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Abstract. In coastal regions, compound flooding can arise
from a combination of different drivers, such as storm surges,
high tides, excess river discharge, and rainfall. Compound
flood potential is often assessed by quantifying the depen-
dence and joint probabilities of flood drivers using multivari-
ate models. However, most of these studies assume that all
extreme events originate from a single population. This as-
sumption may not be valid for regions where flooding can
arise from different generation processes, e.g., tropical cy-
clones (TCs) and extratropical cyclones (ETCs). Here we
present a flexible copula-based statistical framework to as-
sess compound flood potential from multiple flood drivers
while explicitly accounting for different storm types. The
proposed framework is applied to Gloucester City, New Jer-
sey, and St. Petersburg, Florida, as case studies. Our results
highlight the importance of characterizing the contributions
from TCs and non-TCs separately to avoid potential under-
estimation of the compound flood potential. In both study re-
gions, TCs modulate the tails of the joint distributions (events
with higher return periods), while non-TC events have a
strong effect on events with low to moderate joint return pe-
riods. We show that relying solely on TCs may be inadequate
when estimating compound flood risk in coastal catchments
that are also exposed to other storm types. We also assess the
impact of non-classified storms that are not linked to either
TCs or ETCs in the region (such as locally generated convec-
tive rainfall events and remotely forced storm surges). The

presented study utilizes historical data and analyzes two pop-
ulations, but the framework is flexible and can be extended
to account for additional storm types (e.g., storms with cer-
tain tracks or other characteristics) or can be used with model
output data including hindcasts or future projections.

1 Introduction

Growing attention in scientific research has been directed to-
wards compound extreme events resulting from various hy-
drometeorological drivers, as their impacts are often more
severe than those caused by univariate events (e.g., Wahl
et al., 2015). Recent studies have highlighted the threat of
compound flooding in low-lying coastal and riverine regions
that is generally driven by the combination of precipitation,
wind-generated storm surge, and streamflow (Hendry et al.,
2019; Nasr et al., 2023; Wahl et al., 2015; Ward et al.,
2018). Given the potentially devastating consequences of
such events, the ability to quantify their likelihoods is cru-
cial for flood risk assessments, infrastructure design, urban
planning, (re-)insurance markets, and emergency response,
among others.

There are two general methods that have been used in
the literature to study compound flooding. The first one fo-
cuses on quantifying the compound flood potential by ana-
lyzing the dependencies and joint probabilities among com-
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pound flood drivers (Couasnon et al., 2020; Hendry et al.,
2019; Moftakhari et al., 2017; Ward et al., 2018; Zheng
et al., 2013). The second one focuses on quantifying com-
pound flood hazard by employing physics-based models to
obtain flood depths and spatial extents of historic flood events
(Kumbier et al., 2018; Silva-Araya et al., 2018; Torres et al.,
2015; Nederhoff et al., 2024) or for large sets of synthetic
events, where flood models are forced with boundary condi-
tions of multiple flood sources (Bass and Bedient, 2018; Gori
et al., 2020; Gori and Lin, 2022). Those boundary conditions
can come from physics-based models (e.g., Gori et al., 2020)
or statistical models (e.g., Jane et al., 2020). In either case,
due to the requirement of numerous numerical model simu-
lations, this approach is associated with large computational
costs.

Calculating the probabilities of compound flood events is
crucial and can be done either by applying extreme value
analysis to flood depth information (Bass and Bedient, 2018;
Gori et al., 2020; Gori and Lin, 2022; Nederhoff et al., 2024)
or by using multivariate models to quantify joint probabili-
ties of the flooding drivers (e.g., Chen et al., 2012; Couasnon
et al., 2020; Jane et al., 2020; Lian et al., 2013; Moftakhari
et al.,, 2017; Sebastian et al., 2017; Zheng et al., 2014).
For the latter, statistical techniques that have been used in-
clude Bayesian networks (Sebastian et al., 2017), bivari-
ate threshold-excess models (Zheng et al., 2014), a bivari-
ate point process method (Zheng et al., 2014), and copulas
(Chen et al., 2012; Couasnon et al., 2020; Jane et al., 2020;
Lian et al., 2013; Moftakhari et al., 2017; Xu et al., 2018).
Copulas have been extensively used to characterize the joint
distribution of flood drivers due to their ability to model the
dependence structure independently of the marginal distribu-
tions. However, most of these studies assume that all extreme
events originate from a single population, which refers to a
set of events or observations that share common characteris-
tics and are generated by similar underlying processes. This
assumption may not be valid for regions where flood drivers
can arise from different generation processes and mecha-
nisms (e.g., Barth et al., 2019; Smith et al., 2011; Kim et al.,
2023). For example, both tropical cyclones (TCs) and ex-
tratropical cyclones (ETCs) can create extreme precipitation
and extreme storm surges in the same coastal region, lead-
ing to compound flooding. Lai et al. (2021) estimated that
TCs and ETCs are the major triggers of compound flood-
ing. They found that more than 80 % of compound flood
potential in East Asia and more than 50 % in the Gulf of
Mexico is associated with TCs, while ETCs contribute the
most in Europe. TCs generally create more intense winds and
rainfall (RF) compared to ETCs, while ETCs generally have
greater spatial extents and can create RF over longer dura-
tions (e.g., Orton et al., 2016; Sinclair et al., 2020). There-
fore, the flood drivers generated by these two storm types
have different characteristics that may not be well captured
by fitting them into a single probability distribution. Further-
more, Kim et al. (2023) highlighted that extreme events gen-
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erated by TCs have a stronger correlation between RF and
storm surge compared to the rest of the events they stud-
ied in the Dickinson Bayou watershed in Texas. This im-
plies that the above-mentioned assumption of data coming
from a single population could lead to a mischaracterization
of the compound flood potential and/or compound flood haz-
ard (from hereon we use compound flood potential since the
focus is on the statistical framework, but it can also be used
as a starting point to assess compound flood hazard when
coupled with a flood model).

Nederhoff et al. (2024) addressed this aspect by employ-
ing a compound flood model for the coast of the US, from
Virginia to Florida. They separately simulated the total wa-
ter levels induced by TCs and ETCs to assess their relative
contributions and followed the approach outlined by Dullaart
et al. (2021) to calculate the combined return water levels.
Additionally, a few studies addressed this aspect from the
standpoint of coastal sea levels (i.e., univariate). For exam-
ple, Orton et al. (2016) and Dullaart et al. (2021) quantified
storm tide return periods by separately analyzing TCs and
ETCs. In contrast, Lai et al. (2021) utilized copulas to model
joint probabilities of flood drivers (RF and storm surge) for
TCs and ETCs separately. Their study provides insights into
the relative contribution of each storm type for joint proba-
bilities but does not quantify the combined hazard. While Lai
et al. (2021) and Kim et al. (2023) provided a starting point
toward separating compound flood drivers by storm types, a
comprehensive multivariate statistical framework for assess-
ing compound flood potential from mixed populations does
not currently exist.

An additional key aspect is analyzing compound flooding
for future climate conditions where it will likely be ampli-
fied due to global warming (Bates et al., 2021). This is typ-
ically achieved by incorporating future sea level rise (SLR)
projections and future storm climatologies derived from gen-
eral circulation models (Bates et al., 2021; Bermudez et al.,
2021; Bevacqua et al., 2019; Gori and Lin, 2022; Khanam
et al., 2021). However, the low resolution of available gen-
eral circulation models presents a challenge in capturing lo-
cally generated RF events, especially those related to con-
vection (Imada and Kawase, 2021). Heavy precipitation can
be caused by convection without being influenced by any
cyclonic activity in the near atmosphere (Pfahl and Wernli,
2012). When combined even with small storm surges or just
high astronomical tides, such events can lead to compound
flooding where gravity-fed drainage is impeded by higher-
than-normal coastal water levels. Therefore, it is important to
understand the role of these types of events in driving com-
pound flood potential, especially when including future pro-
jections from general circulation models that are not capable
of capturing them.

Prior studies employing synthetic TCs for compound flood
analyses have typically selected events that either crossed a
specific search radius (e.g., Gori et al., 2020) or were gener-
ated in the study region (e.g., Bass and Bedient, 2018). How-
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Figure 1. Study site locations; selected catchment boundaries; and locations of the rainfall gauges, tide gauges, and grid points of the Analysis
of Record for Calibration (AORC) data for Gloucester City (a, b) and St. Petersburg (c, d).

ever, cyclonic activity from distant systems can also gener-
ate moderate storm surges that propagate into the study re-
gion and, when combined with high tides and locally gen-
erated RF, can contribute to compound flooding. Hence, it
is important to evaluate the potential mischaracterization of
compound flood potential by neglecting such distant cyclonic
events. Both of these questions regarding the role of local RF
and remotely forced storm surge events have not been ad-
dressed in the literature.

This paper fills the above-mentioned gaps by introducing a
copula-based statistical framework to estimate the compound
flood potential at the catchment scale while accounting for
mixed storm populations. We estimate the combined joint
exceedance probabilities for different storm types and ana-
lyze the contribution of TCs, ETCs, and non-classified events
(i.e., local RF and remotely forced storm surges). The frame-
work is applied to Gloucester City, New Jersey, and St. Pe-
tersburg, Florida, as case studies.
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2 Case study site and data
2.1 Study sites

Gloucester City is located in Camden County, New Jersey,
along the Delaware River (Fig. 1a) where it accommodates
approximately 11400 residents (City of Gloucester, 2024,
New Jersey). The city was affected by several major flood
events in the recent past generated by hurricanes and severe
storms (Hurricane Floyd 1999, Hurricane Irene 2011, Hurri-
cane Sandy 2012, and an unnamed storm in 2015). Its geo-
graphical location bounded by three rivers, the Delaware in
the west, Newton Creek in the north, and Little Timber Creek
in the south, makes the area susceptible to flooding from vari-
ous sources. Our study area for Gloucester City encompasses
two 14-digit hydrologic units (see Fig. 1b for the combined
area) (Jones et al., 2022).

Located in Tampa Bay, Florida, and near the Gulf of Mex-
ico (Fig. 1c), St. Petersburg is also exposed to coastal, flu-
vial, and pluvial flooding. The city was ranked among the
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top 10 US cities in terms of the highest asset value exposed
to sea level rise by 2070 (Nicholls et al., 2008). The average
annual economic loss of St. Petersburg due to flooding was
estimated as USD 244 million in 2005 and it is expected to
increase to up to USD 763 million by 2050 under 20 cm sea
level rise (Hallegatte et al., 2013). Our selected study area en-
compasses St. Petersburg and combines four 10-digit hydro-
logic units (see Fig. 1d for the combined area) (Jones et al.,
2022).

2.2 Data

The proposed methodology is based on historical data. We
consider non-tidal residual (NTR) and RF as flood drivers.
We use hourly water level data from the National Oceanic
and Atmospheric Administration at the nearest tide gauge lo-
cation of the study sites to obtain the NTR time series. For
Gloucester City, we combine the data records of the Philadel-
phia (station ID 8545240) and Philadelphia Pier 11 north
(station ID 8545530) tide gauges by adjusting for a 1 cm con-
stant offset between records for the overlapping period to
construct a 122-year-long data set from 1901 to 2021. The fi-
nal record is nearly complete, with only 3 % of missing data.
The hourly water level data of the St. Petersburg tide gauge
(station ID 8726520) from 1948 to 2021 were used for the
St. Petersburg study area; missing data are less than 3 %.

The water level time series are detrended using a 30 d mov-
ing average to remove the effects of relative mean sea level
rise and variability. Then, we perform a year-by-year har-
monic tidal analysis using the Unified Tidal Analysis and
Prediction (UTide) package in MATLAB to obtain the tidal
constituents and tidal levels (Codiga, 2011, 2023). Years with
more than 25 % of missing data are omitted from the analysis
(Philadelphia: 1903, 1921, 1922, and 1959; St. Petersburg:
1952 and 1964). Hourly time series of NTR are obtained by
subtracting the predicted tidal levels from the observed water
levels.

For RF, we use hourly gauge data from the longest records
near each study site and combine them with gridded data
from the Analysis of Record for Calibration (AORC) (Fall et
al., 2023) in order to obtain spatial rainfall information and
basin-averaged values (see Methods). The measured hourly
RF gauge data records of Philadelphia International Air-
port and St. Petersburg start in 1900 and 1946, respectively.
AORC RF data are constructed from different individual ob-
served RF data sets and are available with an hourly tem-
poral resolution and ~4km spatial resolution covering the
period from 1979 to the near present. The data have been
shown to have higher accuracy than other available gridded
data sets when compared to in situ observations (e.g., Hong
et al., 2022; Kim and Villarini, 2022).

We identify TC events using the HURDAT?2 TC track data
set from the National Hurricane Center to obtain the location
of the center of circulation, which is available in 6 h intervals
(Landsea and Franklin, 2013). To obtain the best tracks of
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ETCs, we use the Modeling, Analysis, and Prediction (MAP)
Climatology of Midlatitude Storminess (MCMS) tracking al-
gorithm (Bauer et al., 2016) on ERAS (fifth major global re-
analysis produced by ECMWF data) (Hersbach et al., 2020).
Considering the overlapping periods of available data sets
(after combining gauge and AORC rainfall data), we perform
the analysis for Gloucester City for the period of 1901 to
2021 and St. Petersburg from 1948 to 2021.

3 Methods
3.1 Bias correction of RF data

Following Kim et al. (2023), we use basin-averaged RF de-
rived from all AORC grid points within the selected catch-
ment areas. In addition, we want to leverage the long in situ
observations to obtain more robust results from the statistical
analysis. Rain gauges measure very local weather conditions.
However, the assumption that such point RF quantities are
uniformly distributed over the entire catchment could lead
to mischaracterization of the flood hazard potential. There-
fore, we apply a bias correction to the hourly RF gauge data
to match the hourly basin-averaged RF quantities calculated
from AORC. The quantile mapping method is used for the
bias correction, fitting both hourly measured gauge data and
hourly AORC basin-averaged data to gamma distributions.
We follow the approach outlined in Smitha et al. (2018),
which can be mathematically expressed as

RFyio0.x = Fy, ' (Fy (RFys xloms. Bus). l2aore. Baore). (1)

where RFpoq,x is the bias-corrected measured value of the
original value RFys , and F, is the gamma distribution with
o and B being scale and shape parameters. Figure 2 shows
the quantile plots before and after the bias correction for the
two study sites. The bias-corrected hourly measured RF data
are then aggregated to obtain RF accumulation time series
ranging from 1 to 48 h.

3.2 Extreme-event sampling and stratification

We define extreme events that can potentially cause com-
pound flooding using the peak-over-threshold (POT) ap-
proach. The threshold selection is a subjective process. The
threshold needs to be high enough to lead to a good fit of
marginal distributions and low enough to capture a suffi-
ciently large number of events to obtain robust estimates
of the distribution parameters (i.e., bias-variance trade-off).
Here, we set thresholds for NTR and RF time series such that
we obtain five exceedances per year on average while using
a 5d declustering window (2.5 d before and after the event
peaks) to ensure independence (Camus et al., 2021). We use
the two-sided conditional sampling method outlined in Jane
et al. (2020) and adopted in Kim et al. (2023). When condi-
tioned on NTR, the maximum RF value within a 3 d window
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Figure 2. Quantile plots between basin-averaged AORC data and measured RF gauge data of (a) Gloucester City and (b) St. Petersburg. The
red circles show the quantiles before the bias correction and the blue circles after the bias correction.

is selected, and the same procedure is followed when condi-
tioning on RF. The sampling process is applied for all the RF
accumulation time series from 1 to 48 h.

The identified POT events are stratified into two sets:
events caused by TCs and events not caused by TCs. An
event is assumed to have been caused by a TC if the center of
circulation of a TC passed through a 350 km search distance
from the center of the selected catchment within a time win-
dow of 3d (2d before and 1 d after) of a POT event. All other
events are categorized as non-TC events. For Gloucester City,
the threshold for NTR is set to 0.63 m, resulting in a total
number of 580 POT events (that is consistent with five events
per year on average). For RF, thresholds are set to obtain 580
POT events for each RF accumulation time from 1 to 48 h.
After stratifying the POT events, 38 events are identified as
TCs when conditioned on NTR and 43 when conditioned on
RF, while the rest are non-TCs. For St. Petersburg, a thresh-
old of 0.34 m is used for NTR to obtain 355 POT events, and
the same number of POT events is obtained for each RF ac-
cumulation time. When conditioning on NTR (RF), 37 (47)
events are identified as TC related.

To further sub-classify the non-TC events, we follow the
same method using ETC track data but with a larger search
radius of 1000 km in Gloucester City and 1200 km in St. Pe-
tersburg, reflecting the larger size of ETCs compared to TCs.
The use of a 350km radius for the TCs is likely to capture
the large majority of TC-influenced events that generate ex-
tremes (Towey et al., 2022). The use of a 1000 or 1200 km ra-
dius for ETCs is likely to capture nearly all cases where
ETCs are involved (e.g., Towey et al., 2018). This gives three
classes of events: TC, ETC, and non-classified events. When
conditioned on RF, the non-classified sample mainly includes
convective RF events that are not related to cyclonic activ-
ity in the near atmosphere. When conditioned on NTR, the
non-classified sample includes, for example, NTR events that
could have still been induced by TCs or ETCs which passed
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outside the search radiuses. In the subsequent analysis, we
first focus on the TC and non-TC events. We then quan-
tify changes in the joint probabilities when excluding non-
classified events.

3.3 Dependence analysis

We calculate Kendall’s T between NTR and RF for all RF
accumulation times from 1 to 48 h to assess the sensitivity of
the correlation to varying RF accumulation times (Kim et al.,
2023). This is done in three ways: (a) all the POT events with-
out stratification, (b) TC events, and (c) non-TC events. We
find the RF accumulation time corresponding to the maxi-
mum correlation and use it for the bivariate analysis. To be
consistent with the annual exceedance probability estimation
process, a single RF accumulation time is selected in all strat-
ified samples of a given study site.

Some regions along the US coast have experienced an in-
crease in the correlation between RF and NTR since the mid-
20th century (Wabhl et al., 2015). Therefore, to assess tempo-
ral changes in the dependence, Kendall’s 7 is calculated for
30-year moving windows, shifted 1 year each time step (see
Fig. 4). We assess the significance of temporal changes us-
ing the range of natural variability. The range is calculated as
the 5th and 95th percentiles of Kendall’s T values obtained
from randomly sampling 30 years of data for 10000 iter-
ations (Wahl et al., 2015). When a calculated t value falls
outside this range, the change is considered significant. The
non-stationarity analysis is conducted using the selected RF
accumulation time for each case study location.

3.4 Marginal distributions and joint probability
analysis

Next, we identify the best-fitting marginal distributions for

each set of stratified POT samples (TC and non-TC). The
conditioning variables (both NTR and RF) are fit to the gen-
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eralized Pareto distribution (GPD), which is most suitable for
modeling POT extremes. When conditioning on NTR, the
corresponding maximum RF sample is fit to various distri-
butions with a lower bound at zero, and the best model is se-
lected using the Akaike information criterion (Akaike, 1974).
Here, the Birnbaum—Saunders, exponential, two-parameter
gamma, three-parameter gamma, inverse Gaussian, lognor-
mal, Tweedie, Weibull, two-parameter mixed gamma, and
three-parameter mixed gamma distributions are tested. When
conditioned on REF, the corresponding maximum NTR sam-
ple is fit to logistic and Gaussian distributions.

We use copulas to model the joint dependence between
NTR and RF. According to Sklar’s theorem (Sklar, 1959),
the bivariate cumulative distribution Fyy(xy) of the vari-
ables X and Y, with univariate marginal distributions Fy (x)
and Fy (y) for all (x, y) € R2, can be written as

Fxy(x,y)=C[Fx(x)Fy(y)], 2

where function C represents the bivariate copula on [0, 1].
Annual exceedance probabilities (AEPs) can refer to dif-
ferent hazard scenarios (e.g., AND, OR, survival Kendall,
structural) that define different geometries of upper sets
that contain the events perceived as “dangerous” (Salvadori
et al., 2016). Considering the recommendations of Mof-
takhari et al. (2019) for compound flood assessments, we
use the AND scenario, which represents the exceedance of
both X and Y. The joint AEP of a given pair of (x, y) is cal-
culated as

AEP( ;)= P(X >xNY > y)/A
== Fxx)—Fy(y)+Cxy(xy)/A, 3
Cxy(xy)=C[Fx(x), Fy(y)], (€]

where X is the average inter-arrival time between thresh-
old exceedances. We consider 40 possible copula families
and the independent copula using the VineCopula R package
(Nagler et al., 2023) to identify the best-fitting copula family
for each pair of samples. The most appropriate copulas are
selected based on the Akaike information criterion.

After fitting the selected copulas to the stratified two-sided
POT samples, the joint AEP of a given pair of (NTR, RF) can
be calculated as follows:

AEPTC,con.NTR — (1 _ FTC,conNTR _ FTC,con‘NTR

(NTR,RF) (NTR) (RF)
+ C&C,l:%()’l;{'gTR)/)LTC’COH‘NTR, (3)
AEP’(I}\(J%C};)I;{IE? =(- F&%;(;H'RF _ F("f{%)con‘RF
+ C(TI\ICT?IIIQFR)F) / kTC,con.RF’ (6)
AEPI(l](\JII}l:g%ICJ())n.NTR =(1- F&)%%C,con.NTR
_ F(r;;);)—TC,con.NTR
+ CFNO%—RT’CR,;;)&NTR)/)"non—TC,con.NTR’ (7)
AEPI(]I(\)IIF}:I;F%;(;H'RF — (1 . F(I;\(I)Frllﬂi;l")c,con‘RF _ F(n];)]rzl)-TC,con.RF
+ C?No%-RT’CR,;;)n.RF)/Anon-TC,con,RF’ ®)
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where F is the marginal distribution, and C is the cop-
ula function. Following Bender et al. (2016) (and many
other studies since then), we derive the combined AEP of
a selected population (TC or non-TC) for a given pair of
(NTR,RF) by taking the maximum AEP from the two con-
ditioned samples.

AEP(Th?TR,RF) — max [ AEPTC,con.NTR’ AEPTC,con.RF} )

(NTR,RF) (NTR,RF)
-TC
AEPI(]f\)InTR,RF)
non-TC,con.NTR non-TC,con.RF
=max[AEP(NTR’RF) APl s } (10)

3.5 Combining joint exceedance probabilities of two
populations

The calculated AEPs from Egs. (9) and (10) provide the joint
AEPs for NTR and RF associated with the two populations,
TC and non-TC, separately. However, both TC and non-TC
events can create compound flooding in the same catchment.
In the stratification process, a given POT event was catego-
rized as caused by either TC events or non-TC events, thus
making the probability distributions of these two populations
independent of each other. Accordingly, the total annual non-
exceedance probability (ANEP) of a given pair of (NTR,RF)
can be calculated as follows:

ANEP(TR RF) = ANEP (1 gpy X ANEPRIEGR. (1)
ANEP(NTR RF) = (1 - AEP(Tl\(I:TR,RF))
x (1 — AEPRTR G- (12)

The associated return period (RP) is calculated as

1
RP(NTR RF) = ANEP s (13)
To perform the above calculations to gener-
ate joint probability isolines, the parametric space
is discretized into small intervals along both
NTR  (NTR|,NTRjy,...,NTR;,...,NTR,) and RF
(RF1,RF,,...,RFj,...,RF,) axes, creating a mesh.

AEPs on each point on this mesh are calculated for all pairs
of (NTR;, RF;).

Although any combinations of NTR and RF along a given
joint probability isoline have the same return probability,
most hydrology-related engineering design approaches still
rely on a single design event. Therefore, the “most-likely-
event” strategy, introduced by Salvadori et al. (2011) and uti-
lized in subsequent studies (e.g., Jane et al., 2020), is em-
ployed here. To quantify the relative probabilities of events
along specific quantile isolines, we obtain 10 combinations
of NTR and RF by sampling from the fitted copulas, ensur-
ing that the relative proportion of extremes is consistent with
the empirical distribution. The relative probability along the
isolines is then calculated by the kernel density function of
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the simulated sample. The location of the most likely event
is assigned to the point with the highest relative probability
density on an isoline (Salvadori and Michele, 2013).

3.6 Role of non-classified events

To assess the contribution of events that are non-classified,
we repeat the same steps outlined above, stratifying the POT
samples in four ways:

1. Both conditional samples are stratified as TCs and non-
TCs.

2. The sample conditioned on RF is stratified as TC and
ETC, and the sample conditioned on NTR is stratified
as TC and non-TC.

3. The sample conditioned on RF is stratified as TC and
non-TC, and the sample conditioned on NTR is strati-
fied as TC and ETC.

4. Both conditional samples are stratified as TC and ETC.

More specifically, in (2) we omit the non-classified POT
RF events (77 in Gloucester City and 192 in St. Petersburg),
assuming that those are mainly convective events that are not
captured, for example, by coarse general circulation models,
and hence missing from compound flood assessments for fu-
ture climates. In (3) we omit the non-classified POT NTR
events (43 in Gloucester City and 105 in St. Petersburg),
which could be caused by distant storms outside our search
radius or, in the case of Gloucester City, could be influenced
by high discharge in the Delaware River. In (4) we omit both
types of non-classified events mentioned in (2) and (3).

To assess the impact of omitting different types of non-
classified events in (2)—(4), we keep the calculated joint prob-
ability distribution of (1) as a reference and calculate the rel-
ative change in AEP along the probability isolines of (1). We
also keep the copula family from (1) fixed for (2)—(4) to iso-
late effects unrelated to switching to a different copula; re-
sults for the same analysis but allowing for different copula
families to be selected are shown in the supplementary ma-
terial. We perform this analysis for the period from 1950 to
2021 where ETC tracks are available and both ETC and TC
track data are more reliable.

4 Results
4.1 Dependence analysis

We use Kendall’s rank correlation coefficient T to calculate
the strength of dependence between NTR and RF for dif-
ferent RF accumulation times. For both study sites, NTR
and RF exhibit a weak but statistically significant correlation
when considering all the POT events without any stratifica-
tion (Fig. 3). However, when the events are caused by TCs,
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the correlation is stronger and varies with the RF accumu-
lation time. Considering both conditioned samples, 18 and
16 h RF accumulation times are selected for the bivariate sta-
tistical modeling in Gloucester City and St. Petersburg, re-
spectively.

When testing for non-stationarity in the dependence, we
focus on the selected RF accumulation times. Figure 4 shows
the changes in Kendall’s 7 between NTR and RF derived
from a 30-year moving time window and the range of the nat-
ural variability of the correlation. We define the natural vari-
ability by randomly sampling 30 years many times (10000
iterations were used) and calculating Kendall’s t for each
sample. Figure 4a shows a significant change in t during the
last 3 decades in Gloucester City. A similar change is not de-
tected for St. Petersburg, but the correlation values are more
frequently significant during the late 20th and early 21st cen-
tury (Fig. 4b). Therefore, to reflect current climate conditions
and avoid underestimation of compounding effects, we use
only the last 30 years of data to model the dependence struc-
ture at both study sites.

4.2 Bivariate statistical analysis

As described in Sect. 3.4, the conditioning variable is fit by
a GPD, and for the conditioned variable several parametric
distributions are tested. Selected distributions for each sam-
ple are indicated in Figs. 5 and 6 for the two study sites. The
confidence interval of the empirical cumulative distribution
function (CDF) is calculated using the Dvoretzky—Kiefer—
Wolfowitz inequality (Dvoretzky et al., 1956).

The quantile isolines of 5-, 10-, 20-, 50-, and 100-year re-
turn periods are obtained for each conditional sample for the
two study locations (Figs. 7 and 8). The number of events
in the stratified samples and the selected copula models are
shown in Table S1 in the Supplement. A relatively lower
number of TC events are captured in both conditional sam-
ples compared to non-TC events (Table S1). The return pe-
riods of events with extreme NTR and non-extreme RF are
relatively lower (the AEP is higher) when they are caused
by TCs compared to non-TCs. When the samples are con-
ditioned on RF, events with extreme RF and non-extreme
NTR show nearly the same return periods in both popula-
tions (Figs. 7c,d and 8c, d).

The quantile isolines after combining the joint proba-
bility distributions of the two storm type populations (TC
and non-TC) are shown in Fig. 9. To quantify the relative
contribution from each of them, we calculate the ratio of
AEP contributed by TCs to the total AEP along the isolines
(Fig. 10). In Gloucester City, more than 60 % of the AEP of
low-probability events (i.e., events with return periods above
50 years) is associated with TC events, while more than 70 %
of the AEP of high-probability events (i.e., events with re-
turn periods below 20 years) is associated with non-TCs. In
St. Petersburg, when both NTR and RF are extreme, TCs
mainly drive the joint AEP. For example, TCs contribute over
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90 % to the AEP of events with more than 100 mm 16 h RF
and 0.8 m NTR. Closer to the axes (either extreme NTR or
extreme RF), both types of events contribute approximately
evenly to the joint AEP for rare events. For both locations,
the region with extreme RF and non-extreme NTR shows a
major contribution of non-TCs to the AEP.

4.3 Role of non-classified events

To assess the role of non-classified events, such as convec-
tive RF events and surge events caused by remote cyclones,
we repeat the above analysis as outlined in Sect. 3.6. The
calculated relative changes in AEP along the joint probabil-
ity isolines after combining the AEPs of the two populations
are shown in Fig. 11. When removing non-classified POT
RF events (those are mainly convective events), the AEP de-
creases for events where RF is extreme and NTR is small
to moderate (Fig. 11a and b). This becomes more noticeable
for events with higher AEPs (i.e., events with return peri-
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ods below 10 years), especially in St. Petersburg where they
reach up to 25 % reduction. However, in Gloucester City,
this impact becomes negligible for rare events (i.e., events
with return periods above 50 years). When the non-classified
POT NTR events (e.g., caused by remote cyclones) are re-
moved from the analysis, the AEP decreases slightly for
events where NTR is extreme and RF is small, while the AEP
increases slightly when NTR is extreme and RF is moderate
(Fig. 11c and d).

As mentioned in Sect. 3.6, we assume that the copula
types that are used for the previous analysis (with events
stratified as TC and non-TC) remain the same after remov-
ing non-classified events. We also conducted the analysis
while allowing the selected copulas for the different con-
ditional samples to change (see Fig. S1 in the Supplement
and Table S2 in the Supplement). When allowing copulas to
change, the changes in the AEPs along the isolines become
more pronounced in Gloucester City when removing the non-

https://doi.org/10.5194/nhess-24-4091-2024



P. Maduwantha et al.: A multivariate statistical framework for mixed storm types in compound flood analysis

TC events

> 1 =
0.8}
o=
£06
o
2041
=
£02 o Empirical CDF ||
3 Fitted GPD
O . ‘ J

1 1.5 2 25 3
> 1
2 (@
508"
£
go6r
(5]
Z04¢
=
g 02r .- ¢ Empirical CDF
6 """" —Fitted Gamma (2)

(=]
(=]

50 100 150
18 h rainfall (mm)

e e
o

Cumulative Probability

0.4
021 ; ¢ Empirical CDF |
. Fitted logistic
0 L L L
0.5 1 1.5 2 25
NTR (m)

o 1
508
O
gos
(]
2041
=
g02} o Empirical CDF |
g — Fitted GPD

f=}

40 60 80 100 120 140 160
18 h rainfall (mm)

4099

non-TC events

£ ®
S08t
Ra)
£o6r
o
2041
=
£02f o Empirical CDF |
6 Fitted GPD
0 ‘ ‘ ‘ I ‘ ‘
06 08 1 12 14 16 18 2
NTR (m)

>\' 1 T HSEITIT S L o R R
z 4 ————
£08 p
O
206}
(5]
204
=
£02 W’—
= i Fitted Tweedie
O e R

20 40 60 80 100
18 h rainfall (mm)

0

S o 9o
B o o0 —

Cumulative Probability
(=]
S

[}

2

)

= |

B038t

el

£os

o

204

=

go02]] * Empirical CDF ||
g Fitted GPD

Q 0 B

40 60 80 100 120 140 160
18 h rainfall (mm)

Figure 5. Selected parametric distributions compared to the empirical distributions of Gloucester City for TC events (left) and non-TC
events (right). (a,b) NTR POT events when conditioned on NTR. (¢,d) Maximum-RF events corresponding to NTR POT events when
conditioned on NTR. (e, f) Maximum-NTR events corresponding to RF POT events when conditioned on RF. (g,h) RF POT events when
conditioned on RF. The red dots represent the empirical cumulative distribution function (CDF) of the observations. The dashed lines denote
the 95 % confidence intervals of the empirical CDF calculated using the Dvoretzky—Kiefer—Wolfowitz inequality.

classified POT NTR events. For example, they increase up to
35 % for the events where NTR is extreme and RF is moder-
ate (Fig. Sle).

5 Discussion
5.1 Dependence analysis

The strong correlation between NTR and RF when the events
are caused by TCs (see Fig. 3) suggests that there is a higher
potential for compound flooding by TCs in both study sites.
This can be attributed to the nature of TCs, notably their
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propensity for extreme-RF potential combined with strong
winds. The non-TC samples in our analysis contain all events
that are not directly linked to a TC (e.g., ETCs or convec-
tive events) and show weak but stable (over different rainfall
accumulation times) correlation between NTR and RF. The
stronger TC correlation is in line, for example, with findings
reported by Kim et al. (2023) for the Dickinson Bayou water-
shed in Texas. However, they reported weak and insignificant
correlation throughout all RF accumulation times (1 to 48 h)
for non-TC events when conditioning on NTR. For Glouces-
ter City the same conditional sample shows a slightly higher
and significant correlation for all RF accumulation times (see
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Figure 6. The same as Fig. 5 but for St. Petersburg.

Fig. 3). When the events are not stratified and treated as a
single population, the correlation is similar to the one found
for non-TCs, leading to an underestimation of the compound
flood potential. These results highlight the importance of dif-
ferentiating between storm types associated with different
physical processes and characterizing their individual con-
tributions to compound flood potential. By selecting an RF
accumulation time that leads to the maximum correlation, we
account for the sensitivity of correlation to RF accumulation
time while following a conservative approach that avoids un-
derestimating the dependence and compound flood potential.
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5.2 Combining joint exceedance probabilities of two
populations

Prior studies have only focused on merging the AEPs of two
populations within a univariate framework (e.g., Orton et al.,
2020). Our proposed methodology combines the AEPs of
two populations in a bivariate framework that also has the
flexibility to be further expanded to account for three or more
populations. The joint probability distributions (Fig. 9), as
determined by combining the AEPs of two populations, pro-
vide insights into the compound flood potential at each of the
study sites. The framework derives a single isoline for each
return period, which can be used, for example, to derive a sin-
gle most likely design event (Salvadori et al., 2011, 2013).
For Gloucester City, for instance, the most likely 100-year
design event (i.e., the event with the highest relative prob-
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two conditioning samples are combined. Quantile isolines of the 5-
, 10-, 20-, 50-, and 100-year joint return periods are shown where
the color scale indicates the relative probability of events along the
isolines. Note the different x- and y-axis scales for better clarity.

ability along the 100-year isoline) is given by 1.60m NTR
and 87 mm 18 h RF. Under the assumption of independence
between NTR and RF, the same event has a return period
of 196 years. It should be noted that the Philadelphia tide
gauge is located along the Delaware River (see Fig. 1), and
the recorded water levels are influenced by both wind-driven
storm surge and river discharge. In this study, we do not ex-
plicitly account for wind-driven surge and river discharge
separately (NTR incorporates both), but the framework pre-
sented here is flexible enough to be extended for this purpose,
e.g., by including NTR from an open-coast tide gauge near
the Delaware River mouth and an upstream stream gauge.
The most likely 100-year design event for St. Petersburg is
comprised of 1.02m NTR and 117mm 16h RF under the
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Figure 8. The same as Fig. 7 but for St. Petersburg, Florida.

independence assumption that the return period of the same
event increases to 156 years.

The magnitude of the univariate 100-year 18 h RF event is
(after combining the AEPs of the two populations) 139 mm
for Gloucester City and 180mm for St. Petersburg (see
Fig. 9). This is approximately an 11 % increase compared
to the univariate 100-year 18 h RF of the TC samples at each
site (125 and 163 mm). For the univariate 5-year 18 h RF the
increase is 49 % in Gloucester City (from 53 to 79 mm) and
34 % in St. Petersburg (from 78 to 99 mm) (Fig. 9).

The return levels for RF are similar for the TC and non-TC
samples, but TCs lead to higher NTR return levels, particu-
larly in Gloucester City (see Fig. 10). This implies that the
most extreme surges are caused by TCs, but both TC and
non-TC events can produce similar rainfall totals. These re-
sults indicate that relying solely on TCs may be inadequate
when analyzing compound flood risk in coastal catchments
that are also exposed to other storm types. TCs are most
relevant for events with low AEPs, which are important for
flood zoning and critical infrastructure design. ETCs, on the

Nat. Hazards Earth Syst. Sci., 24, 4091-4107, 2024



P. Maduwantha et al.: A multivariate statistical framework for mixed storm types in compound flood analysis

St. Petersburg

4102
Gloucester City

160

140
~~ ~~~
g 120 g
E £
=100 =
g 8
< <
2 =

200

—
w
(=]

1
4 Most likely event
® POT events: non-TC
® POT events: TC
0.8
el
[LN
IQ_)'
0.6 =
@
e
=]
g
0.4 &
5
0.2

NTR (m)

Figure 9. Joint probability isolines for the two study sites after combining the AEPs of the two populations (TC and non-TC). The color scale
indicates the relative probability of events along the isolines. The location of the most likely event is assigned to the point with the highest

relative probability density on an isoline.

Gloucester City

St. Petersburg

[=3
S

18 h rainfall (mm)
16 h rainfall (mm)

© POT events: non-TC
® POT events: TC -

(%) SO wolj ‘g 10J UONNQLIIUOD JATR[OY

Figure 10. Relative contribution of TCs to the AEP along the joint probability isolines for the two study locations.

NTR (m)

The color scale indicates

the ratio of AEP associated with TCs to the combined AEP of both populations.

other hand, mainly drive compound flood potential for events
with higher AEPs, which are most relevant, for example, for
stormwater management and design.

5.3 Role of non-classified events

As described in Sect. 3.6, the analysis was repeated to as-
sess the impact of non-classified events. This includes, for
example, NTR events caused by remote storms outside our
pre-defined search radiuses, NTR in Gloucester City that is
caused by high river discharge, and convective RF events.
This is important because when studying future compound
flooding, we typically rely on general circulation models,
which do not capture convective RF events. Similarly, re-
motely triggered NTR events may be missed in assessments
where only cyclones that pass through a defined region are
included. Our analysis sheds light on the relative importance
of those types of events in addition to TCs and ETCs that
directly affect the area of interest.
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Neglecting RF events that are likely locally generated can
lead to an underestimation of the overall AEP (or overesti-
mation of the return period), particularly for more frequent
events (i.e., events with return periods below 10 years) (see
Fig. 11a and b). This can be attributed to the nature of lo-
cally generated convective RF events since they are generally
less intense in magnitude but occur with a greater frequency
compared with TCs and ETCs. The reduction in AEP is also
higher in St. Petersburg where 55 % (192 events) of the RF
events exceeding the threshold are not linked to ETCs or
TCs. This highlights the importance of convective RF events
in St. Petersburg and thus the need for high-resolution mod-
els to characterize future flood hazard potential.

Removing non-classified events where NTR exceeded the
threshold from the analysis leads to a slight reduction in AEP
for events where NTR is extreme and RF is small and to a
slight increase in AEP where NTR is extreme and RF is mod-
erate (see Fig. 11c and d). This increase in AEP is potentially
caused by the fact that the non-classified events have weaker
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correlation between NTR and RF compared to ETCs and
TCs; hence, excluding them leads to larger joint AEPs. In the
specific case of Gloucester City, those non-classified events
can also include high-discharge events in the Delaware River,
leading to high water levels (and hence high NTR) at the
Philadelphia tide gauge.

Overall, excluding non-classified events leads to smaller
changes in the joint probabilities in Gloucester City com-
pared to St. Petersburg, especially when focusing on rare
events (i.e., events with return periods above 50 years) (see
Fig. 11e and f). This is likely because of the proximity of
Gloucester City to the US East Coast where ETCs are more
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frequent and the overall number of non-classified events is
lower (77 when conditioned on RF, 43 when conditioned
on NTR).

One limitation of the proposed framework is the identifi-
cation of compound events based on extreme flood drivers.
In some locations, none of the flood drivers need to be ex-
treme to cause compound flooding, as geographical expo-
sure and other factors (e.g., elevation, drainage, permeability)
play dominant roles. Therefore, the focus here is on assess-
ing the compound flood potential and how the joint proba-
bilities of different flood drivers are linked to various storm
types. To extend the proposed framework to fully character-
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ize the compound flood risk, the statistical approach can be
combined with hydrodynamic numerical models (so-called
hybrid modeling, e.g., Moftakhari et al., 2019) to estimate
flood inundation. However, analyzing only the most likely
event (even though it may be the most plausible given the
observations) does not capture the range of flood levels that
could be generated by different combinations of flood drivers
(NTR and RF) along an isoline. One way to address this
limitation is to sample an ensemble of events (peak NTR—
RF combinations) along the isoline and run them through
flood models. Alternatively, a response-based approach can
be employed, which involves simulating flood hazard for a
large number of synthetic events from the multivariate stati-
cal model and then performing the statistical analysis on the
response variable of interest (e.g., flood depth at a given lo-
cation). The latter is computationally demanding, possibly
necessitating the use of a surrogate model; however the re-
turn level estimates are likely to be more robust than when
adopting an event-based approach (Jane et al., 2022a). The
simulated probabilistic flood depths and extents can then be
incorporated with exposure and vulnerability data to perform
a comprehensive flood risk assessment.

Additionally, despite the long data records used (Glouces-
ter City, 1901 to 2021, and St. Petersburg, 1948 to 2021),
the stratified TC samples contain a relatively small number
of events due to their rare occurrence in historical observa-
tions. When the framework is applied to a different site with
less data, the smaller sample size may result in higher uncer-
tainty in modeling the upper tail of the NTR and RF distri-
butions. This limitation can be addressed by combining the
proposed framework with synthetic flood driver information
derived from physics-based models (e.g., Gori et al., 2020).

6 Conclusions

This paper introduces a flexible copula-based statistical
framework to assess compound flood potential from multiple
drivers while explicitly accounting for different storm types.
Here we apply the method to two case study sites, Gloucester
City, New Jersey, and St. Petersburg, Florida, which are ex-
posed to different storm climatologies. Our study highlights
the importance of differentiating between storm types with
different physical processes and characterizing their individ-
ual contributions to compound flood potential. Overall, we
find that TCs modulate the tails of the joint distributions
(events with higher return periods), while non-TC events
have a strong effect on events with low to moderate joint re-
turn periods. While the most extreme events and associated
probabilities are most relevant for flood zoning and critical
infrastructure design, more moderate events are crucial, for
example, for stormwater management and design. We also
quantify how non-classified storms that are not linked to ei-
ther TCs or ETCs in the region impact the compound flood
potential. The results differ across study sites with the effects
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being overall smaller in Gloucester City than in St. Peters-
burg, and they also affect different parts of the joint distri-
bution differently. This is important because assessments of
future compound flood hazard (and flood hazard in general)
typically rely on the output from general circulation models
that may not capture such events due to their coarse reso-
lution. This can in turn lead to a misrepresentation of flood
hazard and risk. Our results provide insights into how large
(or small) the effect is of not capturing all relevant storm
types when studying compound flooding. The method is flex-
ible so that additional storm types (e.g., storms with certain
tracks or other characteristics) can be identified and their ef-
fect on compound flood potential can be quantified. Finally,
while we focus on observed data and their derivative prod-
ucts, the framework can be used with model output data in-
cluding hindcasts or future projections.

The focus here is on the compound flood potential and how
the joint probabilities of different flood drivers are linked
to different storm types. However, the combined probabil-
ity distributions of the different populations can also be used
to generate a large number of synthetic events that can act
as boundary conditions for hydrodynamic numerical models
to fully characterize compound flood hazard, including flood
depths and extent. This will be demonstrated in a separate
study.

Code availability. The marginal distribution fitting and
copula selection were done using the MultiHazard
R package, which can be downloaded from Zenodo at
https://doi.org/10.5281/zenodo.6772478 (Jane et al.,, 2022b).
The other codes are available in GitHub at https://github.com/
CoRE-Lab-UCF/MACH-Compound-Flooding (last access: 13
September  2024)  (https://doi.org/10.5281/zenodo.13755288,
Maduwantha, 2024).

Data availability. The measured rainfall data used in this pa-
per can be downloaded through the National Oceanic and At-
mospheric Administration (NOAA) National Climatic Data Cen-
ter (NCDC) archive of global historical weather and climate data
at https://www.ncdc.noaa.gov/cdo-web (National Oceanic and At-
mospheric Administration, National Climatic Data Center, 2023).
The AORC (4 km) version 1.1 data sets can be obtained from the
NOAA computer system and are available at https://hydrology.nws.
noaa.gov/pub/AORC/V1.1/ (National Oceanic and Atmospheric
Administration, National Weather Service, 2023). The hourly wa-
ter level data in Philadelphia (station ID 8545240, station ID
8545530) and St. Petersburg (station ID 8726520) can be ac-
cessed through NOAA (https://tidesandcurrents.noaa.gov/, National
Oceanic and Atmospheric Administration, Center for Operational
Oceanographic Products and Services, 2023). The HURDAT?2 data
are available from https://www.nhc.noaa.gov/data/hurdat (National
Oceanic and Atmospheric Administration, National Hurricane Cen-
ter, 2024). The ETC track data set is available upon request from the
authors.

https://doi.org/10.5194/nhess-24-4091-2024


https://doi.org/10.5281/zenodo.6772478
https://github.com/CoRE-Lab-UCF/MACH-Compound-Flooding
https://github.com/CoRE-Lab-UCF/MACH-Compound-Flooding
https://doi.org/10.5281/zenodo.13755288
https://www.ncdc.noaa.gov/cdo-web
https://hydrology.nws.noaa.gov/pub/AORC/V1.1/
https://hydrology.nws.noaa.gov/pub/AORC/V1.1/
https://tidesandcurrents.noaa.gov/
https://www.nhc.noaa.gov/data/hurdat

P. Maduwantha et al.: A multivariate statistical framework for mixed storm types in compound flood analysis

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/nhess-24-4091-2024-supplement.

Author contributions. The study was conceived by TW and PM.
PM developed the methodology, undertook the analysis, and wrote
the first draft of the paper under the guidance of TW, SSA, and RJ.
JFB provided the stratified ETC data. HK and GV contributed to
technical discussions in the early stages of the analysis. All authors
co-wrote the final paper.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. Pravin Maduwantha, Thomas Wahl, and Sara
Santamaria-Aguilar were supported by the National Science Foun-
dation as part of the Megalopolitan Coastal Transformation Hub
(MACH) under NSF award ICER-2103754. This is MACH contri-
bution number 47. James F. Booth was supported by NSF award
1854773. Robert Jane and Thomas Wahl acknowledge financial
support from the USACE Climate Preparedness and Resilience
Community of Practice.

Financial support. This research has been supported by the
National Science Foundation (grant nos. 1854773 and ICER-
2103754).

Review statement. This paper was edited by Lindsay Beevers and
reviewed by three anonymous referees.

References

Akaike, H.: A new look at the statistical model iden-
tification, IEEE T. Automat. Contr, 19, 716-723,
https://doi.org/10.1109/TAC.1974.1100705, 1974.

Barth, N. A., Villarini, G., and White, K.: Accounting for
Mixed Populations in Flood Frequency Analysi.: Bul-
letin 17C Perspective, J. Hydrol. Eng., 24, 4019002,
https://doi.org/10.1061/(asce)he.1943-5584.0001762, 2019.

Bass, B. and Bedient, P.: Surrogate modeling of joint flood risk
across coastal watersheds, J. Hydrol. (Amst), 558, 159-173,
https://doi.org/10.1016/j.jhydrol.2018.01.014, 2018.

Bates, P. D., Quinn, N., Sampson, C., Smith, A., Wing, O.,
Sosa, J., Savage, J., Olcese, G., Neal, J., Schumann, G., Gius-
tarini, L., Coxon, G., Porter, J. R., Amodeo, M. F., Chu, Z.,

https://doi.org/10.5194/nhess-24-4091-2024

4105

Lewis-Gruss, S., Freeman, N. B., Houser, T., Delgado, M.,
Hamidi, A., Bolliger, I., E. McCusker, K., Emanuel, K., Fer-
reira, C. M., Khalid, A., Haigh, I. D., Couasnon, A., E. Kopp,
R., Hsiang, S., and Krajewski, W. F.: Combined Modeling of
US Fluvial, Pluvial, and Coastal Flood Hazard Under Current
and Future Climates, Water Resour. Res., 57, €2020WR028673,
https://doi.org/10.1029/2020WR028673, 2021.

Bauer, M., Tselioudis, G., and Rossow, W. B.: A new cli-
matology for investigating storm influences in and on
the extratropics, J. Appl. Meteorol. Clim., 55, 1287-1303,
https://doi.org/10.1175/JAMC-D-15-0245.1, 2016.

Bender, J., Wahl, T., Miiller, A., and Jensen, J.: A multivariate de-
sign framework for river confluences, Hydrolog. Sci. J., 61, 471—
482, https://doi.org/10.1080/02626667.2015.1052816, 2016.

Bermudez, M., Farfan, J. F., Willems, P., and Cea, L.: Assess-
ing the Effects of Climate Change on Compound Flooding in
Coastal River Areas, Water Resour. Res., 57, e2020WR029321,
https://doi.org/10.1029/2020WR029321, 2021.

Bevacqua, E., Maraun, D., Vousdoukas, M. I., Voukouvalas, E.,
Vrac, M., Mentaschi, L., and Widmann, M.: Higher probabil-
ity of compound flooding from precipitation and storm surge
in Europe under anthropogenic climate change, Sci. Adv., 5,
eaaw5531, https://doi.org/10.1126/sciadv.aaw5531, 2019.

Camus, P., Haigh, I. D., Nasr, A. A., Wahl, T., Darby, S. E.,
and Nicholls, R. J.: Regional analysis of multivariate com-
pound coastal flooding potential around Europe and envi-
rons: sensitivity analysis and spatial patterns, Nat. Hazards
Earth Syst. Sci., 21, 2021-2040, https://doi.org/10.5194/nhess-
21-2021-2021, 2021.

Chen, L., Singh, V. P., Shenglian, G., Hao, Z., and Li,
T.: Flood Coincidence Risk Analysis Using Multivari-
ate Copula Functions, J. Hydrol. Eng., 17, 742-755,
https://doi.org/10.1061/(asce)he.1943-5584.0000504, 2012.

City of Gloucester: Official Website, https://www.cityofgloucester.
org/, last access: 24 February 2024.

Couasnon, A., Eilander, D., Muis, S., Veldkamp, T. I. E., Haigh,
I. D., Wahl, T., Winsemius, H. C., and Ward, P. J.: Measuring
compound flood potential from river discharge and storm surge
extremes at the global scale, Nat. Hazards Earth Syst. Sci., 20,
489-504, https://doi.org/10.5194/nhess-20-489-2020, 2020.

Codiga, D. L.. Unified Tidal Analysis and Predic-
tion Using the UTide Matlab Functions, 59 pp.,
https://doi.org/10.13140/RG.2.1.3761.2008, 2011.

Codiga, D.: UTide Unified Tidal Analysis and Predic-
tion Functions, MATLAB Central File Exchange,
https://www.mathworks.com/matlabcentral/fileexchange/
46523-utide-unified-tidal-analysis-and-prediction-functions,
last access: 5 August 2023.

Dullaart, J. C. M., Muis, S., Bloemendaal, N., Chertova, M. V.,
Couasnon, A., and Aerts, J. C. J. H.: Accounting for tropical cy-
clones more than doubles the global population exposed to low-
probability coastal flooding, Commun. Earth Environ., 2, 135,
https://doi.org/10.1038/s43247-021-00204-9, 2021.

Dvoretzky, A., Kiefer, J., and Wolfowitz, J.: Asymptotic Mini-
max Character of the Sample Distribution Function and of the
Classical Multinomial Estimator, Ann. Math. Stat., 27, 642-669,
https://doi.org/10.1214/aoms/1177728174, 1956.

Fall, G., Kitzmiller, D., Pavlovic, S., Zhang, Z., Patrick, N., St.
Laurent, M., Trypaluk, C., Wu, W., and Miller, D.: The Office

Nat. Hazards Earth Syst. Sci., 24, 4091-4107, 2024


https://doi.org/10.5194/nhess-24-4091-2024-supplement
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1061/(asce)he.1943-5584.0001762
https://doi.org/10.1016/j.jhydrol.2018.01.014
https://doi.org/10.1029/2020WR028673
https://doi.org/10.1175/JAMC-D-15-0245.1
https://doi.org/10.1080/02626667.2015.1052816
https://doi.org/10.1029/2020WR029321
https://doi.org/10.1126/sciadv.aaw5531
https://doi.org/10.5194/nhess-21-2021-2021
https://doi.org/10.5194/nhess-21-2021-2021
https://doi.org/10.1061/(asce)he.1943-5584.0000504
https://www.cityofgloucester.org/
https://www.cityofgloucester.org/
https://doi.org/10.5194/nhess-20-489-2020
https://doi.org/10.13140/RG.2.1.3761.2008
https://www.mathworks.com/matlabcentral/fileexchange/46523-utide-unified-tidal-analysis-and-prediction-functions
https://www.mathworks.com/matlabcentral/fileexchange/46523-utide-unified-tidal-analysis-and-prediction-functions
https://doi.org/10.1038/s43247-021-00204-9
https://doi.org/10.1214/aoms/1177728174

4106

of Water Prediction’s Analysis of Record for Calibration, ver-
sion 1.1: Dataset description and precipitation evaluation, J. Am.
Water Resour. As., 59, 1246-1272, https://doi.org/10.1111/1752-
1688.13143, 2023.

Gori, A. and Lin, N.: Projecting Compound Flood Hazard
Under Climate Change With Physical Models and Joint
Probability Methods, Earths Future, 10, e2022EF003097,
https://doi.org/10.1029/2022EF003097, 2022.

Gori, A., Lin, N., and Xi, D.: Tropical Cyclone Compound Flood
Hazard Assessmen.: From Investigating Drivers to Quantify-
ing Extreme Water Levels, Earths Future, 8, e2020EF001660,
https://doi.org/10.1029/2020EF001660, 2020.

Hallegatte, S., Green, C., Nicholls, R. J., and Corfee-Morlot, J.: Fu-
ture flood losses in major coastal cities, Nat. Clim. Change, 3,
802-806, https://doi.org/10.1038/nclimate1979, 2013.

Hendry, A., Haigh, I. D., Nicholls, R. J., Winter, H., Neal,
R., Wahl, T., Joly-Laugel, A., and Darby, S. E.: Assessing
the characteristics and drivers of compound flooding events
around the UK coast, Hydrol. Earth Syst. Sci., 23, 3117-3139,
https://doi.org/10.5194/hess-23-3117-2019, 2019.

Hersbach, H., Bell, B., Berrisford, P.,, Hirahara, S., Horanyi, A.,
Muiloz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers,
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara,
G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flem-
ming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
Healy, S., Hogan, R. J., Holm, E., Janiskova, M., Keeley, S.,
Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P.,
Rozum, 1., Vamborg, F., Villaume, S., and Thépaut, J.-N.: The
ERAS global reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999-
2049, https://doi.org/10.1002/qj.3803, 2020.

Hong, Y., Xuan Do, H., Kessler, J., Fry, L., Read, L., Rafieei
Nasab, A., Gronewold, A. D., Mason, L., and Anderson, E.
J.: Evaluation of gridded precipitation datasets over interna-
tional basins and large lakes, J. Hydrol. (Amst), 607, 127507,
https://doi.org/10.1016/j.jhydrol.2022.127507, 2022.

Imada, Y. and Kawase, H.: Potential Seasonal Predictability of
the Risk of Local Rainfall Extremes Estimated Using High-
Resolution Large Ensemble Simulations, Geophys. Res. Lett.,
48, €2021GL096236, https://doi.org/10.1029/2021GL096236,
2021.

Jane, R., Cadavid, L., Obeysekera, J., and Wahl, T.: Multivariate
statistical modelling of the drivers of compound flood events
in south Florida, Nat. Hazards Earth Syst. Sci., 20, 2681-2699,
https://doi.org/10.5194/nhess-20-2681-2020, 2020.

Jane, R. A., Malagén-Santos, V., Rashid, M. M., Doebele, L., Wahl,
T., Timmers, S. R., Serafin, K. A., Schmied, L., and Linde-
mer, C.: A Hybrid Framework for Rapidly Locating Transition
Zone.: A Comparison of Event- and Response-Based Return
Water Levels in the Suwannee River FL, Water Resour. Res.,
58, €2022WR032481, https://doi.org/10.1029/2022WR032481,
2022a.

Jane, R., Wahl, T. Cadavid, L., Obeysekera, J., and
Solari, S.: MultiHazard R package, Zenodo [code],
https://doi.org/10.5281/zenodo.6772478, 2022b.

Jones, K. A., Niknami L. S., Buto S. G., and Decker D.: Federal
standards and procedures for the national Watershed Boundary
Dataset (WBD), vol. 11-A3, U.S. Department of the Interior/U.S.

Nat. Hazards Earth Syst. Sci., 24, 4091-4107, 2024

P. Maduwantha et al.: A multivariate statistical framework for mixed storm types in compound flood analysis

Geological Survey, https://pubs.usgs.gov/tm/11/a3/ (last access:
9 October 2023), 2022.

Khanam, M., Sofia, G., Koukoula, M., Lazin, R., Nikolopoulos,
E. I, Shen, X., and Anagnostou, E. N.: Impact of compound
flood event on coastal critical infrastructures considering current
and future climate, Nat. Hazards Earth Syst. Sci., 21, 587-605,
https://doi.org/10.5194/nhess-21-587-2021, 2021.

Kim, H. and Villarini, G.: Evaluation of the Analysis of Record for
Calibration (AORC) Rainfall across Louisiana, Remote Sens.-
Basel, 14, 3284, https://doi.org/10.3390/rs14143284, 2022.

Kim, H., Villarini, G., Jane, R., Wahl, T., Misra, S., and Michalek,
A.: On the generation of high-resolution probabilistic de-
sign events capturing the joint occurrence of rainfall and
storm surge in coastal basins, Int. J. Climatol., 43, 761-771,
https://doi.org/10.1002/joc. 7825, 2023.

Kumbier, K., Carvalho, R. C., Vafeidis, A. T., and Woodroffe,
C. D.: Investigating compound flooding in an estuary using
hydrodynamic modelling: a case study from the Shoalhaven
River, Australia, Nat. Hazards Earth Syst. Sci., 18, 463-477,
https://doi.org/10.5194/nhess-18-463-2018, 2018.

Lai, Y., Li, J.,, Gu, X., Liu, C.,, and Chen, Y. D.: Global
Compound Floods from Precipitation and Storm Surge: Haz-
ards and the Roles of Cyclones, J. Climate, 34, 8319-8339,
https://doi.org/10.1175/JCLI-D-21-0050.1, 2021.

Landsea, C. W. and Franklin, J. L.: Atlantic hurricane database
uncertainty and presentation of a new database format, Mon.
Weather Rev., 141, 3576-3592, https://doi.org/10.1175/MWR-
D-12-00254.1, 2013.

Lian, J. J., Xu, K., and Ma, C.: Joint impact of rainfall and tidal
level on flood risk in a coastal city with a complex river network:
a case study of Fuzhou City, China, Hydrol. Earth Syst. Sci., 17,
679-689, https://doi.org/10.5194/hess-17-679-2013, 2013.

Maduwantha, P.: Compound flood potential, Zenodo [code],
https://doi.org/10.5281/zenodo.13755288, 2024.

Moftakhari, H., Schubert, J. E., AghaKouchak, A., Matthew,
R. A, and Sanders, B. F.: Linking statistical and hydrody-
namic modeling for compound flood hazard assessment in
tidal channels and estuaries, Adv. Water Resour., 128, 28-38,
https://doi.org/10.1016/j.advwatres.2019.04.009, 2019.

Moftakhari, H. R., Salvadori, G., AghaKouchak, A., Sanders, B.
F., and Matthew, R. A.: Compounding effects of sea level rise
and fluvial flooding, P. Natl. Acad. Sci. USA, 114, 9785-9790,
https://doi.org/10.1073/pnas.1620325114, 2017.

Nagler, T., Schepsmeier, U., Stoeber, J., Brechmann, E., Graeler,
B., and Erhardt, T.: VineCopula: Statistical Inference of Vine
Copulas, R package version 2.5.1, https://github.com/tnagler/
VineCopula, last access: November 2023.

Nasr, A. A., Wahl, T., Rashid, M. M., Jane, R. A., Camus, P., and
Haigh, I. D.: Temporal changes in dependence between com-
pound coastal and inland flooding drivers around the contigu-
ous United States coastline, Weather Clim. Extrem., 41, 100594,
https://doi.org/10.1016/j.wace.2023.100594, 2023.

National Oceanic and Atmospheric Administration, Center for Op-
erational Oceanographic Products and Services: Tides and Cur-
rents Data, NOAA [data set], https://tidesandcurrents.noaa.gov/,
last access: 1 November 2023.

National Oceanic and Atmospheric Administration, National Cli-
matic Data Center: Archive of Global Historical Weather and

https://doi.org/10.5194/nhess-24-4091-2024


https://doi.org/10.1111/1752-1688.13143
https://doi.org/10.1111/1752-1688.13143
https://doi.org/10.1029/2022EF003097
https://doi.org/10.1029/2020EF001660
https://doi.org/10.1038/nclimate1979
https://doi.org/10.5194/hess-23-3117-2019
https://doi.org/10.1002/qj.3803
https://doi.org/10.1016/j.jhydrol.2022.127507
https://doi.org/10.1029/2021GL096236
https://doi.org/10.5194/nhess-20-2681-2020
https://doi.org/10.1029/2022WR032481
https://doi.org/10.5281/zenodo.6772478
https://pubs.usgs.gov/tm/11/a3/
https://doi.org/10.5194/nhess-21-587-2021
https://doi.org/10.3390/rs14143284
https://doi.org/10.1002/joc.7825
https://doi.org/10.5194/nhess-18-463-2018
https://doi.org/10.1175/JCLI-D-21-0050.1
https://doi.org/10.1175/MWR-D-12-00254.1
https://doi.org/10.1175/MWR-D-12-00254.1
https://doi.org/10.5194/hess-17-679-2013
https://doi.org/10.5281/zenodo.13755288
https://doi.org/10.1016/j.advwatres.2019.04.009
https://doi.org/10.1073/pnas.1620325114
https://github.com/tnagler/VineCopula
https://github.com/tnagler/VineCopula
https://doi.org/10.1016/j.wace.2023.100594
https://tidesandcurrents.noaa.gov/

P. Maduwantha et al.: A multivariate statistical framework for mixed storm types in compound flood analysis

Climate Data, NOAA [data set], https://www.ncdc.noaa.gov/
cdo-web, last access: 2 November 2023.

National Oceanic and Atmospheric Administration, National Hur-
ricane Center: HURDAT?2 Atlantic Hurricane Database (1851—
Present), NOAA [data set], https://www.nhc.noaa.gov/data/
hurdat, last access: 8 February 2024.

National Oceanic and Atmospheric Administration, National
Weather Service: Analysis of Record for Calibration (AORC)
Gridded Data, NOAA [data set], https://hydrology.nws.noaa.gov/
pub/AORC/V 1.1/, last access: 2 November 2023.

Nederhoff, K., Leijnse, T. W. B., Parker, K., Thomas, J., O’Neill,
A., van Ormondt, M., McCall, R., Erikson, L., Barnard, P.
L., Foxgrover, A., Klessens, W., Nadal-Caraballo, N. C., and
Massey, T. C.: Tropical or extratropical cyclone: what drives
the compound flood hazard, impact, and risk for the United
States Southeast Atlantic coast?, Nat. Hazards, 120, 8779-8825,
https://doi.org/10.1007/s11069-024-06552-x, 2024.

Nicholls, R., Hanson, S., Herweijer, C., Ranger, N., Halle-
gatte, S., Corfee-Morlot, J., Chateau, J., and Muir-Wood,
R.: Ranking Port Cities with High Exposure and Vulnera-
bility to Climate Extreme.: Exposure Estimates, OECD En-
vironment Working Papers, OECD, Environment Directorate,
https://doi.org/10.1787/011766488208, 2008.

Orton, P. M., Hall, T. M., Talke, S. A., Blumberg, A. F., Georgas, N.,
and Vinogradov, S.: A validated tropical-extratropical flood haz-
ard assessment for New York Harbor, J. Geophys. Res.-Oceans,
121, 8904-8929, https://doi.org/10.1002/2016JC011679, 2016.

Orton, P. M., Conticello, F. R., Cioffi, F., Hall, T. M., Geor-
gas, N., Lall, U., Blumberg, A. F, and MacManus, K.:
Flood hazard assessment from storm tides, rain and sea level
rise for a tidal river estuary, Nat. Hazards, 102, 729-757,
https://doi.org/10.1007/s11069-018-3251-x, 2020.

Pfahl, S. and Wernli, H.: Quantifying the relevance of cy-
clones for precipitation extremes, J. Climate, 25, 6770-6780,
https://doi.org/10.1175/JCLI-D-11-00705.1, 2012.

Salvadori, G. and De Michele, C.: Multivariate Extreme Value
Methods, in: Extremes in a Changing Climate: Detection, Anal-
ysis and Uncertainty, edited by: AghaKouchak, A., Easterling,
D., Hsu, K., Schubert, S., and Sorooshian, S., Springer Nether-
lands, Dordrecht, 115-162, https://doi.org/10.1007/978-94-007-
4479-0_5, 2013.

Salvadori, G., De Michele, C., and Durante, F.: On the return pe-
riod and design in a multivariate framework, Hydrol. Earth Syst.
Sci., 15, 3293-3305, https://doi.org/10.5194/hess-15-3293-2011,
2011.

Salvadori, G., Durante, F., and De Michele, C.: Multivariate return
period calculation via survival functions, Water Resour. Res., 49,
2308-2311, https://doi.org/10.1002/wrcr.20204, 2013.

Salvadori, G., Durante, F., De Michele, C., Bernardi, M., and Pe-
trella, L.: A multivariate copula-based framework for dealing
with hazard scenarios and failure probabilities, Water Resour.
Res., 52, 3701-3721, https://doi.org/10.1002/2015WR017225,
2016.

Sebastian, A., Dupuits, E. J. C., and Morales-Népoles, O.: Ap-
plying a Bayesian network based on Gaussian copulas to
model the hydraulic boundary conditions for hurricane flood
risk analysis in a coastal watershed, Coast. Eng., 125, 42-50,
https://doi.org/10.1016/j.coastaleng.2017.03.008, 2017.

https://doi.org/10.5194/nhess-24-4091-2024

4107

Silva-Araya, W. FE, Santiago-Collazo, F. L., Gonzalez-
Lopez, J., and Maldonado-Maldonado, J.: Dynamic mod-
eling of surface runoff and storm surge during hur-
ricane and tropical storm events, Hydrology, 5, 13,
https://doi.org/10.3390/hydrology5010013, 2018.

Sinclair, V. A., Rantanen, M., Haapanala, P., Rdisdnen, J., and Jarvi-
nen, H.: The characteristics and structure of extra-tropical cy-
clones in a warmer climate, Weather Clim. Dynam., 1, 1-25,
https://doi.org/10.5194/wcd-1-1-2020, 2020.

Sklar, A.: Fonctions de répartition & n dimensions et leurs marges,
Publ. Inst. Stat. Univ. Paris, 8, 229-231, 1959.

Smith, J. A., Villarini, G., and Baeck, M. L.: Mixture Distribu-
tions and the Hydroclimatology of Extreme Rainfall and Flood-
ing in the Eastern United States, J. Hydrometeorol, 12, 294-309,
https://doi.org/10.1175/2010JHM1242.1, 2011.

Smitha, P. S., Narasimhan, B., Sudheer, K. P.,, and Anna-
malai, H.: An improved bias correction method of daily
rainfall data using a sliding window technique for climate
change impact assessment, J. Hydrol. (Amst), 556, 100-118,
https://doi.org/10.1016/j.jhydrol.2017.11.010, 2018.

Torres, J. M., Bass, B., Irza, N., Fang, Z., Proft, J., Dawson,
C., Kiani, M., and Bedient, P.: Characterizing the hydraulic
interactions of hurricane storm surge and rainfall-runoff for
the Houston—Galveston region, Coastal Engineering, 106, 7-19,
https://doi.org/10.1016/j.coastaleng.2015.09.004, 2015.

Towey, K. L., Booth, J. F., Frei, A., and Sinclair, M. R.: Track
and Circulation Analysis of Tropical and Extratropical Cyclones
that Cause Strong Precipitation and Streamflow Events in the
New York City Watershed, J. Hydrometeorol., 19, 1027-1042,
https://doi.org/10.1175/JHM-D-17-0199.1, 2018.

Towey, K. L., Booth, J. F., Rodriguez Enriquez, A., and Wahl, T.:
Tropical cyclone storm surge probabilities for the east coast of
the United States: a cyclone-based perspective, Nat. Hazards
Earth Syst. Sci., 22, 1287-1300, https://doi.org/10.5194/nhess-
22-1287-2022, 2022.

Wahl, T., Jain, S., Bender, J., Meyers, S. D., and Luther, M. E.:
Increasing risk of compound flooding from storm surge and
rainfall for major US cities, Nat. Clim. Change, 5, 1093-1097,
https://doi.org/10.1038/nclimate2736, 2015.

Ward, P. J., Couasnon, A., Eilander, D., Haigh, I. D., Hendry,
A., Muis, S., Veldkamp, T. I. E., Winsemius, H. C., and Wahl,
T.: Dependence between high sea-level and high river dis-
charge increases flood hazard in global deltas and estuaries,
Environ. Res. Lett., 13, 084012, https://doi.org/10.1088/1748-
9326/aad400, 2018.

Xu, H., Xu, K., Bin, L., Lian, J., and Ma, C.: Joint risk of
rainfall and storm surges during typhoons in a coastal city of
Haidian Island, China, Int. J. Env. Res. Pub. He., 15, 1377,
https://doi.org/10.3390/ijerph 15071377, 2018.

Zheng, F., Westra, S., and Sisson, S. A.: Quantifying the
dependence between extreme rainfall and storm surge
in the coastal zone, J. Hydrol. (Amst), 505, 172-187,
https://doi.org/10.1016/j.jhydrol.2013.09.054, 2013.

Zheng, F., Westra, S., Leonard, M., and Sisson, S. A.: Modeling
dependence between extreme rainfall and storm surge to esti-
mate coastal flooding risk, Water Resour. Res., 50, 2050-2071,
https://doi.org/10.1002/2013WR014616, 2014.

Nat. Hazards Earth Syst. Sci., 24, 4091-4107, 2024


https://www.ncdc.noaa.gov/cdo-web
https://www.ncdc.noaa.gov/cdo-web
https://www.nhc.noaa.gov/data/hurdat
https://www.nhc.noaa.gov/data/hurdat
https://hydrology.nws.noaa.gov/pub/AORC/V1.1/
https://hydrology.nws.noaa.gov/pub/AORC/V1.1/
https://doi.org/10.1007/s11069-024-06552-x
https://doi.org/10.1787/011766488208
https://doi.org/10.1002/2016JC011679
https://doi.org/10.1007/s11069-018-3251-x
https://doi.org/10.1175/JCLI-D-11-00705.1
https://doi.org/10.1007/978-94-007-4479-0_5
https://doi.org/10.1007/978-94-007-4479-0_5
https://doi.org/10.5194/hess-15-3293-2011
https://doi.org/10.1002/wrcr.20204
https://doi.org/10.1002/2015WR017225
https://doi.org/10.1016/j.coastaleng.2017.03.008
https://doi.org/10.3390/hydrology5010013
https://doi.org/10.5194/wcd-1-1-2020
https://doi.org/10.1175/2010JHM1242.1
https://doi.org/10.1016/j.jhydrol.2017.11.010
https://doi.org/10.1016/j.coastaleng.2015.09.004
https://doi.org/10.1175/JHM-D-17-0199.1
https://doi.org/10.5194/nhess-22-1287-2022
https://doi.org/10.5194/nhess-22-1287-2022
https://doi.org/10.1038/nclimate2736
https://doi.org/10.1088/1748-9326/aad400
https://doi.org/10.1088/1748-9326/aad400
https://doi.org/10.3390/ijerph15071377
https://doi.org/10.1016/j.jhydrol.2013.09.054
https://doi.org/10.1002/2013WR014616

	Abstract
	Introduction
	Case study site and data
	Study sites
	Data

	Methods
	Bias correction of RF data
	Extreme-event sampling and stratification
	Dependence analysis
	Marginal distributions and joint probability analysis
	Combining joint exceedance probabilities of two populations
	Role of non-classified events

	Results
	Dependence analysis
	Bivariate statistical analysis
	Role of non-classified events

	Discussion
	Dependence analysis
	Combining joint exceedance probabilities of two populations
	Role of non-classified events

	Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

