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Compound flood raised from the concurrent heavy precipitation and storm surge receives
increasing attention because of its potential threat to coastal areas. Analyzing the past
changes in the characteristics of compound flood events is critical to understand the
changing flood risks associated with the combination of multiple drivers/hazards. Here, we
examined the evolution of the compound flood days (defined as days of concurrent
extreme precipitation and extreme storm surge exceeding the 90th percentiles) based on
the observed precipitation and storm surge data across the globe. Results show that the
annual number of compound flood days increased significantly by 1–4 per decade (α � 0.1)
on the east coast of the US and northern Europe, while the annual number of compound
flood days decreased significantly in southern Europe and Japan. The increasing trends in
precipitation under extreme storm surge and storm surge under extreme precipitation
were found extensively across the world except in Japan, suggesting that more intense
precipitation appeared when extreme storm surges occurred, and higher storm surge
emerged when extreme precipitation occurred. Comparatively, the global fractional
contributions of storm surge (i.e., 65%) on changes in compound flood days were
higher than that of precipitation (i.e., 35%), demonstrating that storm surge was more
likely to dominate the changes in the number of compound flood days. This study
presents the spatial and temporal characteristics of the compound flood events at the
global scale, which helps better understanding the compound floods and provides
scientific references for flood risk management and an indispensable foundation for
further studies.
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INTRODUCTION

Floods can be classified into three types according to different triggering mechanisms: 1) fluvial
floods caused by precipitation over an extended period (riverine floods); 2) pluvial floods due to high-
intensity and short-duration rainstorms (waterlogging floods); and 3) coastal floods resulting from
the extreme sea levels associated with storm surge and high tides (Huntingford et al., 2014). Different
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types of floods can co-occur in certain weather conditions, for
example, the concurrence of heavy rainfall and storm surge
caused by tropical cyclones (Wahl et al., 2015; Ikeuchi et al.,
2017; Lai et al., 2020). These combinations of two or more
different floods are referred to as compound floods.

Compound floods are highly risky because the interplay
among multiple extremes can exacerbate the adverse impacts
(Intergovernmental Panel on Climate Change, 2012; Leonard
et al., 2014; Zscheischler et al., 2018; Raymond et al., 2020). For
their privilege of proximity to the sea, coastal areas are usually the
most densely populated and economically developed areas of a
country, and they are also the most vulnerable regions to the risk
of compound floods from heavy precipitation and storm surge
exactly because of the high population and property density as
well as the special location (Chan et al., 2012; Neumann et al.,
2015). For examples, Hurricane Harvey in 2017 caused heavy
rainfall exceeding 1,000 mm and extreme storm surge higher than
1.8 m (Emanuel, 2017; Zhang et al., 2018a); and severe flooding
was developed from the storm surge and rainfall during super
typhoon Hato in Macau, 2017 (Hong Kong Observatory, 2017;
Wang et al., 2019). These two compound floods led to record-
breaking economic damages and life losses (Hong Kong
Observatory, 2017; Klotzbach et al., 2018). Given the
substantial damage caused by compound floods, a better
understanding of the characteristics and driven mechanisms of
compound floods is urgently needed.

Even though compound floods can occur coincidently, the
dependence among different types of floods has been widely
evidenced. For examples, Svensson and Jones (2002), Svensson
and Jones (2004) analyzed the dependence among precipitation,
river flow, and storm surge; Zheng et al. (2013) identified the
significant dependence between precipitation and storm surge
along the coastlines of Australia; and at the global scale, Ward
et al. (2018) assessed the dependence between high sea level and high
river discharge in most areas across the globe. The correlations
among precipitation, river flow, and storm surge are determined by
various factors such as meteorological conditions and regional
topography. For example, the compound floods from heavy
precipitation and storm surge can occur in certain weather
conditions. In general, the weather conditions associated with
compound floods are characterized by deep low pressure,
cyclonic winds, and high precipitable water content, which can
be found in storm systems (Wahl et al., 2015; Bevacqua et al., 2019).
Therefore, storms (including tropical cyclones and extratropical
cyclones) are one of the most important triggers of compound
floods from heavy rainfall and storm surge (Wahl et al., 2015; Booth
et al., 2016; Ikeuchi et al., 2017). The meteorological forcings-caused
correlation between precipitation and storm surge can be identified
between stations hundreds of kilometers far away (Zheng et al.,
2013). The regional topography can also significantly impact the
correlation among precipitation, river flow, and storm surge. For
instance, the strong dependence between precipitation and storm
surge is more likely to be found in hilly coastal areas, and the
dependence between storm surge and river flow will be stronger in
the steep catchments because of the shorter time required by peak
flow to reach the estuary (Svensson and Jones, 2002; Svensson and
Jones, 2004).

It’s vital to take account of the dependencies among different
floods when assessing the compound flood risk because ignoring
these dependencies would result in considerable underestimation of
compound flood risk. By constructing the joint distribution, previous
studies have assessed the potential risk of compound floods from
precipitation, river discharge, and storm surge at the regional and
global scale (e.g., Moftakhari et al., 2007;Moftakhari et al., 2019; Lian
et al., 2013; Van Den Hurk et al., 2015; Wahl et al., 2015; Bevacqua
et al., 2017, Bevacqua et al., 2019; Bevacqua et al., 2020a; Bevacqua
et al., 2020b; Xu et al., 2019; Couasnon et al., 2020). The regional
studies on evaluation of compound flood risks were mainly
concentrated on the US and Europe, where the tide gauges are
densely distributed and have the best data completeness in a longer
period (e.g.,Moftakhari et al., 2007;Wahl et al., 2015; Bevacqua et al.,
2017, 2019). Besides, some studies assessed the risk of compound
floods using hydrodynamic models (e.g., Lian et al., 2013; Ikeuchi
et al., 2017; Moftakhari et al., 2019; Gori et al., 2020; Jane et al., 2020;
Khanam et al., 2021). These studies, better considered the
interactions between flood drivers and localized features,
however, were limited to analysis of regional compound flood
cases. Constrained by the available data, the global-scale studies
based on long-term observations are rare. However, a number of
global studies have recently emerged benefitting from the
development of simulated storm surge data (Bevacqua et al.,
2020a; Bevacqua et al., 2020b; Couasnon et al., 2020; Ridder
et al., 2020). These studies provided valuable information of
compound floods in the areas where observations were absent
(e.g., the coastal area of South America and Africa) but contained
substantial uncertainties. Furthermore, Bevacqua et al. (2019),
Bevacqua et al. (2020b) projected that driven by the changes in
extreme precipitation and meteorological tide under the high
emissions scenario, the compound flood risks would increase
generally by >25% by the end of this century. These studies have
well assessed the risk of compound floods; however, rare studies
illustrated the evolutions of occurrences of compound floods based
on long-term observations.

In this study, the evolutions in concurrences of heavy
precipitation and extreme storm surge were analyzed based on
the observed precipitation and storm surge data across the globe.
The main research questions we aimed to address are as follows:
1) How’s the spatial distribution of compound floods? Which
areas of the world are the most susceptible to compound floods?
In which season do most compound floods occur? 2) What is the
interannual variability of compound floods in past decades? And
how’re the contributions of precipitation and storm surge to the
interannual variability? 3) What could be the meteorological
drivers causing the changes in compound floods? The answers
are critical to understanding the changing compound flood risks,
and serves as a scientific reference for flood risk management and
an indispensable foundation for further studies.

DATA AND METHODS

Data
The compound floods from heavy precipitation and extreme
storm surge were analyzed based on the observed precipitation
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and storm surge data. The observed hourly sea level data were
obtained from the Global Extreme Sea Level Analysis version 2
(GESLA-2, https://www.gesla.org/; Woodworth et al., 2016). The
observed sea level consists of mean sea level, astronomical tides,
and non-tidal residual (i.e., storm surge and waves), in which the
astronomical tides are caused by the gravitational effects of the
moon and the sun, while the storm surge and waves are
meteorological phenomena driven by atmospheric pressure
and wind (Karim and Minura, 2008; Vousdoukas et al., 2018).
Even though the actual water levels causing coastal flood can be
estimated as the superpositions of extreme storm surge and
astronomical high tides (Bevacqua et al., 2019; Yu et al., 2019),
the astronomical tides are not likely to have relationships with
meteorologically driven factors such as storm surge and
precipitation. Therefore, we used the non-tidal residual to
represent the storm surge to better investigate the
meteorological drivers that cause the changes in compound
floods as many previous studies did (e.g., Bevacqua et al.,
2020a, Bevacqua et al., 2020b; Couasnon et al., 2020; Ridder
et al., 2020; Wahl et al., 2015; Zheng et al., 2013). To extract the
storm surge component, we applied a tidal harmonic analysis
(T-tide; Pawlowicz et al., 2002) to analyze the observed sea level of
each year to remove the impact of mean sea level rise. Hence,
hourly storm surge data was converted to daily time series by
extracting the daily maxima.

Daily precipitation data of more than 4,900 stations with
the record lengths varying from 18 to 126 years were obtained
from the Global Historical Climatology Network (GHCN-
Daily, https://www.ncdc.noaa.gov/ghcn-daily-description;
Menne et al., 2012). For each tide gauge, the average
precipitation of all stations within a radius of 25 km from
the tide gauge was used (Wahl et al., 2015). In the case there
was no precipitation station within 25 km from the tide gauge,
the search radius was expanded to 50 km. The years with >25%
missing days were discarded. To assess whether the choice of

precipitation average method would affect our analysis, the
results based on precipitation calculated by inverse distance
weighted method are shown in Supplementary Material. Only
the tide gauges with record lengths >18 years over 1979–2014
were considered. 314 tide gauges were selected, and they are
mainly located along the coasts of North America, Europe,
Australia, East Asia, and Southeast Asia (Figure 1). The
atmospheric variables used to analyze the weather
conditions associated with compound floods included sea
level pressure, three-dimension winds, and precipitable
water content at 2.5° × 2.5°spatial resolution during
1948–2014, and they were obtained from NCEP/NCAR
reanalysis dataset (https://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis.html; Kalnay et al., 1996).

Methods
There is no consistent mathematical definition of compound
floods, and a widely used definition is based on the annual
maxima. For example, Wahl et al. (2015) identified the
compound floods from the time series of annual maxima of
one variable (e.g., precipitation) and the corresponding block
maxima of the other variable (e.g., storm surge). The sample
size of compound floods based on this method is small because
only one data pair is sampled for each year and each location,
which is not ideal for the following statistical analyses of
changes in compound floods. An alternative method to
define compound floods is based on the peak-over-
threshold method, in which, compound floods are usually
defined as the co-occurrences of univariate extremes (e.g.,
extreme precipitation and extreme storm surge) exceeding a
given percentile (Bevacqua et al., 2019; Bevacqua et al., 2020b).
One advantage of this method is that more compound flood
days could be sampled. In this study, the 90th percentiles were
used to identify extreme precipitation/storm surge, and
compound floods were defined as the co-occurrence of both

FIGURE 1 | Locations of tide gauges and the number of overlapping years. Only tide gauges with ≥18 overlapping years were used in this study.
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extreme precipitation and extreme storm surge exceeding the
percentiles. Here, the storm surge and precipitation data at the
same calendar day were paired without consideration of time
lag, and each day with precipitation and storm surge exceeding
the threshold was taken as a compound flood day. The number
of compound flood days was defined as an index to investigate
the evolution of the days of concurrent heavy precipitation and
storm surge. Indices based on similar definitions (e.g., number
of days with precipitation >75th, 95th, and 99th percentiles)
have been widely used in previous studies to detect the changes
in extreme events (Fatichi and Caporali, 2009; Li et al., 2013;
Zhang et al., 2013).

One drawback of defining compound flood days using the
peak-over-threshold method is that the threshold exceedances
may occur successively during extreme weather systems (e.g.,
tropical cyclones), thus not fully respect the independence
assumption (Fatichi and Caporali, 2009). However, since the
objective of this study is to assess whether the number of
compound flood days is changing instead of evaluating the
changes in the return period of compound flood events, the
dependence between some compound flood days should not
substantially affect our results of the trend detection (Fatichi
and Caporali, 2009). Besides, a compound flood event that lasts
longer might lead to greater damage than that lasts shorter. An
increase in compound flood days implies more frequent
compound flood events and/or longer durations of compound
flood events. In either case, the potential risk of compound floods
increases, and vice versa.

Even though using a lower threshold (i.e., 90th percentile)
implies that the concurrent extreme precipitation and extreme
storm surge may not lead actual compound floods, but it can
ensure that enough compound flood days could be sampled to
conduct a more robust analysis. The 90th percentile was widely
used as a threshold to define flood events in previous studies
(Gemmer et al., 2011; Iannuccilli et al., 2021; Li et al., 2015;
Muis et al., 2018; Zhang et al., 2013). Besides, whether an
actual flood occurs or not highly depends on localized
characteristics such as topography, land use, regional
climate, and their interactions (Bevacqua et al., 2020a;
Hendry et al., 2019). In this case, we limited our analysis to
the compound flood potentials (i.e., probability of
occurrences) rather than the actual compound flood to
better understanding their changes. To evaluate whether the
choice of threshold would affect the analysis, the results with
thresholds of 85th and 95th percentiles are shown in
Supplementary Material. Considering the non-stationary
statistics of hydrometeorological variables under climate
change, the probability distribution of a
hydrometeorological variable might change over time and
hence the statistics of a period can not reflect those of
another period (Gu et al., 2017; Milly et al., 2008; She et al.,
2015). If we estimate the percentile threshold based on the data
in a long period, the statistics of the variable may have altered
in the study period (for example, the percentile in an earlier
sub-period may be different from that in a later sub-period).
To mitigate the impact of non-stationarity, the percentiles of
precipitation/storm surge at all stations were estimated based

on the daily time series from 1979 to 2014. This approach is the
same as that used in many previous studies about climate
extremes (You et al., 2011; Zhai et al., 2005; Zhang et al., 2005).
For example, the Expert Team on Climate Change Detection
and Indices (ETCCDI; https://www.wcrp-climate.org/etccdi)
includes a number of climate extreme indices based on
percentile thresholds (Li et al., 2013; Kurniadi et al., 2021).
The percentile threshold is calculated from the fixed period of
1961–1990 in ETCCDI (Zhang et al., 2011). For instance,
R95pTOT is defined as annual total precipitation when
daily precipitation exceeds the 95th percentile in the
1961–1990 period (Dong et al., 2021). The 95th percentile
threshold estimated in 1961–1990 is used to identify climate
extremes in the past (e.g., before 1961) and the future (e.g., the
21st century).

The precipitation under extreme storm surge
(i.e., precipitation of days with storm surge exceeding the 90th
percentile) and storm surge under extreme precipitation (i.e., the
storm surge of days with precipitation exceeding the 90th
percentile) were analyzed to investigate the relationship
between changes in compound floods, precipitation and storm
surge. According to our definition of compound floods, the
intensity of compound floods is determined by the intensity of
precipitation and storm surge height. With this understanding,
the changes in precipitation under extreme storm surge and the
changes in storm surge under extreme precipitation reflect the
changes in the intensity of compound floods. That is, given one of
the two variables (e.g., precipitation as an example) exceeds the
threshold, the increase (or decrease) in the other variable (e.g.,
storm surge) indicates the increase (or decrease) in the intensity
of a potential compound event. Once the storm surge exceeds the
threshold, it is considered a compound flood in this study.
Therefore, the changes in the intensity of compound floods
can be reflected in terms of 1) the changes of precipitation
under extreme storm surge, and 2) the changes of storm surge
under extreme precipitation.

The contributions of changes in precipitation and storm surge
to the changes in the number of compound flood days were
determined by the multivariate regression methodology. This
method has been applied in the attribution analysis of changes in
soil moisture (Zhang et al., 2018b). The regression equation is
written as:

CF′ � a × P + b × S + ε , (1)

where CF′ is the number of compound flood days predicted; P
and S represent the precipitation under extreme storm surge, and
storm surge under extreme precipitation, respectively; a and b are
regression coefficients, and ε is a constant intercept coefficient.
Therefore, the annual number of compound flood days is jointly
affected by precipitation and storm surge, and the changes in the
number of compound flood days, ΔCF′, can be estimated by:

ΔCF′ � a × ΔP + b × ΔS , (2)

where ΔP and ΔS are the changes in precipitation under extreme
storm surge, and storm surge under extreme precipitation,
respectively. The contributions of precipitation under extreme
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storm surge, and storm surge under extreme precipitation to the
number of compound flood days can be calculated as:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

CP � (a × ΔP)
ΔCF′ × 100%

CS � (b × ΔS)
ΔCF′ × 100%

, (3)

where CP and CS represent the contributions of precipitation
under extreme storm surge, and storm surge under extreme
precipitation to the number of compound flood days,
respectively. Since the trends of the annual number of
compound flood days can be positive or negative, so do the
contributions. To facilitate the comparison of contributions of
precipitation and storm surge, we transferred the contributions
into fractional contributions through:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

CP′ � |CP|
|CP| + |CS| × 100%

CS′ � |CS|
|CP| + |CS| × 100%

, (4)

where CP′ and CS′ represent the fractional contributions of
precipitation under extreme storm surge, and storm surge
under extreme precipitation to the number of compound flood
days, respectively.

To reveal the drivers associated with the changes in compound
floods, themeteorological variables (i.e., precipitable water content,
vertical wind shear, sea level pressure, and near-land wind speed)
associated with extreme precipitation and extreme storm surge
(i.e., >90th percentiles) in three tide gauges (i.e., New York, NY in
the US, Honmoku in Japan, and Tregde in Europe) were analyzed.
These three tide gauges were selected based on three criteria: 1) the
tide gauges should distribute in different parts of the world for the
analysis of spatial variations; 2) the tide gauges should have longer
data record years for more robust trend analysis; 3) the changes in
compound flood days are significant at the selected tide gauges, and
at least one significant trend can be detected in time series of
precipitation and storm surge. For each tide gauge, the precipitable
water content and vertical wind shear (calculated as the wind
difference between 850 hPa and 200 hPa levels; Chen et al., 2006;
Chen et al., 2011; Zhang et al., 2018c) during extreme storm surge
events were extracted and averaged by year to examine their
relationships with changes in precipitation under extreme storm
surge, while sea level pressure and near-land wind speed (i.e., wind
speed at the 0.995 sigma level) during extreme precipitation events
were extracted and averaged by year to examine their relationships
with the changes in storm surge under extreme precipitation. It
shall be noted that our analysis on meteorological variables was
based on extreme events from 1948 to 2014 because NCEP/NCAR
reanalysis dataset is not available before this period. The trends in
compound floods between the periods of 1948–2014 and
1979–2014 were analyzed and shown in the Supplementary
Material.

The trend of time series was detected using the Modified
Mann-Kendall test, which is a nonparametric trend detection

method that considers autocorrelation in time series (Hamed and
Ramachandra Rao, 1998). A trend was taken as a significant trend
when the p-value is < 0.1 (i.e., a � 0.1). Sen’s slope method was
used to estimate the magnitude of the trend of time series (Sen,
1968).

RESULTS

Spatial Pattern and Seasonal Variation of
Compound Floods
As shown in Figure 2, we examined the annual number of
compound flood days with extreme precipitation and extreme
storm surge exceeding the 90th percentiles. In southern Europe,
the west and northeast coast of the US, and northern Japan, the
compound floods occurred most frequently (i.e., >12 per year),
followed by the east and southeast of the US, northern Europe,
western Australia, and Japan, where experienced average 8–12
compound flood days per year. The co-occurrences of extreme
precipitation and storm surge can happen by chance or because
of the dependence between univariate extreme events driven by
associated meteorological systems. If the precipitation and
storm surge are independent of each other, the expected
annual number of co-occurrences of precipitation and storm
surge exceeding the 90th percentile should be
0.1 × 0.1 × 365 � 3.65. However, the actual number of
compound flood days in reality is affected by various factors
such as the dependence between precipitation and storm surge
and autocorrelation of time series (Martius et al., 2016). The
observed annual number of compound flood days in 305 out of
314 tide gauges was higher than 3.65, which means that not all
compound floods occurred by chance, and the extra compound
flood days were very likely to be associated with the dependence
between precipitation and storm surge (Zheng et al., 2013;
Couasnon et al., 2020). Besides, the dependence between
precipitation and storm surge at regional and global scales
has been reported in many previous studies (e.g., Zheng
et al., 2013; Wahl et al., 2015; Bevacqua et al., 2019;
Bevacqua et al., 2020a). For example, Bevacqua et al. (2020a)
calculated Kendall’s t correlation between precipitation and
storm surge and found a stronger correlation between
precipitation and storm surge on the coast of the US,
western Europe, East Asia, and Australia. This spatial pattern
generally coincides with that of the annual number of
compound flood days, which further proves the relationship
between compound floods and dependence. From these results,
the hotspots of compound floods, including the coast of the US,
southern Europe, East Asia, and Australia, were identified. The
identified hotspots of compound floods are consistent with that
of studies that using reanalysis data (Bevacqua et al., 2020a;
Couasnon et al., 2020). These areas involve many socio-
economically important regions, such as Europe, the coast of
the US, and southeastern China, which hold densely distributed
populations and properties and thus exposed to compound
flood hazards. When using the 85th and 95th percentiles to
identify the compound flood events, or examining the trends
between different periods (i.e., 1948–2014 and 1979–2014), the
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spatial distributions of compound floods showed very similar
patterns with those based on the 90th percentile and all available
data (Supplementary Figures S1, S5, S8).

Figure 3 shows the months in which compound floods
occurred most frequently to illustrate the seasonal variation
of compound floods. In Europe, the west coast of North
America, and northeast of the US, compound floods tended
to occur in November and December, while in the southeast

coast of the US, and East Asia, the peak season of compound
floods was September. In the Southern Hemisphere, the peak
season of compound floods in southern Australia is June, while
this was February in northern Australia. In the areas affected by
tropical cyclones such as East Asia, the southeast coast of the US,
and northern Australia (Walsh et al., 2016; Khouakhi et al.,
2017), the occurrences of compound floods were affected by
tropical cyclone activities (Wahl et al., 2015; Ikeuchi et al., 2017;

FIGURE 2 | The annual number of compound flood days. Compound flood days are the days with extreme precipitation and extreme storm surge exceeding the
90th percentile values.

FIGURE 3 | The month with the most frequent concurrences of extreme precipitation and extreme storm surge exceeding the 90th percentile values.
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Xu et al., 2018), and therefore the peak seasons of compound
floods were concentrated on tropical cyclone seasons
(i.e., July–September in the North Hemisphere, and
December–February in the South Hemisphere). In mid and
high-latitude areas, the compound floods tended to occur
during winter (i.e., November–January in North Hemisphere,
and June–July in South Hemisphere).

Trends in Frequency and Intensity of
Concurrences of Heavy Precipitation and
Storm Surge
Figure 4 shows the trends in the annual number of compound
flood days across the globe. The largest increasing trend was
found in the UK, where the number of compound flood days
increased by > 2 days per decade. Besides, in northwestern
Europe and the east coast of the US, the annual number of
compound flood days increased with a magnitude of 1–3 days per
decade, implicating increasing compound flood risks in these
areas. In contrast, the number of compound flood days decreased
significantly in some tide gauges of southwestern Europe and
Japan. The changes in the annual number of compound flood
days were not significant (i.e., p > 0.1) in most locations of the east
coast of North America, South America, Australia, and Southeast
China. Noted that these changes in compound flood days were
estimated based on record lengths varying by tide gauge
(Figure 1). When constraining the study period as 1948–2014
or 1979–2014, the spatial patterns of changes in compound flood
days are similar (Supplementary Figures S6, S9).

To investigate the evolution of the intensity of compound
floods, we examined the changes in precipitation under extreme
storm surge and the changes in storm surge under extreme
precipitation. Figure 5A shows that precipitation under

extreme storm surge increased significantly on the coast of
North America, Europe, the east coast of Japan, and some
locations of northern Australia, indicating the elevating
probability of occurrences of heavy rainfall when extreme
storm surges occurred. The changes in storm surge under
extreme precipitation showed greater regional variation. On
the west and northeast coast of the US and Japan, the storm
surge under extreme precipitation decreased slightly (i.e., <4 mm/
year), while on the southeast coast of the US and Europe, storm
surge under extreme precipitation showed an increasing trend
(Figure 5B). We examined the sensitivity of these results to the
choice of thresholds (i.e., 85th and 95th percentile values. The
spatial patterns of changes are consistent with those using the
threshold of 90th percentile even though the magnitudes of
changes and number of significant trends might be different
(Supplementary Figures S2–S4). When conducting these
analyses in different periods (i.e., 1948–2014 and 1979–2014),
the results are similar except that the storm surge under extreme
precipitation showed increasing trends on the northeast coast of
the US during 1979–2014, while decreasing trends were detected
in this area during the long period (e.g., 1948–2014;
Supplementary Figures S7, S10).

Comparing the spatial patterns of changes in compound
floods, precipitation under extreme storm surge, and storm
surge under extreme precipitation (Figures 4, 5), it can be
found that, on the west coast of the US where the
precipitation increased but the storm surge decreased, the
changes in the number of compound flood days were not
obvious; in northwestern Europe, both precipitation under
extreme storm surge and storm surge under extreme
precipitation showed increasing trends, thus the number of
compound flood days increased most substantially. In contrast,
in Japan, where the precipitation showed different directions in

FIGURE 4 | Trends in the annual number of compound flood days. Compound flood days are the days with extreme precipitation and extreme storm surge
exceeding the 90th percentile values. Open circles denote the trends are insignificant (α � 0.1).
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different areas (i.e., negative trends on the west coast and positive
trends on the east coast) while the storm surge showed significant
decreasing trends across the country, the number of compound
flood days also decreased significantly. Comparatively, the spatial
distribution of changes in storm surge under extreme
precipitation matched better with that of changes in
compound floods, implicating that the changes in storm surge
were more likely to dominate the changes in compound floods.

To justify this inference, the fractional contributions of
precipitation under extreme storm surge, and storm surge
under extreme precipitation were calculated based on the
multivariate regression methodology. As shown in Figure 6A,
the changes in precipitation under extreme storm surge

contributed to more than 50% of changes in compound floods
in northern Europe (mainly on the coast of the North Sea and
Baltic Sea) and tide gauges on the east coast of the US and
southern Australia, indicating the changes in precipitation
dominated the changes in compound floods in these areas. By
contrast, in the other areas including the west coast of the US,
western and southern Europe, Japan, northern Australia, and also
some tide gauge on the east coast of the US, the fractional
contribution of changes in storm surge under extreme
precipitation exceeded 50%, demonstrating the dominate role
of storm surge in affecting the number of compound flood days
(Figure 6B). The average contributions of precipitation and
storm surge across the globe were 35 and 65%, respectively.

FIGURE 5 | Trends in (A) precipitation under extreme storm surge (i.e., >90th percentile); and (B) storm surge under extreme precipitation (i.e., >90th percentile).
Open circles denote the insignificant trends (α � 0.1).
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These results further prove our inference that changes in storm
surge were more likely to dominate the changes in compound
floods.

Changes in Meteorological Variables
Associated With Precipitation Under
Extreme Storm Surge and Storm Surge
Under Extreme Precipitation
The meteorological variables including precipitable water
content, vertical wind shear, sea level pressure, and near-land
wind speed associated with extreme precipitation and extreme
storm surge (i.e., >90th percentiles) in three tide gauges (i.e., New

York, NY, Honmoku, and Tregde) were analyzed to explore the
meteorological drivers associated with changes in the compound
floods. Before evaluating the changes in meteorological variables,
the time series of the annual number of compound flood days,
precipitation under extreme storm surge, and storm surge under
extreme precipitation in tide gauges New York, NY, Honmoku,
and Tregde were analyzed for more details (Figures 7, 8). In New
York, NY, the annual number of compound flood days showed an
insignificant increasing trend during the long period between
1921 and 2014, while the significant slight increasing trend was
detected in the shorter period between 1948 and 2014
(Figure 7A). In Honmoku, the number of compound flood
days significantly decreased by 40% during 1961–2006

FIGURE 6 | Fractional contribution of (A) changes in precipitation and (B) storm surge to the changes in number of compound flood days. Open circles denote that
the Sen’s slope of the number of compound flood days is 0.
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(Figure 7B). In contrast, the number of compound flood days
increased by 153% during 1928–2014 in Tregde, and this
percentage is 97% for the shorter period from 1948 to 2014
(Figure 7C). The results of changes in the number of compound
flood days were also supported by the changes in precipitation
under extreme storm surge and storm surge under extreme
precipitation. In New York, NY, the precipitation under
extreme storm surge increased significantly in both longer and
shorter periods, which contributed to more than 90% of the
changes in the number of compound flood days (Table 1). The
storm surge under extreme precipitation showed no obvious
trend and contributed less to the increase of compound floods
(Figures 8A,B). In Honmoku, the changes in precipitation under
extreme storm surge were not significant, but the storm surge

under extreme precipitation decreased by 26%, which was
responsible for the increase in the number of compound flood
days (Figures 8C,D; Table 1). For the tide gauge Tregde, both
precipitation under extreme storm surge and storm surge under
extreme precipitation showed significant increasing trends
(Figures 8E,F), indicating more intense precipitation when
extreme storm surge events occurred, and higher storm surge
during extreme precipitation events. The fractional contributions
of precipitation and storm surge in Tregde are 62.7 and 37.3%,
respectively (Table 1).

The changes in precipitable water content and vertical wind
shear on the days of extreme storm surge were estimated to
investigate their relationships with changes in precipitation under
extreme storm surge. The precipitable water content measures the
amount of available moisture in the atmosphere, which is closely
related to precipitation (Dong et al., 2019; Kunkel et al., 2020).
Vertical wind shear measures the changes of winds with height,
which relates to convective activity (Tramblay et al., 2020).
Vertical wind shear has different impacts on different types of
storms: an environment of weak vertical wind shear favors the
genesis and maintenance of tropical cyclones (Frank and Ritchie,
2001; Wong and Chan, 2004), while significant vertical wind
shear is required for the development of extratropical cyclones
(Lim and Simmonds, 2007; Ynase and Niino, 2015; Ynase and
Niino, 2019). In New York, NY, the precipitable water content
around the New York showed an insignificant trend, while the
vertical wind shear was stronger at the north of New York, NY,
and weaker in the south of New York, NY (Figures 9A,D). The
weaker vertical wind shear over the sea to the southeast of New
York, NY allowed the tropical cyclones to sustain for a longer
duration and move to the midlatitudes, and the increased vertical
wind shear at higher latitude areas is likely a signature of the
extratropical transition processes of tropical cyclones (Liu et al.,
2017; Towey et al., 2018; Evans and Hart, 2003). The more
frequent cyclone activities imply more precipitation events,
which is consistent with the observed increasing trend of
precipitation under extreme storm surge during the period
from 1948 to 2014 in New York, NY. In Honmoku, the
precipitable water content decreased significantly, which was
consistent with the decreasing trend of precipitation under
extreme storm surge (Figure 9B). The vertical wind shear
showed an increasing but insignificant trend (Figure 9E).
Considering that Honmoku is frequently affected by tropical
cyclones (e.g., tropical cyclones contribute to 40–65% of
extreme precipitation in Japan; Khouakhi et al., 2017), the
increased vertical wind shear might apply an adverse impact
on the strength maintenance of tropical cyclones and cause a
shorter duration of tropical cyclones over this region. In Tregde,
the changes in precipitable water content were insignificant, while
the vertical wind shear showed increasing trends over most of
western Europe, implicating the enhanced convective activity in
this region (Figures 9C,F). Furthermore, the increased vertical
wind shear in higher latitude might contribute to the
development of extratropical cyclones, which is an important
driver of heavy rainfall and extreme storm surge in Europe
(Hawcroft et al., 2012; Hawcroft et al., 2018; Weisse et al.,
2012; Pinto et al., 2014). In this case, the increase in

FIGURE 7 | Temporal evolution of the annual number of compound
flood days in tide gauge (A)New York, NY, (B)Honmoku, and (C) Tregde. The
black straight line in (A) and (C) indicates the trend of the complete time series.
The red straight line indicates the trend of the time series during
1948–2014. The Sen’s slopes were estimated. Significant trends are identified
by an asterisk (α � 0.1).
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precipitation under extreme storm surge might be related to the
increase of vertical wind shear.

The sea level pressure and near-land wind speed on the days of
extreme precipitation were analyzed to examine their
relationships with storm surge under extreme precipitation.
Results showed that the changes in sea level pressure around
the New York, NY were not significant (Figure 10A), while the
wind over the waterside of New York, NY increased significantly,
which can cause higher wind waves (Figure 10D). In Honmoku,
the sea level pressure increased over large areas of the Western
North Pacific (Figure 10B). The increasing trend over large areas
helps little in increasing the pressure gradient, thus may not help
increase the storm surge. What’s more, the winds were weaker
over the near-coast sea area, which is unfavorable for the

generation of wind waves (Figure 10E). In Tregde, the sea
level pressure decreased over the north of the location of
interest, but increased over the other side (Figure 10C). This
change increased the pressure gradient, resulting in higher storm
surges. At the same time, the significant intensifying winds over
western Europe also contributed to the increase of wind waves
under extreme precipitation (Figure 10F).

DISCUSSIONS

In this study, we analyzed the evolution of precipitation under
extreme storm surge and storm surge under extreme precipitation
to attribute the changes in compound floods. According to the

FIGURE8 | Temporal evolution of (A, C, E) precipitation under extreme storm surge, and (B, D, F) storm surge under extreme precipitation in tide gauge (A, B)New
York, NY (C, D)Honmoku, and (E, F) Tregde. The black straight line in (A) and (C) indicates the trend of the complete time series. The red straight line indicates the trend
of the time series during 1948–2014. The Sen’s slopes were estimated. Significant trends were identified by an asterisk (α � 0.1).

TABLE 1 | Statistics of compound floods, precipitation and storm surge between 1948 and 2014.

Tide gauge New York, NY Honmoku Tregde

Trends of compound flood days (year−1) 0.06* −0.11* 0.11*
Trends of precipitation (mm/year) 0.05* −0.04 0.06*
Trends of storm surge (10–3 m/year) 0.3 −0.9* 0.6*
Contribution of precipitation (%) 94.8 9.3 62.7
Contribution of storm surge (%) 5.2 90.7 37.3

The asterisks (*) denote significant trends (α � 0.1).
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definitions provided in Intergovernmental Panel on Climate
Change, 2012, compound events can be two or more extreme
events occurring simultaneously (i.e., compound floods defined
in this study), and the combinations of events, that alone are not
extreme, leading to an extreme impact. For floods events, the
compound floods can be combinations of 1) extreme
precipitation and extreme storm surge (i.e., compound floods
defined in this study), 2) extreme storm surge and precipitation
that can produce runoff and thus increase water level at the
estuary, and 3) extreme precipitation and storm surge that may be
not extreme but great enough to block or slow down the drainage
(Wahl et al., 2015; Zscheischler et al., 2018). In this case, the
precipitation under extreme storm surge contains the second type
of compound flood events, and the third type of compound floods
was included in the storm surge under extreme precipitation. The
increasing trends in precipitation under extreme storm surge
across the worlds can be interpreted in two aspects: 1) As the
precipitation increasing, the probability of concurrence of
extreme precipitation and extreme storm surge is higher than
before (i.e., more precipitation under extreme storm surge
reaches extreme levels). 2) Given an extreme storm surge
event, the precipitation is more intense (not has to be
extreme), therefore its interplay with storm surge is more
probable to exacerbate the adverse impact. This interpretation
also applies to storm surge under extreme precipitation. From
this perspective, analyzing the precipitation under extreme storm
surge and storm surge under extreme precipitation could provide

more information than analyzing the precipitation and storm
surge directly.

Even though compound floods are receiving more and more
attention, rare studies have analyzed the inter-annual changes in
compound floods during past decades based on observational
data. At the regional scale, Wahl et al. (2015) examined the
enhanced dependence between precipitation and storm surge,
and reported the increasing trends in compound flood risk in past
decades along the coast of the US. At the global scale, our study
analyzed the trends in compound floods, precipitation under
extreme storm surge, and storm surge under extreme
precipitation based on observations, and found the significant
increasing trends in compound flood risk over Europe and the US
in past decades. These findings are critical to better understand
the changing compound flood risk, and provide important
references for the evaluation of the simulation-based studies.
For example, Bevacqua et al. (2019), Bevacqua et al. (2020b)
projected the higher probability of occurrence of compound
floods from precipitation and storm surge across the globe
under a high emission scenario in the future, which means the
increasing trends identified in this study are probable to continue
in the future. However, in Japan, where the compound floods and
storm surge under extreme precipitation decreased significantly
from 1961 to 2006, the return periods of compound floods were
projected to shorten by >60% under a high emissions scenario
(Bevacqua et al., 2020b). The mechanisms behind this transition
from the downward trend in the past to the upward trend in the

FIGURE 9 | Trends in (A–C) precipitable water contents (kgm−2/year) and (D–F) vertical wind shear (ms−1/year) during precipitation under extreme storm surge in
tide gauge New York, NY (A, D), Honmoku (B, E), and Tregde (C, F). Locations of the tide gauges interested are denoted by the green spots. Stippled regions represent
areas with significant trends (α � 0.1).
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future are worth exploring. Considering the relatively short
record lengths of observational data in this region and the
large uncertainties of simulation-based studies, further studies
are needed to examine the characteristics of compound flood
events in Japan.

The results of compound floods from heavy precipitation and
extreme storm surge exceeding the 90th percentiles were
discussed in this study. The compound floods exceeding the
85th percentiles and 95th percentiles were analyzed and were
shown in the SI (Supplementary Figures S1–S4). Compared the
changes in the annual number of compound flood days of
different intensities, we found that the direction of trends
(i.e., increase or decrease) was consistent between compound
floods of different intensities, but the lower the threshold, the
more stations showing significant trends (Figure 4 and
Supplementary Figure S2). This phenomenon could also be
found in the changes in precipitation under extreme
precipitation (Figure 5A and Supplementary Figure S3). For
storm surge under extreme precipitation, the spatial pattern of
changes in storm surge under extreme precipitation exceeding the
85th percentiles was almost the same as that of exceeding the 90th
percentiles. However, the changes in storm surge under extreme
precipitation turned from negative to positive in some stations on
the coast of the US when the thresholds elevated from 85th to
95th percentiles (Figure 5B and Supplementary Figure S4),
indicating the higher storm surge occurred during the most
extreme precipitation events. In general, the spatial patterns of

changes in compound floods, precipitation under extreme storm
surge, and storm surge under extreme precipitation defined by
85th and 95th percentiles were very similar, except that when
using the higher threshold (i.e., the 95th percentile), less
significant trends could be detected because less extreme
events could be identified when using the higher threshold.
However, if the threshold is set too low, there is a risk of
failing in capturing the change signal of the most extreme
event. Results of the sensitivity analyses show that the spatial
and temporal characteristics of compound floods are similar
when using the inverse distance weighted method to calculate
the average precipitation (Supplementary Figures S11–S13).

Previous studies found that the weather conditions associated
with compound floods were characterized by the deep low-
pressure system, cyclonic winds, and high precipitable water
contents (Wahl et al., 2015; Bevacqua et al., 2019). We also
analyzed these meteorological variables to explain the changes in
precipitation under extreme storm surge and storm surge under
extreme precipitation. Results found that the changes in storm
surge under precipitation in three locations (i.e., New York, NY,
Honmoku, and Tregde) could be well explained by the changes in
sea level pressure and near-land wind speed. The physical
mechanisms that impact the precipitation under extreme
storm surge might be more complex. The changes in
precipitable water content could not explain all the changes in
precipitation under extreme storm surge. For example, in Tregde,
the precipitable water content showed no significant trends, while

FIGURE 10 | Trends in (A–C) sea level pressure (hPa/year) and (D–F) wind speed (ms−1/year) during storm surge under extreme precipitation in tide gauge New
York, NY (A, D), Honmoku (B, E), and Tregde (C, F). Locations of the tide gauges interested are denoted by the green spots. Stippled regions represent areas with
significant trends (α � 0.1).
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the precipitation under extreme storm surge here increased
significantly by 51%. Therefore, there might be some other
factors causing the increase in precipitation. We further
analyzed the vertical wind shear. Results showed that the
increased vertical wind shear might reflect the enhanced
convective activity in Europe, which might be related to the
increased precipitation under extreme storm surge. But the
impact of vertical wind shear should be identified carefully
because of its complex effect on storms. Storms such as
tropical cyclones and extratropical cyclones are accompanied
by low-pressure, cyclonic wind, and abundant moisture
transportation, and thus usually cause compound floods.
Further studies focused on the impact of storm activities on
compound floods will be helpful to better understand the
characteristics of compound floods.

In this study, we used the non-tidal residual to represent the
meteorologically driven coastal flood without consideration of the
storm-tide interaction, which might cause uncertainties in the
results. Many studies have pointed out that the storm-tide
interaction can not be neglected when estimating the extreme
sea levels, because the storm-tide interaction could modulate the
actual highest water level (Horsburgh and Wilson, 2007; Zhang
et al., 2010; Mawdsley and Haigh, 2016; Williams et al., 2016;
Arns et al., 2020). When neglecting the storm-tide interaction, the
storm surge was assumed to be independent of the water level,
which is not true because the observed highest storm surge was
found to be more likely to occur at mid- or low-tides rather than
at the high-tides (Horsburgh and Wilson, 2007). If neglecting the
non-linear storm-tide interaction, the extreme sea level would be
overestimated by 30% (Arns et al., 2020). However, since the
storm-tide interaction is highly affected by local features such as
locations, topography, oscillations, tide ranges, etc., it shows less
robust correlation with tidal levels or tidal contributions and
varies greatly across different regions of the world (Zhang et al.,
2010; Arns et al., 2020). In general, it has been identified that the
storm-tide interaction is strongest on the east coast of the US,
western Europe, northern Australia, and Japan (Mawdsley and
Haigh, 2016; Arns et al., 2020). Even though we are aware of the
important role of storm-tidal interaction in modulating the
estimation of coastal floods, it is still uncertain that what
method can be used to take care of storm-tide interaction
efficiently when assessing the coastal flood. Some previous
studies have tried to use skew surge, which is the difference
between the maximum total water level and maximum predicted
tidal level within a tidal cycle, to represent the coastal floods, and
suggested the independence between skew surge and tide
(Mawdsley and Haigh, 2016; Williams et al., 2016). However,
a more recent statistical method-based study assessed the non-
linear storm-tide interaction and found that both non-tidal
residuals and skew surges associated with the highest water
levels were significantly dependent on tide (Arns et al., 2020).
Besides, since the skew surge is an integrated measure calculated
within tidal cycles, it runs the risk of losing information of
changes in water levels driven by meteorological factors
(Mawdsley and Haigh, 2016; Williams et al., 2016). For
example, Mawdsley and Haigh (2016) mentioned that the
skew surge failed in capturing extreme storm surge caused by

tropical cyclones. Therefore, we studied the compound floods
based on the traditional non-tidal residual in this study. Although
the uncertainties remain, we would like to highlight the
contribution of our results on revealing the evolutions of
compound floods potential from heavy precipitation and
storm surge driven by meteorological systems based on
historical observations.

CONCLUSION

In this study, the spatial and temporal characteristics of
concurrences of precipitation and storm surge were examined
based on observed storm surge and precipitation with the longest
overlapping record of >120 years. First, the spatial distribution
and seasonal variation of concurrent extreme precipitation and
storm surge were presented. Then the trends in compound floods,
precipitation under extreme storm surge, and storm surge under
extreme precipitation were estimated to illustrate the long-term
changes in compound floods. Last, the changes in weather
conditions associated with precipitation under extreme storm
surge, and storm surge under extreme precipitation in three tide
gauges were analyzed to investigate the possible mechanisms
associated with the changes in compound floods. Our main
findings include:

1) The areas including southern Europe, the west and northeast
coast of the US, and northern Japan experienced >12
compound flood days per year, followed by the east and
southeast of the US, northern Europe, western Australia,
and Japan, where experienced average of 8–12 compound
flood days per year. The seasonal variation analysis showed
that in the south and east coast of the US, the north of South
America, East Asia, and northern Australia, most of the
compound floods occurred during tropical cyclones seasons
(i.e., July–September in North Hemisphere and
December–February in South Hemisphere), while in mid
and high-latitude areas (i.e., the north of North America,
Europe, the south of South America and southern Australia),
most occurrences of compound floods concentrated on the
winter (i.e., November–January in North Hemisphere and
June–August in South Hemisphere).

2) Our results on evolutions of frequency of compound flood
days showed an increasing trend in compound flood risk in
most areas across the globe except Japan. Europe experienced
the most substantial increase in compound flood days
(i.e., increased by > 2 days per decade), followed by the
east coast of the US (i.e., increased by 1–3 days per
decade). Increased precipitation under extreme storm surge
could be identified in North America, Europe, and Australia,
indicating more intense precipitation under extreme storm
surge events. The changes in storm surge under extreme
precipitation showed larger regional variation. The
significant increasing trends could be found in Europe, the
east coast of the US, while decrease trends were mainly found
in Japan and the west coast of the US. This result was
consistent with the changes in the annual number of
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compound flood days. The contribution analysis indicated
that except in northern Europe and some tide gauges on the
east coast of the US and southern Australia, the fractional
contribution of storm surge on the changes in the number of
compound flood days exceeded 50% in most areas across the
globe, which demonstrated that the changes in storm surge
were more likely to dominate the changes in compound
floods.

3) The analyses on meteorological variables suggested that the
changes in storm surge under extreme precipitation were
likely driven by changes in sea level pressure and near-land
winds, while the changes in precipitation under extreme storm
surge were associated with the changes in precipitable water
content and the convective activity.

This study presented the spatial distribution and seasonal
variation of compound floods from precipitation and storm
surge, estimated the changes in compound floods,
precipitation under extreme storm surge, and storm surge
under extreme precipitation across the globe. These analyses
were based on the observed precipitation and storm surge data
with the longest record lengths of 126 years, which can provide
useful information for better understanding the evolution in
compound floods, and serve as scientific references in flood
risk management and climate change adaptation strategy design.
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