goal is to define the cumulative distribution function F,, namely expressing the probability P{z < z} for an arbitrary
z € R. As 2z is given as the sum z + y, it’s easy to realise that 2 = z when z = § and y = z — & for any § € R. Consequently,
z<zwhenz=¢andy<z-¢,sincez:=x+y<§+ (z — &) = 2. By using the assumption of independence the probability

of the occurrence can be expressed as a product, thus yielding

Pllz=N(y<2-8)} Plz=¢Ply<z-¢&

= [2(8) Fy(2=8).

Since this holds for any £ € R and the probability P{z < z} is a sum of all these occurrences, we can express F,(z) as the

convolutions integral

F.(z) = Plz< 2} = / o (E)F, (2 — €)d€ = fo % F,. (®)
R

For practical purposes f, and F), are usually given as discrete functions. By defining the discrete functions as
fo, By, Fy : {i=n-Af|neZ} —[0,1]

for some A¢ € R and redefining f,; as the probability mass function fulfilling ) ", f,(7) = 1, we end up with the discrete version
of Eq. 8:

F()= 3 L0)F-0). ©)

1=—00

4.5 Distributions of the sum of sea level variations and wind waves

We applied the method for calculating the probability of the sum of two random variables (Sect. 4.4) to get the probability
distribution of the sum of the three factors (Eq. 1) from the probability distributions of each of those (Sect. 4.1, 4.2, and 4.3).
As the first step, we calculated the cdf of the still water level (S7—+S5)-This-distribution-Fg 7, which accounts for the sea level
variations only and-will-be-referred-to-as-the-Sk-distribution(S7, - Sg).

For the present conditions (year 2017), we calculated the-St-distribution-F g7, simply by adding the long-term mean sea level
estimate of +8:7em-0.19 m (in the N2000 height system) to the values-for-distribution of the short-term sea level variability.
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For the future (years 2050 and 2100), we calculated the Sk-distribution-as-the-convolution Fgy, = fg, * Fig, of the pdf of the
long-term mean sea level scenarios (S ) and the cdf of the short-term sea level variability (Sg). Stil-waterlevelsecorresponding
S
variability, but the mean (or expected value) is zero.

As a second step, we calculated the cdf of the full three-component sum (Eq. 1). By using the notations from Sect. 4.4, x is
the still water level S, + S, gy is the run-up H,.yp.p, and 2 is the elevation-to-which-the-continuous-water-mass-reaches-total

short-term sea level variabilit as such. This resulted in a distribution where the variability equals present-day short-term

water level H. Since the method is symmetric, the choice of z and y is in theory arbitrary. In practice, more data are required
to get a good estimate of the pdf f,, which guides the proper choice of variables. We had significantly more sea level data
available and will for the remainder of this paper adopt the notation fsy, ("sealevel”) and Fyy ("wave") for f, and F), in Eq. 9.

The eombined-cumulative-funetion-distribution of the total water level obtained using convolution and corresponding to F’, in

Eq. 9 will be denoted Fsr, w = fsr * F.

This calculation of the three-component sum was performed for the still water level distributions for 2017, 2050 and 2100
combined with the observation-based wave run-up distributions at Jitkédsaari and Linsikari, as well as for the zero-mean still
water level distribution combined with the six theoretical wave run-up distributions.

5 Results

5.1 Case study in Helsinki Archipelago

We applied the presented method in the Helsinki Archipelago, located at the northern coast of the Gulf of Finland, Baltic Sea.
The calculations were done for two locations, where Jitkdsaari is situated deep inside the archipelago near the shoreline, while
Lansikari is more exposed to the open sea wave conditions (Fig. 2).

We calculated gy, for the still water level as a sum of two components: the short- and long-term sea level variations.
Still water levels corresponding to certain frequencies of exceedance are shown in Table 2. In the convolutions Fisy, u, the
wave run-up was additionally accounted for, as they were calculated as a sum of three components as outlined in Sect. 4. We
calculated the distributions both for the present conditions (2017), and for the future scenarios in 2050 and 2100 (Fig. ??). The
total water levels representing the maximum elevation of the continuous water mass on a steep shore with selected frequencies
of exceedance are given in Table 3.

The total water levels for a location closer to the open sea (Lédnsikari) are up to 1.2 m higher compared to the values for
the sheltered shore location (Jatkésaari).
(see Fig. 6), and highlights the variability of the waves due to locational differences, even in a rather small coastal area under

The impact of the future mean sea level change is evident in the Fiy distributions for the three different years (Fig. 22).
The still water levels corresponding to certain frequencies of exceedance change only slightly from 2017 to 2050, but increase

This clear difference follows from the difference in the wave run-up distributions
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Table 2. Still water levels (in m relative to N2000) corresponding to certain frequencies of exceedance for three years (2017, 2050 and 2100
based on the observed sea level variability and mean sea level scenarios for the Helsinki tide gauge.

Helsinki tide gauge
Projection year

2017 2050 2100
Frequeney-of-exceedance{eventsFrequency of exceedance (events/year) Still water level (m)

171 136 149 233
1/50 1.80 192 287
1/100 1.87 200 295
1/250 197 210 3.06

significantly more from 2050 to 2100. From 2050 to 2100, the 1/1 events/year still water level increases by 0.84 m, and the
1/250 events/year still water level by 0.96 m (Table 2). This change results from the projected accelerating mean sea level rise
in the Gulf of Finland, as well as from the wider uncertainty range in the mean sea level projections for 2100, which is reflected
in the mean sea level probability distribution (for details, see Pellikka et al., 2018).

As we used the same mean sea level scenario for both Jatkédsaari and Lénsikari, the effect of the mean sea level change is
similar for them even in the Fisy, vy distributions. For example, the total water levels exceeded by 1/100 events/year increase by,
0.86 m in Jatkdsaari and 0.83 m in Lansikari from 2050 to 2100. The small difference between the two study locations results
from the slightly different shape of the wave run-up distributions.
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Table 3. Total water levels (m relative to N2000), as the sum of still water level and wave run-up, for three different years (2017, 2050 and
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distributions SL,Wa etc., obtained by combining the distribution of the short-term still water level with the theoretical wave
run-up distribations:

distributions, are shown in Fig. 9. We chose four different frequencies of exceedance (1/1, 1/50, 1/100 and 1/250 events/year)
for a closer examination. Table 224 summarizes these for the still water level distribution and the six wave run-up distributions,
as well as for the sum of these i.e. the run-up-total water level distributions. As a comparison, also the corresponding still water

levels added to the expected values of the wave run-up distributions are shown.

For the first pair ;-the-sealevel-variations-are-clearly-dominating-the-wave-variations-of wave run-up distributions (W1la and
Wb, see Table 22—Fhe-run-up-1), the sea level variations clearly dominate the wave variations. The total water levels are

mostly set by the still water levels; the dis
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Table 4. Results of the theoretical test i.e. values for different frequencies of exceedance for the still water level distribution SL, the six
theoretical wave run-up distributions W1a-W3b, and the total water level distributions SL,Wla (the convolution fsr, * Fyyi,). The total
water levels resulting from the sum of still water level and expected value of the wave run-up distributions are marked by SL+E(W1a).

*  Frequency of exceedance (events/year)

99" pere— Still water level (m)
035-m- Wave run-up (m)
Wla_ 430,60 072 074 0.76
W3b_ 363 418 421 438
Wave2a 085 Total water level (m)
SL.Wla 2:6-1.40 044-m-1.83 076-m-191 0:87-m-2.01
SLWIb. 167138 181 189 199
Wave2b-SL,W2a 0:5-1.95 2:52.40 044-m2.48 0-76-m-2.58
SLW3b. 3.84 448 458 471
Waveda SLEEWla)  +5135 260179 133m186  228m1.96
Wave3b-SL+E(W2a) +5-1.62 25205 +33-m2.13 2:09-m-2.23
StitbwatertevelSL+E(W3a) -2.51 294 0:66-m3.01 033 m3.12
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Figure 9. Ccdfs for the still water level and the total water level, obtained by applying six theoretical wave run-up distributions.

at certain frequencies of exceedance are about 0.2 m higher vatues-in-eomparison—to-the-than the corresponding still water
levels alone. In-this-setting;-the-effeet-of The effect of the different shapes of the-waverun-up-distributions-Wla and W1b on

the results is negligible.

In the second pair (W2a and W2b), neither the wind waves nor the sea level variations are clearly dominanttW2a-and-W2b;
see-Table-27). The contribution of the waves is now significantlarger compared to the first pair. Even the run-up-total water
level with a frequency of 1/1 events/year for the SL,W2a (1.95 m) is larger than the still water level with a frequency of
1/250 events/year (1.79 m). The effect of the shapes of the wave distributions is no longer negligiblefor-the-second-pair—The
distribution—, W2a has a thicker tail compared to distribution-W2b, meaning that the higher values are more probable. The
difference in the run-up-total water level with a frequency of exceedance of 1/250 events/year between SL,W2a and SL,W2b
is atready-0.2 m (Table 224). This difference is caused solely by the different shapes of the-wave-distributions-W2a and W2b,
since they have the same expected valueand-the-sealevel-distribution-was-identical-in-both-eases—,_

In the case of the third pair (W3a and W3b), the contribution of the larger waves becomes evident. The run-up-levels-of-the
stum-of-sealevel-and-waves-total water levels are up to 3.5 m (1/1 events/year) and 4.1 m (1/250 events/year) higher compared
to the still water levels alone. There-is-a-The still water levels increase by 0.6 m-differenee-in-stith-waterlevel-when-comparing
the-frequeneies-m from the frequency of 1/1 events/year and-to 1/250 events/year, but the increase in the corresponding run-tp
levels-is-up-to-13-total water levels is 0.9-1.3 m (Table 2?4). Unlike for-the-previous-in the other cases, the effect of the wave

distribution’s—shape-factor-on-the-run-up-shape factor of the wave distribution on the total water level increases with smaller
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SensHvity-tes 2 22 vels < < es-With the first pair, the total water levels
(SL,Wla and SL,W1b) differed at most 0.1 m from the run-up-levels-based-on-the-sum-of-sum of the still water levels and

expected values of the wave run-up distributions, namely SL+E(W1a) and SL+E(W1b). Thus, in a-this situation where the

sea level variations dominate, simply adding the expected value of the wave run-up distribution on top of the still water levels
produces results quite similar to those based on the distribution of the sum. In-thissitaation;thesimplified-equation22-works
reduces to a "fixed wave action height”, which can be approximated with the expected value of the wave run-up distribution.
In such cases, there is no need to calculate the distribution of the sum to obtain a good approximation of the distribution.

However, as soon as the contribution of the waves increases, the situation changes. In the equal wave-sea level situation

(SL,W2a and SL,W2b vs. SL+E(W2a) and SL+E(W2b)), simply adding the expected value of the wave run-up distribution on

top of the still water levels would underestimate the run-up-total water levels by up to 0.4 m compared to the distribution of the
sum. However, when looking at the difference between the still water levels and the run-uplevelsof-thesum-ofsealevel-and
wavestotal water levels, we notice that the effect of the waves can still be quantified almost as a constant value to be added on
top of the still water levels, "fixed wave action height", for all the four frequencies of exceedance under inspection. However,
the distribution of the sum still needs to be calculated to obtain this value, as it exceeds the expected value.

Finally, a-similarcomparison-forin the case where the waves dominate (SL,W3a and SL,W3b vs. SL+IE(W3a) and SL+E(W3b))
restlts-in-signifieant-there are large differences (up to 2.8 m), showing that the simplified solution of adding the expected value
of the wave run-up distribution on top of the still water levels would lead to a significantremarkable underestimation of the

run-tp-total water level. Moreover, it is clear that for-in this situation the effect of the waves cannot be quantified as a constant

value to be added on top of the still water levelsfor-thefrequencies-of-exceedaneeranging fromH-to1/250-events/year.
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6 Resultsof tv-in HelsinkiArchivel

5.1 Comparison of the theoretical test with the case study results

i s s is closest to the second pair (W2a, W2b) of the theoretical
distributions (Fig. 7), while the distribution at Linsikari }-are-ap-te—1-2-m-highercompared-to-the—valuesfor-the sheltered

Wmmthe distribution of the sum;—whichresults{from
attor-(still water

WMJatkasamﬂﬁefuﬂwﬁwsﬁyse%ﬁmm%He%ﬂ%ﬁmm

b%mmHmﬁ&Mmekan}mmﬁm%mmmﬂe&mﬁ%

e-variability, does not show

the behaviour characteristic for the third theoretical pair: the increase of the effect of waves with decreasing frequency of
exceedance

This same applies for the distributions of the total water level in 2050 M to 2100;-the- 4+
events/year-the still water level in i
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As—we-used-the same-mean—sealevel seenario-for-both-however, behave differently. For them, the contribution of waves
increases with decreasing frequency of exceedance: from 0.74 to 0.89 m at Jétkisaariand-, and 1.85 to 2.02 m at Lansikari;-the

by-1100-events/year-inerease-by-86-em-in-, It is also noteworthy that the contribution of waves is smaller in 2100 than in 2017

The effect of waves on the distributions of the total water level at Jitkdsaari and 83-em-in-Lansikari from-in 2017 and 2050

ape-can thus be quantified

with a "fixed wave action height" but, likewise to the theoretical distributions SL,W?2a and SL,W2b, this value clearly exceeds
the expected value of the wave run-up distributionsdistribution.

6 Discussion

6.1 Conditions and applicability of the method

In general case, the relationships between the wave height, wave run-up, and sea level variations are complex. In this study, we
made several assumptions and simplifications. The aim of this section is to discuss the validity of our results, and also help the
reader to estimate whether this method could be used in a certain location or with a specific data available.

The essential prerequisites for applying the method presented above are:

1. An estimate for the long-term mean sea level is needed. In its simplest form, this can be a single mean sea level height
value. If the mean sea level is changing, however, an estimate for this change is needed. Again, a simple estimate could
be a time-dependent mean sea level value; a linear trend, for instance. Using an ensemble of estimates ;-the-way-we-did
with-for the future scenarios (like was done by Pellikka et al. (2018)), however, leads to a time-dependent probability
distribution for the mean sea level;-whieh-, Such distribution contains more information on the different possible future

pathways.

2. An estimate for the range of the short-term sea level variability is needed; technically, in the form of a good-quality

probability density function. In the case of the Finnish coast, we have found that several decades of observations with
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hourly time resolution are needed to get a reliable estimate for the extent of the local sea level variations. Additionally,
to estimate run-up-total water levels with low frequencies of exceedance, such as 1/250 events/year used in this study,
the observation-based probability distribution — rarely extending down to frequencies below 1/100 events/year — needs

to be extrapolated using suitable extreme value analysis methods.

3. An estimate for the wave run-up distribution is needed to account for the effect of waves on the coast. In this paper we
have used the simplest formula for a steep shore using the highest single wave, which was estimated from the significant
wave height H,. The method can be generalised by using wave run-up formulations that also account for e.g. the slope
of the beach.

4. We based our analysis on a simplifying assumption that the sea level variations and wave run-up are independent. This
makes it possible to calculate the distribution of the sum from the marginal distributions without additional assumptions.
In practice, the independence of the variables can be, at least partly, achieved for locations with a constant beach profile,
such as deep and steep shores. Strong wind-independent components in the sea level also decrease the dependence of the
sea level and the wave run-up. In the Baltic Sea, such component is the total Baltic Sea water volume which, although
expressing a strong correlation with the wind conditions (Johansson et al., 2014), does so in a time scale much longer
than that of the wind waves. In addition, the mutual dependence of the sea level and waves is weakened in the Gulf
of Finland, since strong easterly winds lower the sea level by emptying the gulf. Tidal variations are also a sea level

component which is independent of waves; such variations are small on the Finnish coast, however.

As long as the above conditions are met, we consider the method presented here applicable also for other places than the
Finnish coast. Naturally, as the most important factors causing sea level variations are different in different places, this needs
to be taken into account. For instance, in places where the tidal variations dominate over storm surges, a different analysis of

the short-term sea level variability might be appropriate.
6.2 Limitations and potential improvements

In our approach, we treated the still water level variations and the wave run-up as independent variables as a first approximation.
The limited amount of wave data available for this study imposed challenges in the construction of the full joint distribution,
which would have taken into account the possible dependencies between these variables. The dependency might be affected by
the location—speeifie-location-specific circumstances, and further studies are needed to determine the conditions under which

the use of the full two dimensional distributions is preferable to assuming independence.

Pellikkaetal52047Pellikka et al. (2018) used the observed monthly maxima of sea levels on the Finnish coast to calcu-

late the location-specific short-term sea level variability distributions. They calculated the probability distribution of the sum
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of long- and short-term sea level variations with a method similar to the one we used to calculate the Sk-distributionl sy,

distribution. By this method they analyzed the present and future flooding risks on the Finnish coast. Our results for still water

levels with frequencies of exceedance of 1/1, 1/50 and 1/100 events/year (Table 2) are higher than those of Pelikka-et-al;20+7Pellikka et al.

This is mesthy-likely explained by the differences in statistics. Several high hourly sea level values can occur during the same
month, or even the same storm surge event, and still result into only one monthly maximum in the statistics. Thus, the hourly
values have a higher frequency of exceedance than the monthly maxima, reflecting the difference in the definition of "an event"

in each case.

Using block maxima of sea level variations — such as the monthly maxima used by Pellikka et al. (2018) — in our analysis
would implicitly restrict the study of the joint effect to cases where the still water level is high, thus excluding combinations of
moderate still water level and high waves.

We calculated the future scenarios for the flooding risks by simply combining the mean sea level scenarios with the present-
day short-term sea level variability and wave conditions. Thus, we implicitly assumed that those will not change in the future.
A potential improvement, to get deeper insight into the changes of flooding risks in the future, would be to include scenarios of
short-term sea level variability or wave conditions. As these both mainly depend on short-term weather (wind and air pressure)

conditions, this would require scenarios for the short-term weather variability.

Safe coastal building elevations are usually estimated for structures with a designed lifetime of at least several decades, but
the relevant safety margins differ between commercial buildings, residential buildings and e.g. nuclear power plant sites. We
therefore need to consider scenarios up to 2100 and frequencies of exceedance as rare as 1/250 events/year or even less. The
approach presented in this paper allows for the determining of different building levels based on the acceptable risks for various
infrastructure, thus reducing building costs while maintaining necessary safety margins. Thereby it assists in a cost-effective

7 Conclusions

In this study, a location-specific statistical method was used for the first time on the Finnish coast for evaluating flooding risks
based on the joint effect of three different-components: 1) long-term mean sea level change, 2) short-term sea level variability,
and 3) wind-generated waves. We conducted an observation-based case study for two locations with steep shorelines, and

O HoOuS—wa a a as—a t O

performed a sensitivity-test with theoretical wave run-up distributions.

sedto-flooding risk

estimates are sensitive to local wave conditions: the total water levels at the site close the open sea (Léansikari) are-were clearly

The case study at the Helsinki Archipelago (Sect. 5) showed that the

higher compared to the values for-at the sheltered location near the shoreline (Jatkédsaari). This finding supperts-highlights the
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need for a location-specific evaluation of the wave height to prevent over- and-or underestimation of the joint effect, especially

in places with an irregular coastline.

moederate-in2050-but-more-prominentin21+00-This-We found the coastal flooding risks in our case study location to increase

towards the end of the century. This behavior in our results is due to the pfeéetedﬂeee}erﬂ&eﬂeﬁh&mggtgg\mean sea level
rise as well as the-increasing uncertainties in th

state—However,—the-ran-up-levels-estimated-these projections (Pelhkka et al., 2018). It is noteworthy that the frequencies of
exceedance given for certain total water levels in our distributions for 2100 do not fefm+heue*peete€kfuﬁ-up4evelrd1ﬁﬁbu&eﬁ

%e%&%@%wﬂ%&%%ﬁmm@%ﬂ%mmm
they are statistical estimates, which include the uncertainty due to the range of possible mean sea level scenarios. Eventually,
only one ef-which-will-eventually-(or none) of these scenarios will be realized in 2100.

Our test with the theoretical wave run-up distributions showed that in a situation where the sea level variations dominate over
waves, simply adding the expected value of the wave run-up on top of the still water level distribution produces results close to
the distribution of the sum. However, when the contribution of the waves increases, such addition leads to an underestimation
of the effect of waves on the total water levels. Finally, when the waves are clearly dominant, their effect starts to depend on
the frequency of exceedance and cannot be quantified as a constant value to be added on top of the still water levels anymore.
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