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ARTICLE INFO ABSTRACT
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Coastal flood Study focus: Joint sea level-streamflow peaks may cause severe and underestimated flood hazard
River ﬂo?d in estuaries, and their likelihood is modified by climate change. Information is urgently needed on
i:ij)ﬁzllliz compound flood potential in the high-latitude estuaries, and its latitudinal, seasonal, and decadal
Baltic Sea variation. We address this by comparing sea level and streamflow data for 11 sites along the

Peaks over threshold Finnish coast in 1971-2024.

Copula modelling New hydrological insights for the region: The co-variability between sea level and streamflow is low
in northernmost Finland and highest in the south-west. Compound flood events are most frequent
in south-west and their return periods increase northward and eastward towards the Baltic Sea
gulfs. In the north, sea level and streamflow peaks are seasonally offset, occurring during autumn
and winter, and during spring snowmelt season, respectively. Potentially, more joint peaks occur
in the south because catchments often remain unfrozen and receive some of the precipitation as
rain during the winter months. The hydrological winter is beginning increasingly late in the
north, which may have led to more frequent compound flood events. While the inferred patterns
are moderated by regional factors (Baltic Sea oceanography and climatology), we hypothesize
that the compound flood probability in the high-latitude estuaries is impacted by the state of
precipitation during the storm season, and therefore highly sensitive to the changing climate.

1. Introduction

Worldwide, floods are both the most widespread and the most financially costly natural disasters (Mishra et al., 2022; Rentschler
et al., 2022). Coastal flood susceptibility is increasing globally due to accelerating sea level rise and intensifying storms creating storm
surges, and higher-intensity rainfall events (Hinkel et al., 2014; Vousdoukas et al., 2018; Ward et al., 2018; Taherkhani et al., 2020;
Nicholls et al., 2021). Also waves and (spring) tides together with snow melt and increased surface runoff and streamflow contribute to
the flood events (e.g., Zscheischler et al., 2018; Couasnon et al., 2020; Nasr et al., 2021, Lewis et al., 2024). In some coastal regions land
subsidence further increases the flood potential (Nicholls et al., 2021; Wu et al., 2024). In deltas and estuaries, the simultaneous peaks
in sea level and streamflow may lead to extreme flood events, referred to as coastal compound flooding (Ward et al., 2018; Couasnon
et al., 2020; Ghanbari et al., 2021). Low-lying estuarine coasts face highest flood hazard (e.g., Sangsefidi et al., 2023; Wu et al., 2024;
Nasr et al., 2021), and densely populated coasts with expensive infrastructure have highest risk, in terms of loss of life, houses and
infrastructure (Sebastian, 2022; Green et al., 2025).
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Compound flood events may be caused by synoptic weather systems, leading to event occurrence that exceeds statistical inde-
pendence (Seneviratne et al., 2012). They are often linked to advancing low-pressure systems (e.g., reviewed by Green et al., 2025),
which are expected to become stronger and more frequent due to climate change (Little et al., 2023), making it essential to understand
their behaviour. Most existing flood hazard models and maps treat sea level and streamflow as separate flood drivers, and may
therefore underestimate the effects of their co-occurrence in estuaries (e.g., [keuchi et al., 2017; Couasnon et al., 2018; Zscheischler
et al., 2018; Moftakhari et al., 2019; Serafin et al., 2019; de Ruiter et al., 2020; Ward et al., 2022; Fassert et al., 2023).

Prior research generally indicates that compound flooding is increasing particularly in the high latitudes (Wahl et al., 2015;
Bevacquaetal., 2019, 2020; Lai et al., 2021). It has been suggested that the seasonal patterns in sea level and streamflow are important
for the compound flooding hazard, and that recent changes in these patterns may lengthen the so-called compound flood season at least
in northern Europe (Heinrich et al., 2023 based on simulated streamflow and sea level data). High-latitude coasts typically experience
strong seasonality in sea level extremes (e.g., Jin et al., 2023), while their timing depends on regional climatic and oceanographic
conditions. In north-western Europe, for example, the highest mean and maximum sea levels are measured in the winter, and lowest in
the spring, reflecting the patterns in the polar front westerlies (Johansson et al., 2001; Fernandez-Montblanc et al., 2020). In the Arctic,
the seasonality reflects thermal expansion of sea water, freshwater input, atmospheric circulation and sea ice formation, with sea level
being highest after the thermal peak in the early autumn and lowest in the spring (Pavlov, 2001; Baumann et al., 2018; Jin et al., 2023).
The variability of sea-level has changed in the high latitudes, with maxima increasing most markedly (Johansson et al., 2001; Omstedt
et al., 2004; Barbosa, 2008). Globally, storminess is also expected to increase, driving more frequent and stronger storm surges on the
coasts (Wahl et al., 2015). Streamflow in the high latitudes is to a large extent influenced by temperature and spring snow melt,
creating distinct seasonal patterns in streamflow with high spring flood peaks that are typically an order of magnitude higher than
peaks during the rest of the year (e.g., Bring et al., 2016). Due to climate change, the high-latitude winter season is shortening (Bring
et al., 2016; Lintunen et al., 2024), and this may notably impact the co-variability of sea level and streamflow patterns. Increased
storminess drives heavier rainfall, producing higher and more frequent streamflow peaks during open water conditions.

Few previous studies examine compound flooding in the high latitudes. Global (Couasnon et al., 2020 using the annual maxima
approach) and continental-scale (Heinrich et al., 2023 using the peaks over threshold approach) analyses using simulated data indicate
that the compound flood potential generally decreases with latitude, while distinct regional-scale patterns emerge. For example, the
studies suggest strongest co-variance patterns and more frequent compound events along west-facing coasts (Couasnon et al., 2020;
Heinrich et al., 2023). The study by Bevacqua et al. (2019) estimates short return periods in certain coasts of Iceland and Norway, and
no clear patterns in the Baltic Sea. The same study predicts a significant increase in compound flood potential both in the northern and
southern coasts of Finland, but not in the Bothnian Sea coast, and identifies the Baltic Sea as one of the European hotspots of increasing
compound flood potential (Bevacqua et al., 2019). In contrast, the European study by Heinrich et al. (2023) argues that the number of
compound flood days will decrease in the Bothnian Sea and Bothnian Bay coasts of Finland due to decreasing sea levels. However, their
finding is based on stationary flood thresholds and non-detrended sea level simulation and thus reflects the impact of post-glacial
rebound in this area. Thus, they are not directly examining changes in the compound flooding processes in the land uplift coasts.

The high-latitude coasts present a challenge for examining compound flooding due to strong hydrological seasonality and
regionally varying relative mean sea level trends. The absolute post-glacial land uplift rates range from —1 mm per year in the southern
Baltic Sea to + 10 mm per year in the north (Ekman and Makinen, 1996; Lidberg et al., 2007) and from —2 to + 10 mm per year along
North American coasts (van der Wahl et al., 2009). Thus, in notable parts of the high-latitude coast land uplift is faster than the current
sea level rise, resulting in relative sea level decline. This means also a declining base level for flood scenarios.

Compound flood events have been examined using multivariate statistical analysis of observations (e.g., Couasnon et al., 2018;
Ganguli et al., 2020; Fang et al., 2021) and simulated data (e.g., Couasnon et al., 2020; Bevacqua et al., 2019). Extreme value theory
and, for example, the copula theory have been applied to characterize bivariate joint distribution of high sea level and streamflow
(Ward et al., 2018; Bevacqua et al., 2019). Currently, there is no common definition of a compound event (Couasnon et al., 2020), but
several statistical methods have been suggested to identify them (e.g., Hao et al., 2018; Tilloy et al., 2019). In cold and high-latitude
environments, annual maxima of discharge often occur during spring snow melt season, but storm surges rarely occur during this
period. The widely used annual maxima approach for identifying flood events often catches spring snowmelt events, and may not
capture high discharge events during other hydrological seasons (Wahl et al., 2015; Bevacqua et al., 2017; Zscheischler et al., 2018;
Heinrich et al., 2023). We expect the peaks over threshold approach (POT; applied by, e.g., Fang et al., 2021; Heinrich et al., 202.3;
Kupfer et al., 2025) to be more appropriate for high-latitude coasts with distinct seasonality, as the threshold can be adjusted to capture
high discharge events other than the spring snowmelt flood. To our knowledge, it has not been applied before to examine compound
flood events in areas with geographically varying sea level trends, although Baldan et al. (2022) have highlighted the need for
non-stationary analysis of sea level extremes.

This study aims to enhance understanding of compound coastal flood potential and its changes along the high-latitude coasts of the
Baltic Sea. We concentrate on oceanographic-fluvial compound flooding and, due to the scarcity of direct water level measurements in
estuaries, examine flood potential based on paired coastal sea level and river discharge measurements. Moreover, we explicitly
separate relative sea level trends from short-term fluctuations, which enables a more direct examination of compound flooding caused
by hydro-climatological processes. We address the main aim by answering the following research questions: 1. How does the com-
pound flood potential vary spatially on the Finnish coast along the latitudinal gradient and the axis from the Baltic Proper coast toward
the Baltic Sea gulfs? 2. What is the seasonality of compound flooding, and how it varies spatially? 3. How is compound flood potential
changing at the decadal time-scale?
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2. Material and methods

We investigated compound flood potential by analysing the co-variation of sea level and river discharge at 11 sites along the coast
of Finland. We identified potential compound flood events — co-occurrences of high sea level and high streamflow — by examining how
often they co-occurred during 1971-2024, and estimated their joint exceedance probability and return periods. We also examined the
seasonality of the number of potential compound floods, and the temporal changes in the number of events.

All data management and analyses were conducted with the base functions of R software (4.4.1; R Core Team, 2024) and dplyr
package (1.1.4; Wickham et al., 2023) unless otherwise stated.

2.1. Study area

The Finnish coast spans from approximately 60 °N to 66 °N (Fig. 1). The Archipelago Sea coast in southwestern Finland is closest to
the Baltic Proper, the main basin of the Baltic Sea. From here, the Finnish coast extends northward and eastward towards the Bothnian
Bay and Gulf of Finland, respectively. Due to the track of the main south-westerly weather systems approaching Finland from the
Atlantic, there is a gradient from more maritime climate with mild winters in south-west to more continental one with distinct seasons
in north-east. Historical relative land uplift rates (from the beginning of observations to 2018) vary greatly along the Finnish coast,
from 0.9 mm per year in the south-east to 7.0 mm per year in the southern Bothnian Bay coast (Pellikka et al., 2023). In the future,
rising global sea level will cause relative sea level rise in the eastern Gulf of Finland in the 21st century in all emission scenarios, while
post-glacial uplift will likely continue to compensate it on the west coast of Finland from Rauma to Kemi (Pellikka et al., 2023).

The Baltic Sea has negligible tidal activity, but the sea level varies due to water exchange between the Baltic Sea and Atlantic, air
pressure variation, winds and inflow from the catchment (Johansson et al., 2001; Barbosa, 2008; Pellikka et al., 2023). Sea level
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Fig. 1. Study area and sites 1.-11., consisting of 11 pairs of mareographs and hydrological stations (Table 1). Data: Station coordinates by Finnish
Meteorological Institute and Finnish Environment Institute.



T. Nylén and H. Tolvanen Journal of Hydrology: Regional Studies 66 (2026) 103551

variation along the Finnish coast is smallest in the Archipelago Sea (southwest Finland), and increases both eastward and northward
towards the Baltic Sea gulfs. Highest sea level variation of more than three meters occurs at the northernmost tip of the Bothnian Bay
(Johansson et al., 2001; Wolski and Wisniewski, 2020). Late autumn and winter are the stormiest seasons of the year, causing storm
surges at the coast: highest sea level maxima therefore occur during these storms (Bierstedt et al., 2015; Fig. 2). Spring and summer are
usually calm with very few storm surges. At longer time scales of weeks and months, sea level is related to the water exchange through
the Danish straits (and NAO) and at short time scales with atmospheric low pressure systems (e.g., Barbosa, 2008; Zakharchuk et al.,
2022). The most distinct change observed during the past decades is an increase in the sea level maxima in Finland and the Baltic Sea in
general (Johansson et al., 2001; Barbosa, 2008).

Streamflow in the Finnish rivers draining into the Baltic Sea is strongly linked with the hydrological seasons. In the north,
catchments and rivers freeze during winter months, and annual streamflow maxima occur in the spring when the snow melts (Fig. 2;
Lintunen et al., 2024). In the winter, sub-zero temperatures and precipitation as snow keep river discharges at minimum. The duration
of river ice cover is short in southern Finland, but up to five months in the northernmost Baltic Sea coast. During autumn and winter
storms, heavy rainfall may cause rivers to flood if temperatures are above 0 °C. In spring, most of the Finnish rivers experience snow
melt flooding. The spring floods begin in March in southern Finland and end in May in the north. In the south, high streamflow events
occur during spring months, but also during autumn and winter storms before the catchments freeze (Fig. 2; Lintunen et al., 2024).
However, streamflow patterns are changing with the climate: high-flow events are more evenly spread throughout the year, and
streamflow of late autumn, winter, and early spring are increasing (Lintunen et al., 2024). While some of the major rivers in Finland are
free-flowing, many of them are regulated, which may flatten streamflow peaks and impact lag times between rainfall and streamflow
peaks.

2.2. Study sites

We examined 11 sites along the coast of Finland, using pairs of mareograph and hydrological station records (Table 1). All of the
sites were located in the mainland coast of Finland (Fig. 1). Three of the Finnish mareographs were not examined in the study. Namely,
the F6glé mareograph was excluded from the analyses, due to a lack of significant river estuaries in the Aland islands, Porvoo Emésalo
was excluded due to a short sea level time-series starting in 2014, and Kaskinen due to a lack of full discharge time-series in the
surrounding rivers (all starting in the 1980s).

After the main analyses, we selected one of the identified potential compound flood events at site 6. Pori in February 2020. We
extracted water level data for the entire hydrological year 2019-2020 to be able to compare the identified February event with other
conditions.

2.3. Data

We matched sea level data from permanent mareographs along the Finnish coast (c.f., Finnish Meteorological Institute, 2025c) to
river discharge data from permanent hydrological stations of major rivers close to the mareographs (c.f., Finnish Environment
Institute, 2026; Table 2; Fig. 1). When multiple hydrological stations with long time-series were available, we chose the most
downstream one. Sea level has been measured in the oldest Finnish mareograph in Hanko (south-west Finland) since 1887, but the
open data used in this study are available from January 1st 1971.

In this study, we examined the 54-year period 1971-2024 for three reasons. First, it was considered long enough for examining
general patterns in compound flood potential, and to draw some conclusions on recent trends reflecting climate change. Second,
compared to longer periods, there were more mareograph and hydrological station pairs spanning this study period, allowing more
geographical coverage in our analyses. Third, using open data only improved the reproducibility of our study.
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Fig. 2. Seasonality in sea level and river discharge maxima at sites 1. Simo-Kemi (66° N) and 10. Helsinki (60° N; Fig. 1; Table 1) in 1971-2024.
The charts show daily sea level maxima by day of the year in Kemi, northernmost Finnish coast, and Helsinki in southern Finland. The daily
discharge maxima are shown for the lower Simojoki river near Kemi, and for the lower Vantaanjoki river in Helsinki. Data: FMI Open Data WFS
service by the Finnish Meteorological Institute (2025a), b) and SYKE Hydrology API by the Finnish Environment Institute (2025).



T. Nylén and H. Tolvanen

Table 1

Journal of Hydrology: Regional Studies 66 (2026) 103551

Datasets used in the analysis. The year of the first water level observation in the Kokemaenjoki river varied between 1974 and 2022. FMI = Finnish
Meteorological Institute, SYKE = Finnish Environment Institute.

Variable Orig. Dataset Provider  Metadata Years
interval (Variable name)

Sea level (N2000, mm) 10 min FMI Open Data WFS service =~ FMI Finnish Meteorological Institute 1971-2024
(WLEVN2K _PT1S_INSTANT) (2025a), (2025b)

River discharge (m?®/s) Daily mean SYKE Hydrology API SYKE Finnish Environment Institute (2025) 1971-2024
(Virtaama)

Kokemaéenjoki river water level (cm, Daily mean SYKE Hydrology API SYKE Finnish Environment Institute (2025) 1974-2024

converted to mm) (Vedenkorkeus)

Table 2

The 11 sites in the coast of Finland (Fig. 1) and availability of daily sea level and discharge data during the 54-year period 1.1.1971-31.12.2024. The
table also lists station numbers and names, the name of the river and the approximate straight-line distance between the mareograph and the hy-

drological station.

Site Hydrol. station River First obs. N obs. Obs. coverage (%)
Mareograph Distance (km)
1. Simo-Kemi 1349 Simo Simojoki 1.1.1971 19724 100
100539 Kemi Ajos 26.5 2.1.1971 19280 97.7
2. Oulu 1314 Merikoski Oulujoki 1.1.1971 19724 100
134248 Oulu Toppila 3.3 2.1.1971 19689 99.8
3. Kalajoki- 1253 Niskakoski Kalajoki 1.1.1971 19722 >99.9
Raahe 100540 Raahe Lapaluoto 53.8 1.1.1971 19686 99.8
4. Pietarsaari 1229 Herrfors Esse & 1.1.1971 19609 99.4
134250 Pietarsaari Leppaluoto 13.5 1.1.1971 19720 >99.9
5. Vaasa 1204 Karkkimala Laihianjoki 1.1.1972 19357 98.1
134223 Vaasa Vaskiluoto 15.5 1.1.1971 19724 100
6. Pori 1188 Harjavalta Kokemaenjoki 1.1.1971 19722 >99.9
134266 Pori Mantyluoto Kallo 45.0 1.1.1971 19343 98.1
7. Rauma 1122 Ylinenkoski Lapinjoki 1.1.1971 19662 99.7
134224 Rauma Petdjés 12.9 1.1.1971 19717 >99.9
8. Turku 1117 Halinen Aurajoki 1.1.1971 19666 99.7
134225 Turku Ruissalo Saaronniemi 12.0 1.1.1971 19718 >99.9
9. Salo-Hanko 1111 Kaukolankoski Uskelanjoki 1.1.1971 19521 99
134253 Hanko Pikku Kolalahti 70.5 1.1.1971 19724 100
10. Helsinki 1097 Oulunkyla Vantaanjoki 1.1.1971 19724 100
132310 Helsinki Kaivopuisto 9.5 1.1.1971 19723 >99.9
11. Kotka— 1065 Koivukoski Kymijoki 1.1.1971 19722 >99.9
Hamina 134254 Hamina Pitdjansaari 17.9 1.1.1971 19722 >99.9
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Fig. 3. Detrending sea level time-series: an example from site 5. Vaasa (63° N; Fig. 1), in the Bothnian Sea coast of Finland with the highest relative
land uplift rate in Finland. Percentile Pgs of the detrended sea level time-series is also shown in the right. The left panel indicates the raw coefficients
of the linear model (with daily time-series), the intercept in mm in January 1st 1970. Data: Sea level data for Vaasa Vaskiluoto from the FMI Open
Data WFS service by the Finnish Meteorological Institute.
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The sea level and discharge time-series were filtered to a common analysis period between 1971 and 2024, and missing values were
omitted from the analyses. We then calculated the daily mean sea level from the original 10-minute interval data, to match the fre-
quency with discharge observations.

After analysing the co-variation of sea level and river discharge, we compared the findings against water level observations (Finnish
Environment Institute, 2026) in the lower Kokemaenjoki river in the Bothnian Sea coast (Table 2), where the water level station
network has been notably densified in the first decades of the 21st century. We looked for coinciding water level data in all mainstream
stations that were located downstream of the Harjavalta discharge station. Water level data were found from five stations (stations a.—
e.; station ids 3744, 3278, 3321, 3692, 3693), providing a good coverage in the Kokemaenjoki estuary (appendix Figure A.1). To
compare water levels along the course of the river and to allow comparison to sea level, we converted observations measured in a
station-specific elevation system to the common N2000 vertical datum using level correction information for each station (attribute
“VedenkTasoTieto) reported by the Finnish Environment Institute (2025). Sea level and river water level observations were converted
to the same units, millimetres relative to N2000.

2.4. Methods

The analyses aimed at identifying compound flood events from paired station records, examine their spatial, decadal and seasonal
patterns, and to estimate the compound flood potential by examining the high-tail dependence structure of sea level and river
discharge.

We used the local mean sea level, measured relative to the uplifting land, as the baseline for examining sea level peaks. To account
for the mean sea level trend, the flood thresholds and flood peaks were determined from a detrended sea level time-series, after
eliminating a linear trend between 1971 and 2024 (Fig. 3; c.f., Coles, 2001; Stephens et al., 2020; Luxford and Faulkner, 2020; Lyddon
etal., 2023). Linear trend slopes for each site are reported in appendix Table A.1 and their spatial distribution - that reflects land uplift
patterns in Finland - is shown in the appendix Figure A.2.

To facilitate identification of potential compound events that occur outside the spring snowmelt flood period, we repeated analyses
using two variants of the datasets: a full year-round dataset including all observations, and a “seasonal” dataset excluding observations
during the spring snowmelt season. To extract the seasonal dataset, we first calculated mean discharge curves for the hydrological year
(hydrograph) from the full 1971-2024 time-series, and applied smoothing using the Locally Estimated Scatterplot Smoothing algo-
rithm (R function loess; R Core Team, 2024). We then identified the snowmelt window separately for each site, as the time period with
smoothed discharge values exceeding the 85th percentile and occurring between March 15th and June 31st (appendix Table A.1;
appendix Figure A.3). We then excluded this period from the “seasonal” time-series. The spring snowmelt windows are listed for each
site in the appendix Table A.1. Based on these criteria, no spring flood window was found for the Merikoski hydrological station in
Oulujoki, and therefore no “seasonal” analysis was done for the site 2. Oulu.

The identification of potential compound floods was based on the application of the peaks over threshold approach (e.g., Fang et al.,
2021; Heinrich et al., 2023; Kupfer et al., 2025). Flood peaks were identified for sea level and river discharge based on site-specific
percentile thresholds. We performed a sensitivity analysis following Fang et al. (2021) to test how the choice of threshold
(90-99%) impacted the number of identified high-tail pairs (sea level and discharge exceeding the threshold simultaneously) and the
tail correlation of sea level and discharge. The analysis showed that the threshold influenced the strength of the correlation, but the
correlation generally remained stable for thresholds 90-96% (appendix Figure A.4). Beyond this, the decreasing number of tail pairs
made the correlation less stable. For example, for the northernmost site 1. Simo-Kemi, not a single tail pair was found with thresholds
exceeding 95% (appendix Figure A.4). Based on the sensitivity analysis, we applied the 95th percentile threshold (hereafter Pys) for all
sites to extract enough sea level and discharge peaks for examining co-variation, and not only the extreme values for each variable.
Working with more than 100 peaks at most sites facilitated correlation analysis (c.f., Lyddon et al., 2023). Thus, percentile Pgs
threshold was calculated for discharge and for the detrended sea level time-series (Table 3).

We then identified dates when (1) sea level, (2) discharge, or (3) sea level and discharge simultaneously exceeded their respective

Table 3

Percentile Pgs thresholds and the number of identified sea level and discharge events (multi-day high value events separated by three days or less) for
analyses at the 11 sites (Fig. 1; Table 1). For sea level, the thresholds and events were identified from the detrended time-series. Discharge thresholds
were calculated separately for the full datasets and for the “seasonal” dataset, excluding the station-specific spring snowmelt period. ! No seasonal
window was found for the Merikoski station, and therefore no seasonal analysis was performed at site 2. Oulu.

Mareograph (site number) Thresh. (mm) Events Hydrol. station Thresh. (m?/s) Events Thresh. seasonal Events seasonal
Kemi Ajos (1.) 548 451 Simo 143 92 73 110
Oulu Toppila (2.) 528 423 Merikoski’ 459 192 - -
Raahe Lapaluoto (3.) 502 403 Niskakoski 124 173 88 158
Pietarsaari Leppaluoto (4.) 462 339 Herrfors 31 101 29 82
Vaasa Vaskiluoto (5.) 423 257 Karkkimala 13 216 10 201
Pori Mantyluoto Kallo (6.) 405 246 Harjavalta 497 122 478 97
Rauma Petdjas (7.) 401 235 Ylinenkoski 14 114 12 110
Turku Ruissalo Saaronniemi (8.) 401 225 Halinen 31 288 26 281
Hanko Pikku Kolalahti (9.) 408 211 Kaukolankoski 22 339 18 309
Helsinki Kaivopuisto (10.) 451 272 Oulunkyla 62 193 50 184
Hamina Pitdjansaari (11.) 510 354 Koivukoski 172 62 171 57
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Pgs thresholds, and clustered them to multi-day single-driver and compound events separated from each other by more than three days
(Table 3). For example, high values on December 14th, December 15th and December 17th formed one four-day event. The clustering
and the chosen lag time of three days followed the methodology of previous studies (e.g., Fang et al., 2021; Heinrich et al., 2023). We
then counted how many potential compound events occurred in the full dataset and during the non-snowmelt seasons. We also
calculated the mean and maximum duration of compound events in the full dataset.

We estimated the probabilities and return periods of compound events (joint Pgs exceedances) at the event scale. We first modelled
the exceedances of sea level (S) and discharge (Q) above their respective 90th percentile thresholds with Generalized Pareto Distri-
butions (GPDs). This resulted in marginal distributions F; and Fy,. The fitted GPD model allowed us to transform the maximum sea level
and maximum discharge value of joint over Pgq events into a uniform scale, ug and ug, (between 0 and 1) for copula modelling. GPDs
were fitted with the evir R package (version 1.7-4; Pfaff and McNeil, 2018).

Using the GPD-transformed joint event data (us and ug), we fit a bivariate Gumbel copula C(us, ug) to model the statistical
dependence between upper tail sea level and discharge with the copula R package (version 1.1-6; Hofert et al., 2024). This enabled us
to capture how strongly the two variables tended to covary during high sea level and high discharge conditions, and was done
separately for the full dataset and for the seasonal dataset. The goodness-of-fit of the Gumbel copula models were estimated with a
parametric bootstrapping test that compared the empirical dependence structure to the fitted copula. The goodness-of-fit was also
compared to those of alternative Clayton and Gauss copulas. The goodness-of-fit results (appendix Table A.2) supported the use of the
Gumbel copula throughout most of the sites, but it didn’t fit (p < 0.05) the high-tail observations of sites 10. Helsinki (“seasonal”
dataset only) and 11. Kotka-Hamina well. Despite this, the Gumbel copula was retained for consistency among sites and because it
generally outperformed the other two copula candidates (appendix Table A.2).

Copula-based joint exceedance probability for thresholds s and q was calculated as:

P(S>s,Q>q) =1 —us—uq+ Clus, ug) (@9)]

where ug = Fs(s), uq = Fo(q)
From the copula model, we calculated the conditional (given that sea level and discharge exceed Pqp) joint exceedance probability
for joint peak events over Pgs as:

P(S>5Q>q|S>u,Q>Vv)=1-u*-u*+ Clu*, u*y 2)

where u*s = F*s(s), u*q = F*o(q) are conditional marginal distributions.
This probability was converted into an event-based (unconditional) exceedance probability of potential compound flood events
following, for example, Couasnon et al. (2020) as:

Pevent(S>S;Q>q):P(S>S,Q>q|S>U,Q>V)*7» 3
where A = the event rate, and which can be also expressed as a return period T as:
T=1/A*P(SE>s5Q>q|S>uQ>v) 4

In addition to this main analysis, we quantified the overall statistical relationship of daily sea level and discharge observations by
calculating Kendall’s t for the full and seasonal time-series. We also identified the annual maxima of sea level and discharge and
quantified their covariance by calculating Spearman’s p, and examined how many of them co-occurred or were separated by three days
or less, indicating potential compound flooding around annual maxima.

To identify seasonality in compound flood potential, we examined the number the sea level, discharge and compound events
occurring during calendar months and quarters of the year (Q1 January-March, Q2 April-June, Q3 July-September and Q4 Octo-
ber-January). We calculated the number of calendar months during which potential compound events were found and the proportion
of compound events occurring during the autumn quarter (Q3 July-September). Finally, we calculated the number of compound flood
events in five-year time-steps starting from 1971 to 1976 and examined the temporal patterns in event numbers.

3. Results
3.1. Spatial patterns in compound flood potential

The number of potential compound flood events over the Pgs thresholds ranged from less than 10 to almost 90 during the 54 years
(Table 4). It was highest in south-west Finland (sites 8.-10.) and decreased northwards (only 6 events at site 1. Simo-Kemi) and
eastwards (Table 4; Fig. 4a). When the snowmelt season was excluded, the analysis identified a notably higher number of potential
compound events at the northernmost sites (for example, 36 in 1. Simo-Kemi; Table 4; Fig. 4b).

The joint exceedance probabilities were highest in the south-west coast of Finland, in an area spanning from sites 8. Turku to 10.
Helsinki, and decreased northward and eastward (Table 4; Fig. 4c—d). The spatial patterns were similar for the “full” and “seasonal”
datasets (Table 4; Fig. 4c—d). The return periods for joint sea level and discharge events over Pgs ranged from 351 days at site 7.
Salo-Hanko in the Archipelago Sea coast to over 1600 days at the northernmost site 1. Simo—Kemi (Table 4). This corresponds to events
occurring once a year in the Archipelago Sea coast and every four years in the north. When the snowmelt period was excluded from the
analyses, the return period decreased by approximately 10 and 15% in the south and north, respectively (Table 4).

The mean duration of potential compound events was c. two days at most of the sites, but notably higher at the two Bothnian Sea



Table 4

Statistics for the identified compound events, their probabilities and return periods at the 11 sites (Fig. 1; Table 1) in Finland. The table also reports Kendall’s 7 for daily sea level (detrended) and discharge
observations, Spearman’s p for the 54 annual maxima and the number of co-occurring annual maxima. Compound events were defined as sea level and discharge peaks over Pgs occurring within three days
of each other, and their probabilities and return periods were calculated using copula modelling fitted to observations above Pgyo. The table reports values calculated from both the full dataset and a
seasonal dataset excluding the spring snowmelt season (see appendix Table A.1). Values reflecting highest compound flood potential are highlighted with bold text. ! No seasonal window was found for
site 2. Oulu, and therefore no seasonal analysis was performed.

Site 1. Simo-Kemi 2. Oulu’ 3. Kalajoki-Raahe 4. Pietarsaari 5. Vaasa 6. Pori 7. Rauma 8. Turku 9. Salo-Hanko 10. Helsinki 11. Kotka-Hamina
N compound 6 37 23 37 47 51 46 88 87 61 27
N comp. seasonal 36 - 39 44 65 56 58 100 102 93 27
Probability (%) 0.06 0.16 0.11 0.08 0.17 0.14 0.14 0.26 0.29 0.20 0.12
Probability seasonal (%) 0.07 - 0.13 0.10 0.20 0.15 0.17 0.28 0.32 0.23 0.13
Return period (days) 1620 626 937 1221 595 732 703 383 351 492 826
Return per. seasonal (days) 1364 - 781 1019 504 667 598 356 317 436 768
Mean duration (days) 1.7 2.6 2.1 2.5 2.4 5.0 4.3 2.0 2.0 2.6 3.3
Max duration (days) 3 12 8 8 9 41 14 8 13 16 10

1 daily obs. (n ~ 19 500) 0.06 0.07 0.10 0.10 0.15 0.14 0.17 0.21 0.23 0.20 0.05
T daily obs. seasonal 0.18 - 0.20 0.16 0.25 0.19 0.25 0.28 0.30 0.29 0.05
p annual max. (n = 54) 0.19 -0.02 -0.19 -0.22 -0.13 0.22 0.15 0.22 0.13 0.05 0.12
N annual max compound 0 2 1 1 1 5 7 4 5 4 3
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Fig. 4. Spatial distribution of (a-b) potential compound events over Pgs, (c~d) joint exceedance probability, (e) mean and (f) maximum duration of the events, and (g-h) Kendall’s rank correlation t
between daily sea level (detrended) and discharge observations at the 11 sites (Table 1) in 1971-2024. Compound events were defined as sea level and discharge peaks occurring within three days of
each other, and their probabilities were calculated using copula modelling fitted to observations above Pgo. The figure reports values calculated from both the full dataset (a, c, e, f, g) and the seasonal
dataset (b, d, h) excluding the spring snowmelt season (see appendix Table A.1).
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sites, namely 6. Pori and 7. Rauma (5.0 and 4.3 days, respectively; Table 4; Fig. 4e). The maximum event duration was c. ten days, with
a large range from three days at the northernmost site 1. Simo-Kemi to 41 days in 6. Pori (Table 4; Fig. 4f).

The overall correlation between sea level and discharge in Finland in 1971-2024 was relatively low, with Kendall’s T spanning from
0.05 to 0.23 (Table 4; see also appendix Figure A.5 for the daily distributions). The positive association was strongest in the south-
western coast of Finland, namely at the sites 8. Turku, 9. Salo-Hanko and 10. Helsinki, and decreased from Hanko to almost zero
both northward towards the Bothnian Bay and eastward in the Gulf of Finland (Table 4; Fig. 4g). When the spring snowmelt period was
excluded from the analyses, the correlation strengthened notably at the northernmost sites, as at the site 1. Simo-Kemi from 0.06 to
0.18 and at the site 3. Kalajoki-Raahe from 0.10 to 0.20 (Table 4; Fig. 4h). The increase in Kendall’s T was less substantial at the
southern sites (Table 4).

The correlation of annual maxima in sea level and discharge was generally too low for making conclusions based on the 54 ob-
servations. It varied from negative in the north (except site 1. Simo—Kemi with positive Spearman’s p) to positive in the south (Table 4).
During the 54 examined years there were only 0-2 compound annual maxima in the north, and 3-7 in the south (Table 4).

3.2. Seasonality of compound events

The mean monthly pattern of potential compound flood events in Finland showed a distinct peak in November and December, and
the compound flood season generally lasted from October to March (Fig. 5). During the peak month of December, there were on
average 13 potential compound flood events during the examined 54 years. During the other half of the year from April to September
the number of compound flood events was very low (0-1 event per month, on average; Fig. 5; quarterly distribution in appendix
Figure A.6).

At the northernmost sites, particularly 1. Simo-Kemi and 3. Kalajoki-Raahe, the seasonal sea level and discharge patterns differed
from each other so much that there was in practice no potential for compound events (Fig. 5). Namely, sea level peaks occurred
between September and March and discharge peaks during April and May. The few potential compound flood events occurred in the
north in November and December. At the central and southern sites, and interestingly also at site 2. Oulu, the seasonal discharge
pattern was more even and compound events occurred also during the winter season, from January to March (Fig. 5).

Reflecting this seasonal pattern, the number of calendar months during which potential compound flood events were observed was
smaller at the northern sites 1. and 3. (3-5 months) than at the rest of the sites (7-9 months; Fig. 6). In the north, almost all compound
flood events were observed during late autumn months October, November and December, while in the central and southern Finland
the proportion was less than two thirds (Fig. 6). Two sites deviated from this pattern: the potential compound events were more evenly
distributed between calendar months than expected at sites 2. Oulu and 11. Kotka-Hamina, that represented streamflow patterns in the
strongly regulated Oulujoki and Kymijoki, respectively.

3.3. Temporal trends in compound events

The number of observed potential compound flood events was relatively stable in 1971-2024 at the national scale when examined
across five-year time-steps (Fig. 7). While no notable trends were present at the central and southern sites 5.-11., a slight increase in the
event frequency could be detected at the northern sites 1.—4. (Fig. 7). Generally, there were less events during 1991-2005 than during
the rest of the time-series, both nationally and in most sites (Fig. 7).

3.4. Case study: potential compound flood in Pori

One of the highest potential compound flood events of the 2020 s in Pori (61.5° N; Fig. 1) took place during 11.-28.2.2020. During
the 18-day event, the maximum observed sea level in the Pori mareograph was + 940 mm (relative to the N2000 vertical datum) and
the discharge in the Harjavalta station reached 657 m?® /s (Fig. 8). To examine this event in a larger context, we inspected water level
variation and different types of peaks during the entire hydrological year 2019-2020. Some of the sea level peaks were extreme, as the
lowest national warning level for Pori, + 850 mm (“yellow” risk level; Finnish Meteorological Institute, 2026), was exceeded. The
time-series revealed that both sea level and discharge stayed high the entire winter season, and the examined February event was
actually surrounded by eight other events that our analysis identified as potential compound flood events occurring between December
2019 and March 2020 (Fig. 8). The exceptional winter was followed by an exceptional spring, with no notable spring flood.

Our examination concentrated on four distinct water level events. Event 1 in September 2019 was a (relatively) high sea level event
with steady low discharge, event 2 in November 2019 a (relatively) high discharge event with low sea level, event 3 in December 2019
an extreme high discharge event with moderately high sea level, and event 4 in February 2020 a potential compound event with
extremely high sea level and extremely high discharge (Fig. 8).

During the high sea level event 1, water surface slope remained very low between stations a. and e. corresponding to the lowermost
16 kilometres of the river (height difference of approximately 100 mm between stations; Fig. 8). The water level in the river was less
than 100 mm higher than in the sea, causing the rising sea level to raise and falling sea level to lower the water surface in all stations.
Thus, the impact of the sea was visible more than 15 kilometres upstream in low-discharge conditions (Fig. 8). During the high
discharge event 2, the slope of the river surface increased notably (Fig. 8). Despite discharge being about six times as high as during
event 1, the low sea level allowed the river water level to drop at the three lowermost stations c.—e. By contrast, water level upstream,
at stations a. and b., was higher than during event 1 (Fig. 8).

During event 3, the doubled discharge compared to event 2 created a very high river surface slope and a surface height difference of

10



1T

100
80
60
40
20

Peaks

100

80

£ 60
3

a 40

20

100

80

£ 60
8

a 40

20

Fig. 5. Monthly distribution of peaks over Pgs of sea level and discharge, and potential compound events at the 11 sites (Fig. 1; Table 1) and the corresponding monthly means in Finland dur-

ing 1971-2024.

1. Simo-Kemi

100
Sea level 80
= Discharge
= Compound 60
40
| 20
1 x LW
JFMAMJJASOND
Month
5. Vaasa 100
80
60
40
20
JFMAMJ JASOND
Month
9. Salo-Hanko
100
80
60
40
20

JFMAMJ JASOND
Month

2. Oulu 100

80
60
40
20

JFMAMJJASOND
Month

6. Pori 100

80
60
40
20

JFMAMJJASOND
Month

10. Helsinki 100

80
60
40
20

0

JFMAMJJASOND
Month

3. Kalajoki-Raahe

4. Pietarsaari

JFMAMJJASOND
Month

8. Turku

JFMAMJJASOND
Month

100
80
60
40
20
JFMAMJ JASOND
Month
7. Rauma 100
80
60
40
20
JFMAMJJASOND
Month
11. Kotka—Hamina 100
80
60
40
20
| l 1 ] ._ 0
JFMAMJJASOND
Month

Mean monthly

JFMAMJJASOND
Month

UaUDAJO, "H Pup U9IAN ‘I

ISSE0T (920Z) 99 sa1pms [puoday :A30]104pAH fo pwmor



T. Nylén and H. Tolvanen Journal of Hydrology: Regional Studies 66 (2026) 103551

a. Compound b. Autumn
months b ® events (%) g1
@3 Os7
Os5 @32
®° 062
@3 O55
o7 065
o7 065
7 7 59 44
Q4 3.0 08 e O
0 100 200 km
{ I —

Fig. 6. Spatial distribution of (a) the number of calendar months with potential compound flood events and (b) the proportion of compound events
taking place during late autumn months October, November and December, at the 11 sites (Table 1) in Finland during 1971-2024.

approximately 1.25 m between stations a. and e. (Fig. 8). At all stations, the shape of the water level curve mimicked that of discharge
rather than sea level. Even though the sea level was also higher than on average, river water level at the lowermost station remained
500 mm higher than sea level during the event (Fig. 8).

During the potential compound event 4, water level in all of the five stations was higher than during event 3, despite comparable
discharge (Fig. 8). The difference between water level peak heights between events 3 and 4 increased downstream, being approxi-
mately 200 mm at station a. and almost 500 mm at station e., and was also seen in a lower surface slope during event 4. This difference
reflected the notably higher sea level during event 4 (Fig. 8). At station e., the local flood warning level (1140 mm; Waterinfo.fi, 2025)
was exceeded during event 4 and stayed above it for several days. Even though discharge was as high during event 3 in December, the
water surface did not rise above the flood warning level.

4. Discussion

Our study generates new insights into compound flooding, its seasonality and long-term trends at high latitudes through a case
study in the Baltic Sea coast of Finland. We provide the first description of compound flood potential along the Baltic Sea coast of
Finland that is based on paired sea level and streamflow observations spanning more than 50 years and taking fully into account the
geographically varying seasonality and sea level trends. The examined coastline covers a wide latitudinal range (60°-66° N), allowing
explicit examination of the impact of critical shift in winter climate on compound flood potential.

Our findings are largely consistent with previous studies using simulated data in that the compound flood potential is highest in the
south-west Finland close to the Baltic Proper and decreases northward and eastward towards the Baltic Sea gulfs (Couasnon et al.,
2020; Heinrich et al., 2023). Based on historical data, the compound flood potential is lowest in the northernmost coast of Finland (c.f.,
Bevacqua et al., 2019, Couasnon et al., 2020). Our results indicate clearer spatial patterns with smaller differences between neigh-
bouring sites than the studies of Couasnon et al. (2020) and Bevacqua et al. (2019). We show that three sites of the south-west coast
between Turku and Helsinki have the highest co-variability of sea level and streamflow and the highest number of potential compound
flood events, identified as co-occurring peaks over threshold. Couasnon et al. (2020) indicate that the co-variability of annual maxima
is similarly highest in two south-west sites, but do not reveal that outside the annual peak values, there is high co-variability in a larger
geographical area, including the coast of Helsinki in the western Gulf of Finland.

The previous studies on the Finland coast do not examine compound flood event duration. Our results indicate that the event
duration has less clear spatial pattern and more site-specific variation than event frequency. While the mean duration in most of the
sites is two days (measured with daily observations), it is twice this long in two sites at the Bothnian Sea coast that are not among the
highest-frequency sites. This longer event duration may have consequences on the local ecosystems and human communities. The
historical maximum duration of potential compound flood events ranges from three days (northernmost site) to 41 days (site near the
city of Pori in the Bothnian Sea coast) in Finland, being highest in the two Bothnian Sea sites and in Helsinki.

The results, showing that most of the compound events occur in the Baltic Sea coast of Finland between October and March, and
particularly in November-December, support the general finding from northern Europe that the role of the autumn and winter storms

12



T. Nylén and H. Tolvanen Journal of Hydrology: Regional Studies 66 (2026) 103551

=%
8
%]
&
E
B
3
[
k=
K]
L=
g
P4
1202 1202 1oz |
9102 L0z | o, aoz| g
— 10z 1oz | € oz| g
= (3] =]
g 00z | 900z | ® 900z| &
® ooz & tooz | € woz| g
s 966l 3 966l | & 966l |
° el . 1661 | 3 66l | g
e ol © 986l | @ o6l | &
< 1861 1g6L | E ieel | 2
9/61 a6l |+ a6L| =
L6l LL6L e &
2
%]
e 2 o o e 2 w © e e °© -° £
1202 1202 1202y
0 9102 A2 « aloz 9
s Loz oz £ woz ¢
S 900z o0z € 90z &
I ooz E 100z T 100z §
x o6l 966L & 066l 2
o 04 X k]
T lesl X 166l 35 66l 3
G ogel N 986l 2 986l o
x 1861 1861 186l &
© 9,61 a6l + a6l 8
LL6) 161 e L
n o [le] o n o (o] o 0 o le} o m
e 2 E e 2 g
1202 120z oz
910z 9l0z ooz &
Loz Loz _ Loz g
9002 900z ==X 9002 g
s — c &
= oz g 1002 ‘@ ooz §
o 966l 96l © 966l g
~ 166l < e6l T 1661 o
9861 986l 2 986l &
1861 1861 g6l g
9,61 aL6l a6l S
1261 L6l VLT
=
e 2 w e 2 o © e 2 w© © e
1202 1202 veoz
910z _ 910z 90z &
E 1oz § oz oz
S 9002 2 o 2002 € 900z £
X oz g ® ooz £ Loz 2
) 96l o0 8 966l L 966l =
E 66l < 166l o -
2 986l o '© 986l 0 986l o
- 1861 £ 1861 o 186k o
9.6 al6l a6l §
LL6L L2614 L6l B
E
2 =4 © e 2 e © e 2 =4 © e 3

SJuUsAl m.. 5

g8

52
=]

S 3

2%

B>

L g

a °

. 2

N 2

o &

&8

13



141

1000
() 'j““lg 2282109 - — sealevel | /%0
Pori 8oo— Y — Discharge [~ 600
mareograph — P95 L @
grap €004 500 @
£ P95 - 400 £
T 400 o
Ae. 3693 3 300 5
— <
:%‘3 200 200 &
_ a
Ad. 3692 0 L 100
. 3321 | i
Ab, 3278 -200 0
Por
,\2500 — a. 3744
Aa. 3744 EZOOO— — b. 3278
Ulvila S — ¢. 3321
2 e.flood . NN [ —.8.3693
51000 - warning level — Sea level
>
Q@
@ Sealevel . @ 500
N W Discharge Nakkila g
A Water level 0
— Catchment border
T T T T T T T T T T 1T
0 5 10 km Harjavalta [l > a8 > 0 c ot 5 > c 5
(I B hydrological station 230358 syp < 2 g 3 3

Fig. 8. Variation in sea level, upstream river discharge and downstream water level at five stations (a.—e.) in the lower Kokemaenjoki catchment at site 6. Pori (61.5° N; Fig. 1) during the hydrological
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observations, i.e., N2000 vertical datum (554 mm). Local flood warning level 1140 mm for station e. is also shown (Waterinfo.fi, 2025).
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in determining the compound flood season is very important (e.g., Heinrich et al., 2023). The proportion of the autumn events is very
high in the north, where temperatures generally remain below zero during the winter months and precipitation is stored in the
snowpack, while the number of winter events increases to the south. This suggests that snow accumulation and snow melt dictates the
likelihood of co-occurring peaks in sea level and streamflow in the high latitudes. In areas where the catchment is frozen and pre-
cipitation accumulates in solid state during the winter months and there is a distinct snowmelt flooding in the spring, the highest peaks
unlikely co-occur. In areas where the catchments receive more of the winter precipitation as rain and the rivers flow open longer, there
are more opportunities for simultaneous storm surges raising the sea level and streamflow peaks raising water level in the rivers. This
finding indicates that the compound flood potential may change in the near future particularly in the northern Baltic Sea area, as a
response to changes in the winter season. A similar pattern is expected along other high-latitude coasts experiencing rapid cryospheric
change.

Our results suggest that there are notable geographical differences in how compound flood potential is changing over time. Namely,
there are currently no clear trends at the national scale in Finland, but differences between southern and northern Finland are evident.
The number of potential compound flood events has been increasing in northern Finland, particularly in the Gulf of Bothnia. Since we
separated the compound flooding process from the impact of long-term sea level trends, we were able to demonstrate this trend for
northern Finland. In contrast, Heinrich et al. (2023) conclude that compound flood potential is seemingly decreasing in the areas with
land uplift, namely the Gulf of Bothnia, as they did not remove the sea level trend from the observations. Naturally, post-glacial land
uplift along the Gulf of Bothnia coast will reduce the adverse impacts of compound flooding on infrastructure whose elevation relative
to the mean sea level is increasing.

There are notable differences in the temporal trends of compound flood potential between sites in southern Finland, with
neighbouring sites having opposite trends. The compound flood potential and its changes over time may reflect local catchment
characteristics (e.g., catchment and channel geometry and orientation) and processes, including changes in land cover and land use, or
regulation of the rivers. The data also indicate decadal differences in compound flood potential, with less events occurring in the 1990s
compared to 1980s and early 2000s. These decadal differences superimposed on long-term trends may reflect decadal variation in sea
level of the Baltic Sea (e.g., Karabil et al., 2017).

Our case study in the Kokemaenjoki river in the west coast of Finland (one of the two Bothnian Sea sites) indicates that the peaks
over threshold method coupled with aggregating observations into multi-day events is able to identify true compound flood events
among single-driver floods, and separate longer events (including days just below the thresholds) from short isolated peaks. We also
show for this site that back-transforming the identified flood thresholds and compound event flood heights from the de-trended sea
level data into the national datum is straightforward. The case study clearly demonstrates how equal discharge peaks lead into
different downstream flood heights depending on sea level. During a compound flood estuarine water level is higher than during a
single-driver river flood over a long section of the river (more than 16 kilometres in the Kokemaenjoki river). The impact of sea level
increases downstream and the surface slope of the river is lower than it would be in low sea level conditions. We demonstrate how the
compound event leads to conditions where the local flood warning level is exceeded in the city of Pori, while it is not exceeded during
comparable single-driver conditions. This finding indicates a need for more detailed coupling of the paired station records and
estuarine water level observations in estuary types with different hydrodynamic conditions, which in turn calls for direct water level
measurements in the estuaries.

Estuary types that vary in geometry, catchment features, land cover and land use have distinctly different compound flood po-
tential. Our study sites represent a wide range of estuary types. For example, streamflow of the Oulujoki in site 2. is heavily influenced
by a large lake (Oulujarvi) and artificial regulation while other northernmost rivers included in our study have lower lake percentage
and are unregulated. Examining the local processes superimposed on the regional ones is, however, beyond the scope of this study.
Moreover, our study setting varies between sites, preventing direct comparisons. Most importantly, the straight-line distances, along-
stream distances and elevation difference of the paired mareograph and discharge stations vary between sites, which is bound to
impact the level of co-variability seen in the sea level and discharge records, and potential lag times. The impact of the paired station
distance on identified compound flood potential would deserve a dedicated study.

Studies on compound flooding are mainly based on paired observations of sea level and discharge, like in our case, or simulations,
because of missing water level observations in the estuaries. Based on these comparisons of best available data, it is not possible to
directly examine water level in estuaries. Our case study is one of the few examples coupling paired observations and direct water level
measurements in the downstream section of a river (see, however, McKeon and Piecuch, 2025). It clearly shows how important it
would be to measure water level in different types of estuaries for developing our understanding of compound flooding and to estimate
consequent flood risk for the coastal cities. Such data would in the future open up new possibilities for examining the development of
the compound flood events at the estuary scale. In other words, water level measurements in different parts of the estuary could allow
analysis of how the timing and amplitude of the flood varies at the downstream—upstream axis and the cross-channel axis, or between
open and more sheltered parts of the estuary.

In addition to the general spatial patterns of compound flood potential in Finland, our study identified outliers that break the
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overall pattern that may reflect local environmental conditions or differences in the study setting. For example, the analyses indicate
more and longer-duration compound flood events in site 2. Oulu than would be expected based on the climatic conditions and
neighbouring sites. In this site, the discharge station is located at the river mouth, only three kilometres from the mareograph, while in
most sites the discharge data come from stations tens of kilometres upstream. This study setting potentially causes that the discharge
observations (calculated with a rating curve from river water level) to some extent reflect sea level variation, which may lead to an
overestimation of the co-variability of sea level and discharge.

We find it important for our understanding to examine compound flooding as a separate process from the long-term sea level trend.
However, the society would benefit from transforming the identified compound flood hazards to the fixed national datum. In a
geographical setting like Finland, that is experiencing relative sea level decline, this examination would show that the increasing
compound flood potential does not automatically increase the risk on housing and important infrastructure as their elevation relative
to the mean sea level increases. It would also be interesting to compare the flood heights and duration of the most severe compound
flood events to the flooding caused by annual spring snowmelt flooding in the northernmost sites in Finland and in other high-latitude
coasts. Namely, because ecosystems and societies have adapted to regular spring flooding, floods that remain within these typical
levels are unlikely to cause severe impacts, unless they disrupt seasonal activities on the floodplains. This type on study would,
however, require considerable knowledge and data of the local environmental setting and local community.

5. Conclusions

Compound flood potential currently decreases with latitude in the Baltic Sea coasts of Finland, but also eastward from the Ar-
chipelago Sea (closest to the Baltic Proper) coast toward the Gulf of Finland coasts. These patterns may reflect the main latitudinal
gradient in the seasonal streamflow variation, but also differences in the catchment and river channel characteristics, river regulation
and location of the paired sea level and discharge stations. When explicitly separated from the sea level trend, the compound flood
potential is not uniformly increasing. In the north (66° N), the compound flood potential is increasing, potentially due to shortening of
the winter season. However, no consistent trend is found at 60° N: instead, there are substantial site-specific differences in how the
compound potential is changing over time. For a better process understanding, we call for future studies that treat sea level trends and
the co-variability of sea level and streamflow as separate phenomena, and are able to identify potential compound events outside the
high-latitude streamflow peak season. We also highlight the value of studies that combine sea level and streamflow observations with
actual estuarine water level measurements, enabling direct inference of estuary-scale processes.
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Figure A.1. Five water level stations a.—e. of the lower Kokemaenjoki river, describing actual water level variation between the Harjavalta hy-

drological station and Pori mareograph at site 6. Pori (Table 1)

Table A.1
Sea level linear trend slope and intercept, used and detrending sea level,

and the spring snowmelt windows for the 11 sites along the coast of Finland

Site (River) Sea level linear trend slope (mm per day) Intercept (mm in Jan 1st 1970) Start End

1. Simo-Kemi (Simojoki) -0.014 392 April 20th June 13th
2. Oulu (Oulujoki) -0.014 383 - -

3. Kalajoki-Raahe (Kalajoki) -0.015 395 April 7th May 23rd
4. Pietarsaari (Esse 8) -0.015 391 April 7th May 26th
5. Vaasa (Laihianjoki) -0.016 391 March 29th May 15th
6. Pori (Kokemaéenjoki) -0.011 346 April 3nd May 15th
7. Rauma (Lapinjoki) -0.010 328 March 29th May 3rd
8. Turku (Aurajoki) -0.007 275 March 26th April 28th
9. Salo-Hanko (Uskelanjoki) -0.003 246 March 25th April 28th
10. Helsinki (Vantaanjoki) -0.002 252 March 27th May 7th
11. Kotka-Hamina (Kymijoki) < 0.001 243 April 1st April 23rd
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Figure A.2. The raw slope coefficient (in mm per day) of the linear sea level trend in the 11 Finnish mareographs in 1971-2024. See Table 1 for site

descriptions and appendix Table A.1 for the numerical values
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Figure A.4. Kendall’s t between the tail pairs of the event peak sea level and discharge (a), and the number of tail pairs (b) by selected percentile
threshold in the 11 sites. For panels a-b, individual days with high sea level and discharge were aggregated into multi-day events separated by three
days or less. The analysis was repeated for individual daily observations (c—d), resulting in similar general patterns

Table A.2

Goodness-of-fit of the Gumbel copula models of the high-tail (Pg9) dependence, measured with a parametric bootstrapping-based test statistic and
associated p-value. The results are reported for both the full dataset and the “seasonal” dataset excluding the spring snowmelt season. The p-value of
the Gumbel copula for the full dataset is also compared to those of Clayton and Gauss copula models

Full Seasonal

Statistic p-value Statistic p-value
Site Gumbel Gumbel Clayton Gauss Gumbel Gumbel
11. Simo-Kemi 0.031 0.308 < 0.001 0.113 0.024 0.362
2. Oulu 0.032 0.108 < 0.001 0.032 0.032 0.106
3. Kalajoki-Raahe 0.030 0.173 0.015 0.011 0.020 0.567
4. Pietarsaari 0.029 0.262 0.015 0.759 0.024 0.405
5. Vaasa 0.019 0.646 0.015 0.197 0.016 0.705
6. Pori 0.030 0.162 0.004 0.045 0.017 0.734
7. Rauma 0.024 0.322 0.175 0.385 0.027 0.198
8. Turku 0.020 0.480 0.046 0.396 0.027 0.169
9. Salo-Hanko 0.017 0.651 0.016 0.572 0.017 0.673
10. Helsinki 0.033 0.088 0.008 0.075 0.038 0.042
11. Kotka-Hamina 0.043 0.039 0.021 0.036 0.047 0.018
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Figure A.5. Distribution of the daily (detrended) sea level and discharge observations at the 11 sites. Kendall’s 1, Pgs thresholds for sea level and
discharge, and linear trend lines are also shown. Note two different x-axis scales, for rivers with discharge observations below and above
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Supplementary data associated with this article can be found in the online version at doi: 10.1016/j.ejrh.2026.103551.

Data availability

All data examined in the study have been previously published open access. Code for statistical analyses is published as a sup-
plement to this paper.
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