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Abstract. When natural hazards interact in compound events, they may reinforce each other. This is a concern today and in
light of climate change. In the case of coastal flooding, sea-level variability due to tides, seasonal to inter-annual salinity and
temperature variations, or larger—scale wind conditions modify the development and ramifications of extreme sea levels. Here,
we explore how various prior conditions could have influenced peak water levels for the devastating coastal flooding event in the
western Baltic Sea in 1872. We design numerical experiments by imposing a range of precondition circumstances as boundary
conditions to numerical ocean model simulations. This allows us to quantify the change in peak water levels that arise due to
alternative preconditioning of the sea level before the storm surge. Our results show that certain preconditioning could have
generated even more catastrophic impacts. As an example, a simulated increase in the water level of 36 cm compared to the
1872 event occurred in Kgge just south of Copenhagen (Denmark) and surrounding areas — a region that was already severely
impacted. The increased water levels caused by the alternative sea-level patterns propagate as long waves until encountering
shallow and narrow straits, and after that, the effect vastly decreases. Adding artificial increases in wind speeds to each study
point location reveals a near-linear relationship with peak water levels for all Western Baltic locations, highlighting the need for
good assessments of future wind extremes. Our research indicates that a more hybrid approach to analysing compound events
and readjusting our present warning system to a more contextualised framework might provide a firmer foundation for climate
adaptation and disaster risk management. In particular, accentuating the importance of compound preconditioning effects on

the outcome of natural hazards may avoid under- or overestimation of the associated risks.

1 Introduction

Several authors have recently demonstrated the importance of considering the compoundness of extreme events and suggested
that such events may become more likely due to climate change (AghaKouchak et al., 2020; Santos et al., 2021; Vogel et al.,
2021; Zscheischler et al., 2018). They include a range of natural hazards like floods and storms, the impacts of which may
be enhanced or lessened by antecedent conditions that interact directly with the event, hence affecting the vulnerability of
exposed areas (Bischiniotis et al., 2018; Bradstock et al., 2009; Johnson et al., 2016; McMillan et al., 2018; Raymond et al.,

2020). The time scales of such “preconditioning” can vary from days to months or even years. For example, the exceptional
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2018 European wildfire season, that severely impacted Northern Europe, was preceded by above-average temperatures and
abnormally dry (e.g. vegetation) conditions in most places, some extending back several months and some all the way back
to 2017 (Commission et al., 2019). It was also generally exacerbated by unfavourable wind conditions and high temperatures
during the summer. Compared to the average of 2008-2017, some countries like Norway, Sweden, Finland, Germany and
the Czech Republic, suffered a doubling or more of the number of recorded fires in 2018 (Commission et al., 2019). Similar
examples involving different time scales include landslides that are predated by extensive soil erosion caused by e.g. rainfall
or snowmelt (Hilker et al., 2009), as well as overland flooding induced by heavy rain that is exacerbated by falling on top of a
very wet period, e.g. with saturated soils and filled water reservoirs (Hendry et al., 2019).

Management of the current and future risks of natural hazards often relies on learning and extrapolating from past extreme
events, modelling and climate change projections (Dangendorf et al., 2021; Frederikse et al., 2020; Harjanne et al., 2017; Travis
and Bates, 2014). However, while the history of meteorological observations is long, modern-era instrumental measurements
only date back to the founding of the first meteorological institutes in the later part of the 19th century. As a result, comprehen-
sive observations of low-probability high-impact events are generally scarce and limited to recent decades (Calafat and Marcos,
2020; Hallin et al., 2021; Jacobsen et al., 2021). In contrast, longer records include only the observed maxima, e.g. maximum
observed water levels, inundation depths, precipitation intensities or wind speeds. Correspondingly, the extremes inferred from
model simulations are mainly compared to observations in their ability to reconstruct maximum values and not their contexts
(Marcos et al., 2015).

Storm surges and extreme sea levels are one of the main threats to people and properties along coastlines (Brown et al.,
2018; Buchanan et al., 2017; Hallegatte et al., 2013; Vousdoukas et al., 2020; Wahl et al., 2017). Generally, high water levels
are associated with low-pressure weather systems, resulting in strong winds piling seawater towards the shore and water
levels exceeding the range of the astronomical tides. Wave-driven setup from waves breaking in the shallow surf zone may
comprise 20 to 30 % or more of the total surge during energetic wind conditions (Lavaud et al., 2020; Woodworth et al., 2019).
However, the wind effect is only one of several drivers influencing high water levels’ development, maximum elevation, and
duration. Other essential factors include sea-level variations due to tides (Arns et al., 2020), seasonal or inter-annual salinity
and temperature variations, large-scale pressure fluctuations, dynamic water interactions with basin geometry and bathymetry
(especially for marginal seas), and the initial distribution of seawater within a basin (Pugh, 1987). In combination, these factors
can lead to both heightened and lowered surge levels.

Coastal flood risk assessments are generally based on local extreme sea level statistics derived from time series of tide gauge
measurements, with lengths varying from a few decades to more than 100 years. The extreme sea levels and their associated
recurrence periods may be assessed using different variants of extreme value analysis on the observational records (Coles
et al., 2001; Thorarinsdottir et al., 2017; Wahl et al., 2017). Similarly, future extreme sea level statistics may be obtained
by analysing modelled sea levels within a future time slice, e.g. 2071-2100, and contemporary scenario assumptions (Masson-
Delmotte et al., 2021; Oppenheimer et al., 2019). It has been proposed that hydrodynamic models may be needed to refine flood
risk assessments at regional to local scales. For example, Vousdoukas et al. (2016) suggest that by accounting for water level

attenuation due to land surface roughness, the estimated flood exposure decreases (inundation extent and depth) and hence also






