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Abstract.

Extreme rainfall events frequently cause hazardous floods in many parts of the world. With growing human exposure to
floods, studying conditions that trigger floods is imperative. Flash floods, in particular, require well-defined models for the
timely warning of the population at risk. Intensity-duration-frequency (IDF) curves are a common way to characterize rainfall
and flood events. Here, the copula method is employed to model the dependence between the intensity and duration of rainfall
events separately and flexibly from their respective marginal distribution. Information about the localization of 93 flash floods
in Jamaica was gathered and linked to remote-sensing rainfall data and additional data on location-specific yearly maximum
rainfall events was constructed. The estimated Normal copula has Weibull and generalized extreme value (GEV) marginals
for duration and intensity, respectively. Due to the two samples, it is possible to pin down above which line in the intensity
duration space a rainfall event likely triggers a flash flood. The parametric IDF curve with an associated return period of 2%
years is determined as the optimal threshold for flash flood event classification. This methodology delivers a flexible approach

to generating rainfall IDF curves that can directly be used to assess flash flood risk.

1 Introduction

Over the last twenty years, more people have been affected by floods than by any other natural disaster.! Among pluvial
floods, flash floods have the highest average mortality (Jonkman, 2005). The Caribbean is especially at risk from flash floods.
The region is particularly prone to hydro-meteorological hazards, urbanization is often unregulated, and soil degradation is
common such that flash floods are frequent (Gencer, 2013; Pinos and Quesada-Roman, 2021). For instance, heavy rain on
March 5% 2022 in Northern Hispaniola caused severe flash floods, leading to 2 deaths and hundreds being displaced.? Flash
floods follow shortly after heavy rainfall and are highly localized phenomena that occur in basins of no more than a few

hundred square kilometers and have a response time of a few hours (Borga et al., 2007). Steep slopes, impermeable surfaces,

! Authors’ calculation using EMDAT database. Since 2000, 1.7 Billion people have been affected by floods, followed by droughts (1.4 Billion), storms (0.8

Billion), and earthquakes (0.12 Billion).
Zhtps://floodlist.com/ Accessed last on January 11" 2023.
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and saturated soils are factors that can transform a heavy rainfall event into a flash flood hazard (Norbiato et al., 2008). The
high localization and multidimensionality involved in flash floods make their study particularly involved.

It has long been a primary objective of weather service providers to create a warning system that connects rainfall to floods
and landslides (Keefer et al., 1987). Warning system typically uses some lower bound or threshold above which a warning
would be issued (Caine, 1980). Empirical thresholds for when rainfall events become hazardous connect the intensity (I) to
the duration (D) and are used for the construction of so-called intensity-duration-frequency (IDF) curves (Koutsoyiannis et al.,
1998). Commonly, estimation of IDF curves requires assumptions on the marginal distribution of I and D or the two marginals
were assumed to be independent.? Using copula functions for conditional sampling allows the flexible and separate definition
of marginals and dependence. Multiple studies employ the said method to estimate rainfall IDF curves for landslides and heavy
rainfall events (Singh and Zhang, 2007; Ariff et al., 2012; Bezak et al., 2016; Li et al., 2019). These studies often define the
yearly maximum event of measurement stations by some decision rule and model the resulting time series. This allows for a
good statistical fit and a well-described dependence between I and D. However, since the data does not necessarily contain
hazardous events, little inference can be made about these.

This study aims to construct IDF curves with information from confirmed flash flood events in Jamaica. This allows for
inference with regard to the hazard by comparing the odds ratio of flood occurrence given a frequency, where less frequent
events are more severe and vice versa. The calculation of the odds ratio requires a set of extreme but non-hazardous events
as well as a set of hazardous rainfall events. Following the literature, the local yearly maximum rainfall events are defined.
Additionally, a complete and confirmed list of Jamaican flash floods by the Office of Disaster and Preparedness Management
(ODPEM) is utilized to define hazardous events. These observed flash flood events are linked with 11 km x 11 km cells
of remote sensing rainfall information. These remotely sensed data have several advantages compared to station data, such as
consistency in sensors and resolution. While direct in-situ measurements are factual, they depend on the location and continuous
operation of stations. Currently, the number of modern automatic weather stations in Jamaica is well below the remote sensing
resolution, with the exception of the area around the capital Kingston.* Subsequently, the IDF curve threshold, which separates
the confirmed hazard events from the rest via odds ratio, is determined. This threshold can serve as a simple decision rule for
the identification of flash flood triggering rainfall events.

There are a number of reasons why the Caribbean and Jamaica in particular is an interesting case study. Small island
states in the Caribbean have long been identified as especially vulnerable to extreme meteorological events and associated
flooding (IPCC, 2012; Wilson et al., 2014). Moreover, extreme precipitation events show an increased frequency since 1950
in the Caribbean region (Peterson et al., 2002). At the same time, there is little information on the local rainfall risk. In this
regard, it is common practice to transfer IDF curves for some Caribbean island nations to others, despite their different rainfall
characteristics (Lumbroso et al., 2011). Burgess et al. (2015) therefore developed IDF curves for Jamaica with long historical
data. Linearly projecting the historical parameter estimates to 2100, they find that the intensity of a 100-year return event

increases by 27% to 59% as a result of increasing variability due to climate change.

3There are also some instances where a specific dependence has been assumed from theoretical considerations, see Koutsoyiannis et al. (1998)
“http://metservice.gov.jm/aws/ Accessed last on January 37¢ 2023.
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Quantifying extreme rainfall-induced hazards has important applications, such as for risk maps, warning systems, or re-
insurance schemes, particularly for the Caribbean. For example, the Climate Risk Early Warning Systems (CREWS) aims
to strengthen hydro-meteorological and early warning services in the Caribbean, focusing on hurricanes and other hydro-
meteorological hazards. Its first assessment in 2015 identified the need for increased forecasting of secondary hazards such
as coastal flooding and flash floods. Currently, pilot projects to strengthen national multi-hazard early warning systems in
the Caribbean community countries are devised through CREWS. The Caribbean Risk Information System (CRIS) platform,
created by the Caribbean Disaster Emergency Management Agency (CDEMA), aims to support informed decision-making by
providing access to information on hazards and does so via geospatial data for risk and hazard mapping, disaster preparedness,
and response operations. This input data relies on research in the hazard, exposure, and vulnerability domain.> Another example
is the Caribbean Catastrophe Risk Insurance Facility (CCRIF), which since 2013 has provided insurance against excess rainfall
to member countries (Linkin, 2014). More specifically, its CCRIF Excess Rainfall (XSR) product is a parametric insurance
based on specific rainfall thresholds that determine payouts.

The remainder of the paper is organized as follows: Section 2 presents the study region and describes the data. Section 3
details the methodology of conditional copula modeling and how the two samples are used to determine an IDF curve based

flash flood threshold. Section 4 then presents the results. Section 5 discusses the findings and section 6 concludes.

2 Study Region & Data
2.1 Study Region

Jamaica is the third-largest Caribbean island by land area after Cuba and Hispaniola. The island’s topography is characterized
by interior mountain ranges descending to coastal plains where the eastern Blue Mountains historically experience the most
rainfall (Nkemdirim, 1979). Jamaica lies in the Atlantic Hurricane Belt and is especially at risk of climate change (Monioudi
et al., 2018). Tropical cyclones and the accompanying heavy rainfall are frequent and cause severe destruction (Spencer and
Polachek, 2015; Collalti and Strobl, 2022). For instance, between June 2007 and August 2021, the CCRIF made 54 payouts for
a total of USD 245 million, of which USD 135 million are for tropical cyclones, USD 60 million for excess rainfall and USD
49 million for earthquakes (mainly the devastating 2021 Haiti earthquake). Thus, local susceptibility to floods has become vital

to planning and development in Jamaica (Nandi et al., 2016).
2.2 Flash Floods

The source of flash flood information is the Office of Disaster and Preparedness Management (ODPEM), whose responsi-

bility includes monitoring extreme weather events in Jamaica and implementing measures to mitigate their impact. From the

SMost commonly, risk is defined as the combination of the three components hazard, exposure, and vulnerability. Hazard relates to the physical phe-
nomenon, in this case, flash floods. Exposure could be in terms of people, buildings, or economic assets at risk of the hazard. Vulnerability then links the
hazard to the exposure and translates it to risk. For instance, given a flash flood hazard, the vulnerability of urban or agricultural settlements (exposure) is

different, and as such, the risk is different as well.
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ODPEM, shapefiles of all 48 known flood events are obtained from 2001 to 2018. Many of these events correspond to a spe-
cific meteorological event, like a tropical storm that caused flooding in more than one location in Jamaica. We treat each event
location separately if it falls uniquely in a remote-sensing rainfall cell. For example, during heavy rain on May 14th — 15th
in 2017, several places around Cave Valley (parish of St. Ann) in central Jamaica, as well as, to the south, around Morgan’s
Pass in the parish of Clarendon, experienced severe flooding. These locations are approximately 20 km apart, lie on two sides
of the north/south watershed, and are thus treated as two incidents in their respective rainfall cell. Some flood events in the
OPDEM shapefiles could not be verified by any report and were therefore dropped, as were a few riverine floods that would
require explicit hydrological modeling, which is beyond the scope of this study. Some events where the exact day(s) are not
included in the data are identified using local newspaper reports. A total of 93 flash flood events were localized for Jamaica

with approximate timing.
2.3 Precipitation

The source for precipitation data is Version 06B of the Global Precipitation Measurement (GPM) Integrated Multi-satellitE
Retrievals (IMERG, Huffman et al. (2015)). The satellite precipitation algorithm combines microwave and infrared precipita-
tion measurements to produce precipitation estimates, adjusted with surface gauge data. The resulting product is a half-hourly
data set with near-global coverage at a 0.1° x 0.1° resolution since June 2000. Compared to other remote sensing or reanalysis
products, the GPM-IMERG has a considerably higher spatial and temporal resolution than its competitors. Also, the number
of distinct cells and, thus, spatial resolution is considerably higher than the number of measurement stations in Jamaica. One
major drawback of the GPM-IMERG, its short timeframe, does not apply to this study because all the OPDEM events are
fully captured in the observational period since June 2000. Note that the quality of satellite rainfall data has leapfrogged in
the last decade: An inter-comparison of rain-gauge, radar, and GPM-IMERG for rainfall-runoff modeling by Gilewski and
Nawalany (2018) in a mountainous catchment in Poland identified that radar and GPM-IMERG outperform rain-gauge data.
Tang et al. (2020) provides a comprehensive overview of different satellite precipitation and reanalysis products, reporting

good performance for GPM-IMERG and it is continuously improving in more recent versions.

3 Methodology
3.1 Event Definition

The data on confirmed flash flood events provides location and start date information, but no sub-daily timing of rainfall onset
and its ending. We thus need to find and define rainfall events that start before the flood (potentially lasting longer than the
reported date). We resort to the common inter-event time definition (IETD) method to delimit the events (Ariff et al., 2012;
Bezak et al., 2016). The IETD refers to the minimum duration without rain between consecutive rainfall events. An IETD of
a few hours is typically selected for floods, while for landslides the IETD is longer, i.e., up to several days (Huff, 1967). For

confirmed events, the event definition starts with a window of +/- 7 days around the date given by the OPDEM or newspapers.
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Within that window, the event with the maximum cumulative rainfall is regarded as the flood-inducing rainfall event. Figure 1
illustrates the procedure. The yearly maximum events are constructed the same way, though for each cell each year is considered
separately. Note that a minimum threshold of 0.1 mm h~! for a given observation to start an event is imposed to reduce the

number of events.
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Figure 1. Illustration of the event definition in the case of a confirmed event with the reported date from OPDEM or newspapers in red. In
the time frame +/- 7 days around this date, three separate events are defined given an IETD and a minimum threshold of 0.1 mm h™*. Three
events result, where the second event is the maximum event measured by cumulative rainfall and is considered the flood-inducing rainfall

event.

3.2 Conditional Copula Modelling

Informally, copulas can be described as "functions that join or couple multivariate distribution functions to their one-dimensional
marginal distribution functions" (Nelsen, 2007). More formally, given a 2-dimensional (joint) distribution function H with uni-

variate margins FjandF5, there exists, by the first part of Sklar’s Theorem, a 2-dimensional copula C' such that
H(m)ZC(F1(JC1),F2(:c2)), x e R% 0

The copula C'is uniquely defined on Hj: ;jTanF}; and there given by

d

C(u)=H(Fy (m),F5 (u2)), we [[ranFy, )
j=1

where F~ denotes the generalized inverse, which equals the regular inverse F'~! for continuous and strictly increasing distri-

bution functions (dfs). By the definition of a cumulative distribution function, ran F; € (0,1) such that the copulas univariate
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margins are standard uniform U (0, 1) (Hofert et al., 2018). Three attributes follow: the copula function (1) uniquely specifies
the dependence for the whole distribution, (2) can be recovered from data on joint and marginal distribution, and (3) imposes
no constraint on the shape of the dependence.

The conditional copula method has previously been used to estimate IDF curves (Singh and Zhang, 2007; Ariff et al., 2012;
Bezak et al., 2016). Let C be the 2-dimensional copula and let U ~ C, u; € (0,1) and ug € [0,1], then

Cop (uzlur) =P(U; < uy|Ur = un). 3)

If one fixes for some value of u; € (0,1), the conditional copula function Cy|; (uz|uy) is a distribution function on [0, 1] and
can be used for conditional sampling. The evaluation of Cy|; (u2|u;1) however involves the evaluation of partial derivatives
instead of densities (Hofert et al., 2012, 2018).

Consider that Cy v (u,v) is the copula function of interest and let intensity / = ¢ and duration D = d have marginal dis-
tribution functions V' = F7(i) and U = Fp(d). For a known value of U = u, Cy|y—,, gives realizations of marginal V. The
corresponding value of u can be obtained by the marginal distribution function. From u and v, the respective ¢ and d can be

recovered easily since d = F'y Y(u) and i = - !(v). The conditional copula function can be written as

0
Cyju=o(v|U =u) = %CU,V(UW) - 4)

The conditional copula, which is a conditional bivariate distribution, relates to the return period 1" as follows

Coy—0lU =u) =1~ . )

For a given value of w and a return period 7, solving Equation 4 and 5 simultaneously yields the corresponding v. Via the
marginal distribution function, the respective values of ¢ and d are recovered and represent a point on the IDF curve for a return
period T'. For every return period 7', many values of u are chosen to get an approximately smooth IDF curve. That process is

repeated for other 7" to construct IDF curves which are increasing in severity with 7.
3.3 Two Sample Approach

Rainfall events of interest are those that lead to flash floods. However, a block maxima approach, partitioning the data into
yearly blocks, allows a direct relation with return periods and is thus often chosen (Ariff et al., 2012). The proposed methodol-
ogy uses information from block maxima as well as confirmed flood events. There are m = 93 confirmed flood events and, at
these locations, n = 1120 yearly cell-wise maxima. The yearly maximum events serve to estimate the copula function and the
marginal distributions of intensity and duration for these extreme rainfall events. Conditional sampling from the copula enables
the construction of IDF curves with 7" year return periods. One can then derive the IDF curve associated with a certain return
period above which the likelihood of flash flood occurrence is maximized. For every return period the IDF curve is recovered
and the ratio R of confirmed flash flood events m against the number of yearly maximum rainfall events n that lies above that

curve is calculated,

n— Zgil](diZ(dJU:Ui)) ’ ©)
2.7:1 I(dj > (d|U = uj))
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where (d|U = u;) is the estimated duration via conditional copula sampling and marginal transformation d = Fi' (i1). The
IDF curve with a return period associated with the highest ratio R,..,.,q, 1S the one that separates the events from non-events
best. This constitutes a so-called critical layer (d,i) € L?:1— H((d,i) = P(D >d,I >1i) =t where all combinations of i
and d € L? have the same probability 1 — H((d,i) =t (Salvadori et al., 2016). The critical region, which corresponds to a
flash flood classification, is defined as L7 = {(i,d) € L? : 1 — H(i,d) < t} (De Michele et al., 2013). Subsequently, the return
period T of an event in the critical region is defined by the inverse probability of falling into the critical region (Zscheischler
et al., 2017):

1

== P(D,I)eL7)

@)
where 1 denotes the average time unit, which is 1 year in the case of yearly maxima.
3.4 Candidate Copulas

The selection of appropriate copula is carried out in two steps. First, a set of candidate copulas is defined. Second, the candidate
copula is compared on the basis of fit, for both the event and the yearly maxima data. The first restriction on candidate
copulas is that a conditional sampling algorithm exists. This is the case for the families of Archimedean and elliptical copulas
(Hofert et al., 2018). The literature on landslides and flash flood IDF curves has further established the negative relation
between an event’s duration and its intensity, which is the second restriction on candidates (Aleotti, 2004; Salvadori and
De Michele, 2004). Table 1 shows the copulas for which conditional sampling algorithms exist and some of their properties.
The two restrictions leave one with three potential copula classes, Normal, Frank, and ¢ copula. Note that these copulas are
all radially symmetric and exchangeable. Geometrically, radial symmetry is the symmetry of the density with respect to the
point 1/2 = (1/2,...,1/2). Exchangeability is the symmetry of the density with respect to the main diagonal. Given a negative
dependence, a copula that is not radial symmetric is one whose lower tail dependence is different from its upper tail dependence,
whereas a copula that is not exchangeable is one whose dependence changes with the order of the marginals. The best candidate
copula is selected on the basis of the Cross-Validation Copula Criterion (CIC) by Grgnneberg and Hjort (2014), which is an
Akaike Information Criterion (AIC)-like criterion on a Maximum-Pseudo-Likelihood Estimate (MPLE) of semi-parametrically
(i.e., with non-parametric estimated margins) estimated copula. The methodology is implemented in the R package "Copula",

with which all the subsequent copula modeling is carried out (Kojadinovic and Yan, 2010).
3.5 Selection of Marginals

The IDF curve construction via conditional copula in section 3.2 requires the estimation of marginals for duration D and
intensity /. Candidate marginal distributions are the Weibull, Gamma, Log-normal, and Generalized-Extreme-Value (GEV)
distributions, and are all estimated via maximum-likelihood and assessed by AIC. The empirical probability density function

is also inspected graphically against the marginal distributions’ estimated probability density to assert its fit.
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Table 1. Candidate Copula Families

Name Attainable Radial- Exchange- Negative

Dependence  Symmetry ability Dependence

Gaussian (-1,1) v v v
ty (-1,1) v v v
AMH [0, 1/3) v
C [0, 1) v
F -1, 1) v v v
GH [0, 1) v v
J [0, 1) v v

Overview of candidate copula families with respect to their attributes.

4 Results
4.1 Event Definition

The event definition in time requires an appropriate IETD. Values of IETD between 4 h and 24 h are considered. Graphical
assessment of mean event intensity and duration revealed that an IETD of 12 hours best delimits the rainfall events. See
Appendix section Al for a discussion and graphical examples for various IETD. Figure 2 shows the locations of confirmed
flash flood events in Jamaica and the average intensity, duration, and total rainfall of the yearly maximum events. Average
intensity is highest inland and to the West, but fairly evenly distributed. Average total rainfall is highest at the eastern shore
north of the Blue Mountains, with a second agglomeration of high total rainfall cells in the West. Duration exhibits a similar
pattern to total rainfall, with the longest events in the West. Since the confirmed flash flood events are evenly distributed across
the island, variation in local conditions is expected to be captured well. Table Al in the Appendix further provides summary

statistics for both yearly maximum and confirmed flash flood events.
4.2 Copula Selection

The shape of dependence can be assessed via pseudo-observations. Pseudo-observations are obtained by first estimating the

empirical distribution functions F,, (n, j) for j € (I, D),

n

Zl(Xi’j <.13), r €R, ®)

i=1

1
Fj=——
’ n—+1

where 1(+) is the indicator function. These estimated margins can then be used to form the sample:

Uin = (Fo,p(Xi,0), For(Xi1)), i€{l,...,n}. )
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Figure 2. (a) Location of the confirmed flash flood events, (b) cell-wise mean intensity of locations maximum events, (c) cell-wise mean

total rainfall of locations maximum events, and (d) cell-wise mean duration of locations maximum events.

Table 2. Copula Cross-Validation Criterion

Normal Copula  Frank Copula ¢ Copula

Maximum Events 513.3 5514 521.3
Confirmed Events 15.92 12.02 15.93

Cross-Validation Copula Criterion (CIC) by Grgnneberg and Hjort (2014) for both data

samples. The ¢ copula assumes 10 = v degrees of freedom.

Figure 3 displays the pseudo-observations and demonstrates a strong negative dependence in both samples. This limits the
205 set of potential copulas to the Normal, Frank, and ¢ copula. Note that these copulas are all radially symmetric and exchangeable.
Estimates of the copula information criterion (CIC) are shown in Table 2. Selecting the Frank copula for the yearly maximum
events leads to a higher CIC than the Normal or ¢ copula. For the confirmed events, selecting the Frank copula leads to a lower

CIC than the Normal or ¢ copula.
Figure 4 displays pseudo-observations for both samples as well as a random sample of pseudo-observation under Frank and
210 Normal copula. The sample of confirmed flash floods is too small to draw conclusive evidence regarding the optimal copula.
There is also no clear visual indication around the locus of points for the Frank copula over the Normal copula or vice versa.
However, the Normal copula exhibits tail dependence similar to the data, while the Frank copula is tail quadrant independent

(Joe, 2014).
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Figure 3. (a) Pseudo-observation of the yearly maximum rainfall events (YME) and (b) of the confirmed flash flood events (FFE). Ties in

the duration variable due to the measurement scale are randomly split.

In summary, the Normal copula is better suited for the data and thus chosen for the analysis. It is more appropriate for
yearly maximum events, which are the data on which the IDF curves are generated, as outlined in section 3.3 concerning the
two sample approach. Additionally, the Normal copula is suitable for the confirmed events, as the CIC and graphical evidence

shows.
4.3 Estimation of Marginals

Table 3 reports the Akaike Information Criterion for both samples, where the parametric distributions are fitted via MLE to
the marginals. For both samples’ intensity, the generalized extreme-value (GEV) distribution results in the lowest information
loss. Similarly, for the duration, the Weibull distribution yields, in both instances, the lowest AIC.

Figure 5 compares the estimated distributions and the empirical probability density. In all cases the two match well. The
confirmed flood events are on average slightly longer (11.4 hours versus 9 hours) and less intense (5.2 mm h~! versus 9.9 mm
h~!) compared to the yearly maximum events. It is notable that the flood events are, due to the smaller sample size, not as
smoothly distributed. Both samples yield similar distributions and agree on the shape. Subsequent conditional copula modeling

focuses on the more precisely estimated distributions from the large sample of yearly maximum events.

10
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Figure 4. (a) random sample (n = 1120) of pseudo-observation of the yearly maximum rainfall events (YME) under the assumption of Frank
copula, (b) under the assumption of Normal copula, and (c) the true pseudo-observation. (d) Random sample (n = 93) of pseudo-observation
of the confirmed flash flood events (FFE) under the assumption of Frank copula, (e) under the assumption of Normal copula, and (f) the true

pseudo-observation.

4.4 Conditional Copula IDF Curves

IDF curves corresponding to return periods between 2 and 40 years are shown in Figure 6. The curves are all convex, such that
shorter events have a disproportionately higher intensity. Visually, the choice of marginals has little impact on the IDF curves.

Higher return periods shift the IDF curve outwards to higher intensities for all durations. Interestingly, convexity decreases

with higher return periods.

11



235

240

245

https://doi.org/10.5194/nhess-2023-162
Preprint. Discussion started: 19 September 2023
(© Author(s) 2023. CC BY 4.0 License.

Table 3. Akaike Information Criterion

Yearly Maximum Events

Weibull Gamma Log-Normal GEV

Intensity ~ 7374.2 73275 7059.3 7029.1
Duration  7053.8 7061.3 7181.4 7196.5

Flash Flood Events
Weibull Gamma Log-Normal GEV

Intensity ~ 493.7 487.8 447.5 428.8
Duration ~ 632.7 634.6 650.2 648.3

Akaike Information Criterion (AIC) for both samples. A parametric

distribution was fitted via MLE to the marginals, intensity, and duration.

4.5 Best IDF Curve

IDF curves generated with the Normal copula, a generalized extreme-value distribution for intensity and a Weibull distribution
for duration reliably quantify the joint severity of an event by linking a return period to it. The next step is to find the IDF curve
above which the probability of a flood event is maximized. The highest odds ratio (0.66) is reached with a return period of 2
years and 2 months. Rainfall events that potentially trigger flash floods are thus expected to be at least as severe as a 2.17-year

return period event.®

5 Discussion

It is insightful to compare the IDF curves from this study with those that have been otherwise obtained for Jamaica. Burgess
et al. (2015) provides the most recent IDF curves for Jamaica, using long-time series data from two stations in Jamaica,
extending existing annual maximum records back to 1895. With a return period of 5 years and a duration of 12 h, they estimate
intensities of around 7.2 - 11.4 mm h™', depending on the configuration. For a duration of 2 h and again a return period of
5 years, intensities are between 32 - 33 mm h~!. For a return period of 5 years, the results from the current study suggest an
intensity of 7.14 mm h™~! for 10 h and 22.8 mm h~! for 3 h. The corresponding IDF curves are thus in a similar range but are
more strongly convex than those in Burgess et al. (2015). This might be caused by the choice of the Normal copula, which is
well suited to depict convex dependence. It might also be caused by the type of data input in that Burgess et al. (2015) uses data
from stations in the two largest cities in Jamaica, namely Kingston and Montego Bay, while the remote sensing data employed

in the current study covers the whole island. Arguably doing so can be advantageous for an average representation of the island.

OThis threshold is naturally higher than the simple empirical analog of the 93 confirmed events in Jamaica during the 18-year period because the geograph-

ical resolution is higher: looking at smaller scale areas, each of these areas’ flood probability has to be lower than that of the whole island.
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Figure 5. Comparison of estimated probability density function for (a) intensity of yearly maximum events (YME), (b) duration of yearly

maximum events, (c) intensity of flash flood events and d) duration of flash flood events (FFE).

The quantification of extreme rainfall hazards through the IDF curve classification has direct applications for policymakers.
One may first consider the case of the CCRIF XSR parametric insurance against excess rainfall that is based on specific rainfall
thresholds for payouts. The most recent version, XSR 2.5, utilizes separate exposure, vulnerability, and hazard modules for
each member. For the Caribbean, the module is triggered by rainfall events that exceed some country-specific average intensity
threshold for a period of 12 h (short events) or 48 h (long events). These country-specific thresholds are optimized to increase
the likelihood of detecting severe events while not capturing false positives. The results from the current study aims at a

similar threshold identification as the XSR but differs in the methodology. However, feasibly the flash flood identification from
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Figure 6. Intensity-Duration curves for frequencies corresponding to a return period of 2, 5, 10, 20 and 40 years. (a) shows these IDF curves

for the Normal copula and marginals estimated from the yearly maximum events (YME), in logs in (b), and (c) shows the Normal copula

from YME and marginals from flash flood events (FFE), in logs in (d).

conditional copula modeling could be coupled with a module of exposure and a specific vulnerability functional. The IDF curve

can also provide thresholds for shorter than 12 h events. For instance, a 6 h long rainfall event with an average intensity above

8.4 mm h~! is potentially flash flood-inducing. Such an integrated model based on the IDF curves would be an alternative

verification to the CCRIF XSR and reduce model uncertainty.

The methodology proposed here could also be employed for hazard warning services. The Climate Risk Early Warning Sys-

tems (CREWS) Caribbean project aims at strengthening such services. One of the three project components is the institutional
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strengthening and capacity building of hydro-meteorological services and early warning systems. The simple decision rule
within the intensity duration space derived in the current study could be adapted for such purposes. More precisely, given a
local weather forecast for the next day and corresponding uncertainty, the risk of a potential flash flood event can be deduced.
After the initial parameterization, a direct implementation into the forecasting routine comes at virtually no cost. Again, even
if there exist other systems, introducing another model based on a different methodology can greatly reduce model uncertainty.

It must be pointed out that the proposed methodology suffers from two main shortcomings. The focus on rainfall events
as measured at a certain location ignores general meteorological conditions as well as conditions on the ground. Additional
information such as antecedent rainfall and soil moisture, soil type, or slope gradients can be employed to get a more precise
decision rule. Likely, these factors play a crucial role in the actual development of a hazard given a specific rainfall event.
The current methodology with a bivariate copula at its core is not directly suited for additional variables. While trivariate and
higher dimensional copulas do exist, they are much less understood. Trivariate copulas also impose some limits on the attainable
negative dependence. Furthermore, adding another variable to the copula requires a disproportionately larger sample, where
the sample density decreases exponentially with the number of dimensions. One should note that several of these shortcomings
such as the sample density apply to other methodologies as well. Another potentially more fruitful route might be to consider
separate copula functions for different classes of topography or meteorological conditions instead of a unified model that
explicitly accounts for these interdependencies.

The procedure also omits the role of tropical cyclones (TCs). It has long been recognized that in the Caribbean many
instances of extreme rainfall and consequential flooding are due to TCs (Arenas, 1983; Laing, 2004). Ideally, a classification
scheme would take into account synoptic scale weather events. If the proposed classification scheme for flash flood incidents
will be used to estimate the effect of extreme rainfall on the economy or for insurance schemes, evidence is necessary to
distinguish it from TCs. While the current study did verify via newspaper articles that the flash flood incidents are largely non-
TC events, additional care is necessary for applications. For instance, Collalti and Strobl (2022) studies the economic impacts
of flooding during tropical storms in Jamaica and finds that only a minor number of heavy rainfall events occur during tropical

storms of hurricane strength compared to the number of flash flood incidents discussed in this study.

6 Conclusions

This study uses 93 confirmed flash flood events in Jamaica over the period 2001 to 2018 to estimate intensity-duration-
frequency (IDF) curves via conditional copula sampling. Rainfall information of flash flood events is taken from remote sensing
and additional data on location-specific yearly maximum rainfall events was constructed. This considerably larger sample of
statistically similar events allows for higher robustness in the estimation. It further enables one to find an IDF curve threshold
above which flash flood events become likely. This threshold corresponds to a return period of 2% years. A comparison with
IDF curves for Jamaica in Burgess et al. (2015) yields similar results in terms of absolute level, but these are less convex with
regard to extremely intense or long events. The simple nature of connecting the copula method for IDF curves with a classi-

fication for flash floods potentially opens up many applications in parametric insurance programs and regional risk mapping,
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as well as hazard warning systems. The current study abstracts from event-determining conditions other than local rainfall
intensity and duration. Future research should therefore aim at including other factors, such as soil type and terrain ruggedness

in the conditional copula modeling, as well as incorporate synoptic scale meteorological conditions.

Code and data availability. Shapefiles of all flood events in the study region and period are available from the Jamaican Office of Disaster
and Preparedness Management (ODPEM). The Integrated Multi-satellitE Retrievals for GPM (IMERG) data is freely available from NASA.
Cleaned flash flood event data derived from the OPDEM shapefiles are available under https://doi.org/10.48620/364 together with code that
merges it with the GPM (IMERG), performs the main analysis and figures.

Appendix A
Al Event Definition

Depending on the IETD, the statistical properties of the events change. Values of IETD between 4h and 24h are considered.
Figure A1 shows how the average intensity and duration changes for the flash flood event data with different values of the
IETD. There is a relatively sudden drop in mean intensity for IETDs above 21 hours. Also, the mean duration increases one
to one up until an IETD of 12 hours after which the slope becomes flatter. Both indicate that the IETD above 12 and 21 hours
results in imprecisely delimited events with regard to duration and intensity, respectively. Figure A2 shows the probability
density function of duration and intensity for the confirmed flash flood event data (green) and maximum rainfall events (blue).
In order to apply the two-sample approach, they should follow the same marginal distribution. The maximum rainfall events
are more intense but shorter compared to the confirmed flash flood events. The resemblance between duration increases with
higher IETD while there is no clear pattern for intensity. In conclusion, an IETD of 12 hours is best suitable for the data at
hand. Note that in section 4.3, where marginals are estimated for the conditional copula modeling, Kolmogorov-Smirnov tests
indicate that the marginal distributions of the maximum rainfall event data are suitable for the smaller confirmed events data as

well.
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Figure A1. Mean event intensity and duration for different values of IETD.
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Table A1. Summary Statistics

Maximum Yearly Events

N Mean  St. Dev. Min Max

Total Rainfall 1,120 47542 24522  6.705  148.485
Event Duration 1,120 9.031 6.811 0.500 36.000
Rainfall Intensity 1,120  9.927 12.089  0.905  120.000

Total Rainfall 93 73.677 53283  12.120  240.100
Event Duration 93 11.419 8.325 17.000  32.000
Rainfall Intensity 93 5.169 7.271 0.962 54.760

Summary table of events with IETD of 12 hours for all locations with a confirmed flash flood

event.
Author contributions. ES and DC conceived the research framework and developed the methodology. DC was responsible for the code

compilation, data analysis, graphic visualization, and first draft writing. NS and ES participated in the data collection of this study. All

authors discussed the results and contributed to the final version of the paper.

Competing interests. We declare no competing interests. This research did not receive any specific grant from funding agencies in the public,

320 commercial, or not-for-profit sectors.

Acknowledgements. We would like to thank the participants of the Workshop on Compound Weather and Climate Events 2021 (Bern,
Online), and the IPWSD 2021 (Columbia University, Online) for their valuable comments.

19



325

330

335

340

345

350

355

https://doi.org/10.5194/nhess-2023-162
Preprint. Discussion started: 19 September 2023
(© Author(s) 2023. CC BY 4.0 License.

References

Aleotti, P.: A warning system for rainfall-induced shallow failures, Engineering geology, 73, 247-265, 2004.

Arenas, A. D.: Tropical storms in Central America and the Caribbean: characteristic rainfall and forecasting of flash floods, Hydrology of
humid tropical regions. International Association of Hydrological Sciences (IAHS) Publication, pp. 39-51, 1983.

Ariff, N., Jemain, A., Ibrahim, K., and Zin, W. W.: IDF relationships using bivariate copula for storm events in Peninsular Malaysia, Journal
of Hydrology, 470, 158-171, 2012.

Bezak, N., §raj, M., and Miko$, M.: Copula-based IDF curves and empirical rainfall thresholds for flash floods and rainfall-induced land-
slides, Journal of Hydrology, 541, 272-284, 2016.

Borga, M., Boscolo, P., Zanon, F., and Sangati, M.: Hydrometeorological analysis of the 29 August 2003 flash flood in the Eastern Italian
Alps, Journal of hydrometeorology, 8, 1049-1067, 2007.

Burgess, C. P, Taylor, M. A., Stephenson, T., and Mandal, A.: Frequency analysis, infilling and trends for extreme precipitation for Jamaica
(1895-2100), Journal of Hydrology: Regional Studies, 3, 424-443, 2015.

Caine, N.: The rainfall intensity-duration control of shallow landslides and debris flows, Geografiska annaler: series A, physical geography,
62,23-27, 1980.

Collalti, D. and Strobl, E.: Economic damages due to extreme precipitation during tropical storms: evidence from Jamaica, Natural Hazards,
110, 2059-2086, 2022.

De Michele, C., Salvadori, G., Vezzoli, R., and Pecora, S.: Multivariate assessment of droughts: Frequency analysis and dynamic return
period, Water Resources Research, 49, 6985-6994, 2013.

Gencer, E.: An overview of urban vulnerability to natural disasters and climate change in Central America & the Caribbean Region, 2013.

Gilewski, P. and Nawalany, M.: Inter-comparison of rain-gauge, radar, and satellite (IMERG GPM) precipitation estimates performance for
rainfall-runoff modeling in a mountainous catchment in Poland, Water, 10, 1665, 2018.

Grgnneberg, S. and Hjort, N. L.: The copula information criteria, Scandinavian Journal of Statistics, 41, 436459, 2014.

Hofert, M., Méchler, M., and McNeil, A. J.: Likelihood inference for Archimedean copulas in high dimensions under known margins, Journal
of Multivariate Analysis, 110, 133-150, 2012.

Hofert, M., Kojadinovic, 1., Méchler, M., and Yan, J.: Elements of copula modeling with R, Springer, 2018.

Huff, F. A.: Time distribution of rainfall in heavy storms, Water resources research, 3, 1007-1019, 1967.

Huffman, G. J., Bolvin, D. T., Nelkin, E. J., et al.: Integrated Multi-satellitE Retrievals for GPM (IMERG) technical documentation,
NASA/GSFC Code, 612, 2019, 2015.

IPCC: Summary for Policymakers, in: Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation, pp.
3-21, Cambridge University Press, 2012.

Joe, H.: Dependence modeling with copulas, Chapman Hall/CRC Monographs on Statistics Applied Probability, 2014.

Jonkman, S. N.: Global perspectives on loss of human life caused by floods, Natural hazards, 34, 151-175, 2005.

Keefer, D. K., Wilson, R. C., Mark, R. K., Brabb, E. E., Brown, W. M., Ellen, S. D., Harp, E. L., Wieczorek, G. F., Alger, C. S., and Zatkin,
R. S.: Real-time landslide warning during heavy rainfall, Science, 238, 921-925, 1987.

Kojadinovic, I. and Yan, J.: Modeling multivariate distributions with continuous margins using the copula R package, Journal of Statistical
Software, 34, 1-20, 2010.

20



360

365

370

375

380

385

390

395

https://doi.org/10.5194/nhess-2023-162
Preprint. Discussion started: 19 September 2023
(© Author(s) 2023. CC BY 4.0 License.

Koutsoyiannis, D., Kozonis, D., and Manetas, A.: A mathematical framework for studying rainfall intensity-duration-frequency relationships,
Journal of hydrology, 206, 118-135, 1998.

Laing, A. G.: Cases of heavy precipitation and flash floods in the Caribbean during El Nifio winters, Journal of Hydrometeorology, 5,
577-594, 2004.

Li, H., Wang, D., Singh, V. P., Wang, Y., Wu, J., Wu, J., Liu, J., Zou, Y., He, R., and Zhang, J.: Non-stationary frequency analysis of annual
extreme rainfall volume and intensity using Archimedean copulas: A case study in eastern China, Journal of hydrology, 571, 114-131,
2019.

Linkin, M. E.: Excess Rainfall Product for the Caribbean Region-Developed by The CCRIF and Swiss Re, in: AGU Fall Meeting Abstracts,
vol. 2014, pp. NH51C-04, 2014.

Lumbroso, D., Boyce, S., Bast, H., and Walmsley, N.: The challenges of developing rainfall intensity—duration—frequency curves and national
flood hazard maps for the Caribbean, Journal of Flood Risk Management, 4, 42-52, 2011.

Monioudi, . N., Asariotis, R., Becker, A., Bhat, C., Dowding-Gooden, D., Esteban, M., Feyen, L., Mentaschi, L., Nikolaou, A., Nurse, L.,
et al.: Climate change impacts on critical international transportation assets of Caribbean Small Island Developing States (SIDS): the case
of Jamaica and Saint Lucia, Regional Environmental Change, 18, 2211-2225, 2018.

Nandi, A., Mandal, A., Wilson, M., and Smith, D.: Flood hazard mapping in Jamaica using principal component analysis and logistic
regression, Environmental Earth Sciences, 75, 1-16, 2016.

Nelsen, R. B.: An introduction to copulas, Springer Science & Business Media, 2007.

Nkemdirim, L. C.: Spatial and seasonal distribution of rainfall and runoff in Jamaica, Geographical Review, pp. 288-301, 1979.

Norbiato, D., Borga, M., Degli Esposti, S., Gaume, E., and Anquetin, S.: Flash flood warning based on rainfall thresholds and soil moisture
conditions: An assessment for gauged and ungauged basins, Journal of Hydrology, 362, 274-290, 2008.

Peterson, T. C., Taylor, M. A., Demeritte, R., Duncombe, D. L., Burton, S., Thompson, F., Porter, A., Mercedes, M., Villegas, E., Semex-
ant Fils, R., et al.: Recent changes in climate extremes in the Caribbean region, Journal of Geophysical Research: Atmospheres, 107,
ACL-16, 2002.

Pinos, J. and Quesada-Roman, A.: Flood risk-related research trends in Latin America and the Caribbean, Water, 14, 10, 2021.

Salvadori, G. and De Michele, C.: Frequency analysis via copulas: Theoretical aspects and applications to hydrological events, Water re-
sources research, 40, 2004.

Salvadori, G., Durante, F., De Michele, C., Bernardi, M., and Petrella, L.: A multivariate copula-based framework for dealing with hazard
scenarios and failure probabilities, Water Resources Research, 52, 3701-3721, 2016.

Singh, V. P. and Zhang, L.: IDF curves using the Frank Archimedean copula, Journal of hydrologic engineering, 12, 651-662, 2007.

Spencer, N. and Polachek, S.: Hurricane watch: Battening down the effects of the storm on local crop production, Ecological Economics,
120, 234-240, 2015.

Tang, G., Clark, M. P,, Papalexiou, S. M., Ma, Z., and Hong, Y.: Have satellite precipitation products improved over last two decades? A
comprehensive comparison of GPM IMERG with nine satellite and reanalysis datasets, Remote sensing of environment, 240, 111697,
2020.

Wilson, M., Mandal, A., Taylor, M., Burgess, C., Campbell, J., and Stepphenson, T.: Flood Risk and Climate Change in Negril, Jamaica:
An Assessment of Combined Terrestrial and Coastal Flood Risk Driven by Projections of Future Climate, in: WCrP Conference for Latin

America and the Caribbean: Developing, Linking and Applying Climate knowledge, Montevideo, Uruguay, March, pp. 17-21, 2014.

21



https://doi.org/10.5194/nhess-2023-162
Preprint. Discussion started: 19 September 2023
(© Author(s) 2023. CC BY 4.0 License.

Zscheischler, J., Orth, R., and Seneviratne, S. I.: Bivariate return periods of temperature and precipitation explain a large fraction of European

crop yields, Biogeosciences, 14, 3309-3320, 2017.

22



