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Abstract A water resources index based on weight-
accumulated precipitation over the passage of time in
heavy rainfall events is used in this study for monitoring
flood risk and peak danger, as well as to develop flood
warnings. In this research, an hourly water resources
index (WRI,,) based on rainfall accumulations over the
passage of time is proposed. WRI,, is able to monitor
flood risk by taking into account the hourly effective
precipitation that accumulates the precipitation (Py,) of
both current and antecedent hours, while the contribu-
tions from the preceding hours is subjected to a time-
dependent reduction function that addresses the deple-
tion of water volume by various hydrological processes
(e.g., discharge, runoff, evapotranspiration). By
converting rainfall into a water resources index (WR/),
the hourly precipitation over a 24-h period is
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redistributed to formulate a long-term water resources
index (WRI,.;) that monitors flood status based on
long-term (more than 1 year) fluctuations in Py, and a
short-term water resources index (WRIp..s) that con-
siders shorter (D = 24—148 hourly) accumulations of the
Py, data. WRI was assessed for its potential in flood
monitoring at two hydrologically diverse sites: Dobong
(South Korea; August 1998) and Brisbane (Australia;
December 2010-January 2011), and its applicability
was verified using river water level (H) measurements
at hydrological stations. The power spectrum density
and spectral coherence of hourly rainfall, river water
level, and the corresponding WRI showed good agree-
ments, as did the low and high frequency wavelet com-
ponents using the discrete wavelet transform algorithm.
Importantly, WRI,4.1,,.s computed over 24 hourly accu-
mulation periods was able to mimic the risk of short-
term (flash-style) floods caused by concentrated rainfall,
whereas WRI,,; was more useful for flood risk assess-
ment caused by an event over a long-term period. Dy-
namical changes in H were closely in-phase with the
patterns of change noted in the WRI,, over the respective
temporal scale. We conclude that the proposed WRI was
able to replicate the flood evolution over the passage of
time and, therefore, could possibly aid in the early
warning of water-related disasters, demonstrating its
practicality for continuous monitoring of the flood risk
when a sustained period of rainfall event is observed.
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Nomenclature

API Anterior Precipitation Index

D Summation period
(e.g., 24,48, 72... 365)

H River height (m)

m Timescale (days)

Py Hourly raw rainfall

P, Daily raw rainfall

Pg Daily effective rainfall

P Maximum monthly precipitation

Py, Hourly raw rainfall (¢ = the specific
time, e.g., 1,2, ..., 24 h)

Pg Hourly effective rainfall

Obr River discharge rate (m* s ')

SPI Standardized Precipitation Index

t Timescale (hours)

w Weighting factor

WRI Water Resources Index

WR[] 48-hr-S 148 hourly WRI

WRI- 24-hr-S 24 hourly WRI

WRI4g 1 48 hourly WRI

WR[72-hr—S 72 hourly WRI

WR[96-hr-S 96 hourly WRI

WRIL,, Hourly Water Resources Index

WRI,.1. Long-term hourly Water
Resources Index

WRI,s Short-term hourly Water
Resources Index

Subscript Short-term (nominally 24, 48, 72,

“S” and 96 hourly)

Subscript Long-term (nominally 365 days

“L” or more)

Subscript 24 hourly

wyg»
All units are in mm unless stated
otherwise.

Introduction

Global climate models are important for large-scale
climate projections but they often have challenges in
simulating localized and timely concentration of rain-
water volume that can cause a flood hazard due to high-
intensity rainfall occurring at random or short-duration
intervals. Statistical metrics that explore trends in
monthly rainfall (e.g., Seiler et al. 2002) and daily
indices (e.g., Deo et al. 2015; Lu 2009; Nosrati et al.
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2011) do not adequately represent the risk caused by
short-duration events (IPCC 2001). For a local assess-
ment of a flood hazard, the probability of an event is
intrinsically dependent on the rain intensity and its ac-
cumulation in a sizable volume of water. However,
flood risk is moderated by redistribution of this rainwa-
ter over the passage of time due to many hydrological
factors such as suction, seepage, drainage discharge,
topography and evapotranspiration, infiltration, and per-
colation (Lu 2009; Ma et al. 2014). Due to the difficulty
of measuring any of these parameters, especially over a
short-term period and the stochastic nature of a rainfall
event, a simple and robust method that is able to monitor
the progression of a flood event is a useful tool for flood
risk management.

Many parts of South Korea and Australia experience
intense flooding. In Korea, the risk is high in the ty-
phoon season (Ghosh et al. 2015; HRFCO 2014; Moon
and Kim 2015), while in Australia, a La Nina event is
associated with floods largely in eastern Queensland and
New South Wales (Keogh et al. 2011; Seqwater 2011).
South Korean floods result in an annual loss of approx-
imately $US1.2 billion (Ghosh et al. 2015). For exam-
ple, the July 2011 Seoul flood killed 49 people and left
more than 77 dead or missing. At least 86 power outages
were recorded following landslides that affected
125,000 people with 11,000 Koreans forced to evacuate.
Similarly, in Australia, almost 93% of all damages to
buildings from 1900 to 2003 were attributable to cy-
clones and floods (Crompton 2011). From 1971 to
2003, floods accounted for about 29% of all natural
disasters, with a total cost of $US240 million (BTRE
2002). In particular, the December 2010-January 2011
flood event, which is used as a case study in this paper,
was highly catastrophic, and resulted in more than
56,000 insurance payouts worth $US2.00 billion (Box
et al. 2013; van den Honert and McAneney 2011).
Studies of flood behavior over short-term periods re-
quires novel methods that can monitor the flood pro-
gression over the passage of time and that can be used to
help inform the public of an upcoming flood event.

In Australia and Korea, flood monitoring is under-
taken in conjunction with weather forecasts to provide
an advanced warning or seasonal forecasts of a height-
ened chance of a flood in the upcoming months. In both
nations, an estimation of river heights, streamflow, time
of rainfall occurrence, and peak flow rates at a specified
point in time resulting from changes in rainfall are
carried out continuously. The Australian Bureau of
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Meteorology, in partnership with agencies at state and
local government levels, provides water level forecasts
in rivers at critical locations. Local governments and
emergency agencies interpret the river water level fore-
casts and provide advice on floods. Approaches such as
radar and satellite images are used for tracking heavy
rain movement, and generally rainfall in the next 1 to4 h
are forecasted based on the images in combination with
computer models. Despite their overall effectiveness,
these methods are time-consuming, expensive, and
complex to implement in geographically diverse loca-
tions (Inquiry 2011; NCC 2011; Seqwater 2011; Yeo
2002).

In Korea, now-casting systems for floods are in place
where these inter-connected monitoring systems warn
against disasters. They comprise the Cell Broadcasting
Service mobile phone message system, automatic verbal
notification system, automatic rainfall warning system,
disaster notification board system, TV disaster warning
broadcasting systems, and the radio disaster warning
broadcasting system (Ghosh et al. 2015; HRFCO
2014; Lee and Hur 2000; Park 2006). In addition, alter-
native flood warning systems are being explored in
Korea. For example, one new approach involves an
urban flood warning system that predicts flash rain by
radar and satellite images to rapidly predict inland
flooded areas for rapid decision-making (Moon and
Kim 2015). While these systems are also effective, they
are expensive. As such, there is a need for affordable
approaches to continuously monitor flood events (e.g.,
Deo et al. 2015; Georgakakos 2006; Nosrati et al. 2011)
to help design flood warning systems.

Development of a flood system over hourly periods
has been explored by researchers. Beck et al. (2015)
noted that rainfall events exhibit spatio-temporal vari-
ability in early morning and afternoon, and therefore,
daily average data is inappropriate for risk detection.
Helloco et al. (2003) tested a satellite system for flash
floods in Garonne sub-basins using hourly rainfall radar
images. Flash Flood Guidance is used to provide global-
scale flood monitoring using hourly to six hourly rain-
fall data for streams that range in size from 25 to
200 km? (Hill et al. 2010). The NWS River Forecast
system, based on the Sacramento Model (Burnash and
Singh 1995), is a standard flood model in the USA while
in Australia, RORB (Laurenson et al. 1995) is
employed. A new warning system (“Hydrological Flood
Intelligence,” HyFI) was developed by the Australian
Bureau of Meteorology that collects rainfall and river

data from 3000 river and 3500 gauge sites on an hourly
basis, coupled with statistical and modeling tools ap-
plied to construct a warning system (Jayasuriya et al.
2011). Although HyFI is a reliable system, it is not very
flexible, and it does not support new hydrological
models and forecasting tools or improved rainfall prod-
ucts (BOM 2012). Moreover hydrological models in-
corporate physical (i.e., rainfall runoff) equations that
are approximations of reality; hence, the output may not
be able to exactly predict the risk of a flood event at an
operational level (Jonsdottir et al. 2006).

In general, flood disasters are dependent on several
characteristics (e.g., peak rainfall intensity, rainfall event
duration) (Gaal et al. 2014). In order to monitor a flood
risk during and after a rain event, a statistical method
that utilizes hydrologically relevant data is an a priori
stratagem. As flood impacts are of a quantitative nature
by virtue of their dependence on accumulated water
volume, the timing and rainfall amount is proportional
to risk (Doswell et al. 1996). A metric should monitor
the magnitude of rainfall changes and subsequent flood
extent based on how the water volume dissipates over
time (Deo et al. 2015). Ideally, it should assess progres-
sive water accumulations that can trigger a flood within
and after a heavy rain period, and more importantly, it
must operate over short-term (e.g., hourly) periods, in
order to identify the subtle changes in risk (Lu 2009,
2012; Lu et al. 2013).

In a recent study (Deo et al. 2015) which followed
earlier work by the authors of this paper (Byun and
Jung 1998; Byun and Lee 2002; Choi et al. 2012; Lu
2009; Nosrati et al. 2011), a flood index based on
daily effective precipitation (Pg) was found to be
useful for flood monitoring in Queensland. Pg was
a weighted sum of current and antecedent rainfall,
and a time-dependent reduction formula was applied
on the recent (vs. older) rainfall to account for water
accumulation due to hydrological factors (An and
Kim 1998; Lee 1998). This index exhibited a peak
in a flood period that corresponded to a rise in the
Available Water Resources Index (AWRI) (Byun and
Lee 2002), and a change in its magnitude was in-
phase with river water levels for the Brisbane flood in
December 2010-January 2011. Although this index
was verified for flood assessment, it was restricted to
a daily time step. However, for a short period, high-
intensity event which triggers a rapid response (e.g.,
flash flood), an hourly water resources index is a
better measure of the flood risk (Chen et al. 2015).
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The novelty of this paper is to advance the concept of
flood monitoring with the AWRI (e.g., (Byun and Jung
1998; Lu 2009; Lu et al. 2015; Nosrati et al. 2011) and
formulate a new Water Resources Index (WR/) for hour-
ly monitoring of a flood event considering rainfall ac-
cumulation redistributed by an objective formula fac-
tored viz a time-dependent function. With an overall
purpose to validate the robustness of the proposed meth-
od for hydrologically diverse contexts, the specific aims
of this paper are fourfold: (1) to develop an easy-to-
interpret, hourly-based WRI (WRI,,,) that allows for con-
tinuous flood risk monitoring; (2) to construct a short-
term water resources index (WRI4.p.s) with rainfall
accumulation over a daily (i.e., 24 hours) to weekly
(i.e., 7 days or 168 h) period; (3) to construct a long-
term water resources index (WR/,.;) with hourly rain-
fall accumulations over a precipitation cycle (365 days)
considering current and antecedent (redistributed) rain-
fall; and (4) to verify the robustness of WRI,,.s for short-
term (flash flood) application using dam outflow data
and WRI,,. for large-scale flooding situations, inunda-
tions, or evacuation warning using river water heights.
To accomplish this, case studies were explored at vulner-
able sites in Brisbane, Australia, and Dobong Observatory,
South Korea, which have experienced chronic and cata-
strophic flooding (Box et al. 2013; Deo et al. 2015; Inquiry
2011; Khan et al. 2014; O'Brien 2011). In addition, re-
cords of water disasters (e.g., inundations, landslides,
evacuations) were collated from newspapers and gov-
ernment and non-government agencies to verify the
ability of WRI to indicate damages due to a flood event.

Materials and methods
Study area and hydrological data

In accordance with previous research (Box et al. 2013;
Deo etal. 2015; Inquiry 2011; Khan et al. 2014; O'Brien
2011), flood-prone zone sites in our case study include
Dobong Observatory, South Korea (WMO ID 47406,
43.56° N, 141.37° E) and the Brisbane River, Queens-
land (BOM 1D 143007A; 26.80° S; 152.28° E). We
purposely selected two study sites (in two different
countries) that exhibit unique different hydrological
characteristics and, therefore, provide a robust assess-
ment of the proposed flood monitoring index. Dobong is
located in the outskirts of Seoul within an urban branch
of the Han River that experiences significant flooding
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events (HRFCO 2014; Lee and Hur 2000; Moon and
Kim 2015), while the Brisbane River (the longest river
in southeast Queensland) which merges with Stanley
River downstream of Somerset Dam, is in Lockyer
Valley, which experienced Australia’s worst flood
(Box et al. 2013; van den Honert and McAneney
2011) (Fig. 1).

Data consists of hourly precipitation (Py,;) from 01
January 1998 to 31 December 2013 for Dobong Obser-
vatory, acquired from the Han River Flood Control
Office (HRFCO 2014) and 01 January 2008 to 31
December 2013 for the Brisbane River, acquired from
the Queensland Water Monitoring Data Portal, Depart-
ment of Environment and Resource Management
(DNRM 2014). It is important to clarify that these data
are for the most intense rainfall periods. For example,
for Australia, the data were taken from a period where
intense floods were experienced during the November
2010 to January 2011 flood events, as used in previous
studies (Deo et al. 2015). In addition to the P, data, the
secondary data applied for validation purposes were
based on average river heights (H) for each hourly
period. For Dobong Observatory, H were acquired for
Jungryang Stream (approximately 9.2 km from the site)
while for Brisbane, H were available at the river site
where Py, were recorded. The period over which data
were available covered the catastrophic flood events at
both locations (including the August 1998 event for
Dobong and the December 2010-January 2011 event
for Brisbane).

In order to also examine the link between WRI and
water-related disasters, anecdotal records of flood dates
and extents of inundation, landslides, evacuations, etc.,
for the August 1998 event in Dobong Observatory site
were acquired. The records acquired from online and
printed newspaper sources and reports and magazine
articles (HRFCO 2014; Lee and Hur 2000; MOLIT
1999, 2014; Yonhapnews 1998) provide information
on the estimated time of disasters. It is important to note
that only major water-related disasters in the August
1998 flood event in Seoul are considered for comparison
with the hourly WRIs, as an exhaustive list of all (major
as well as minor events) damages is difficult to collate.

In terms of hydrological statistics (Table 1), the
mean, minimum, and maximum annual precipitation at
Dobong Observatory is twofold larger than Brisbane,
and the standard deviation is 9% higher. Although the
difference in mean and minimum river height (/) for the
sites are similar, the maximum H value at Brisbane is =
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Fig. 1 a Map of Seoul, Korea (left) with inundated areas (red)
near Jungryang Stream (blue) and nearby topography (right) (Lee
and Hur 2000). The thicker blue line shows Han River and Eastern
Trunk Road and dotted shows the Eastern Trunk Road (inundated

40% larger than the maximum H recorded at Dobong
Observatory for the two flood cases considered. It is
noteworthy that the maximum H occurred at 05:00 am
LST (11 January 2011) for the Brisbane site and at

Brisbane River
(Linville)

August 1998). b Map of Queensland, Australia (left) with Bris-
bane River (Linville) site (middle) and its topography (right). The
thick blue line shows the river from the study site to the river's
major inlet (Deo et al. 2015; van den Honert and McAneney 2011)

07:00 am LST (06 August 1998) for the Jungryang
Bridge. In terms of monthly climatology (Fig. 2), an
opposite trend is noted for the two sites where the
summer (December—January) period is extremely wet

@ Springer
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(for Brisbane), but the winter (July—August) period is
dry. In contrast, for Dobong Observatory, most of the
recorded rainfall is concentrated from July—August, but
the maximum hourly water level is recorded in the
August 1998 flood event. In summary, the diverse hy-
drological conditions recorded for the two study sites are
thus useful for testing the versatility of the proposed
WRI,,, for flood monitoring.

Physical rationale

In this study, we assume that the variation of flood
extent can be understood in the way that the flood
progression is assessed by monitoring the changes in
accumulated volume of water resources' over the pas-
sage of time as a result of, and during, a series of heavy
rain events (Deo et al. 2015; Godt et al. 2006; Lu 2009;
Yu etal. 2006). The task of accurately measuring rainfall
distribution, infiltration and individual factors (e.g., run-
off or evapotranspiration) that acts to moderate the
depletion of water in geographically diverse study sites
is difficult (Sassa and Canuti 2008). However, rainfall
data from a measurement gauge, which can be easily
acquired, and which can be used to examine the flood
risk based on a statistical formula, is an ideal parameter
for flood assessment. Consequently, statistical relation-
ships between changes in precipitation, river and
streamflow discharge used in rainfall-runoff models
have been used to quantify the effect of antecedent
soil-water content on flood risk in a period preceding
the heavy rainfall event. Following earlier work on daily
and monthly flood monitoring (Deo et al. 2015; Du et al.
2013; Lu 2009; Nosrati et al. 2011; Seiler et al. 2002),
this study develops an hourly water resources index
(WRI,,) to allow for continuous monitoring of flood risk.

In general, any form of WR/ should utilize the logic
that the risk of a flood will rely not only on the current
but also on the pre-existing rainfall, over a spatio-
temporal domain. Therefore, the concept of “effective”
precipitation (Pg_,,) which in this work has been
adopted from earlier papers (Deo et al. 2015; Nosrati
et al. 2011) was similar to the “weighted average
precipitation” proposed for daily flood monitoring (Lu
2009). In this study, the WRI,, was formulated by

! The concept of “water resources” in this study is interpreted in the
context of accumulated precipitation over time and therefore precludes
other forms of water resources (e.g., drinking water, ground water,
agricultural, industrial, household, recreational and environmental
activities).
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superposition of the current day’s hourly single input
rainfall (P) onto an antecedent hour’s P. The conversion
of hourly P into accumulated volume of water was
governed by a time-dependent reduction function (e.g.,
(Deo et al. 2015; Lu 2009).

Denoting P, =daily rainfall where m (1<m <
365 days), and N is the duration of the summation of
the antecedent (or preceding) period (nominally
365 days for the usual hydrological cycle), then Py for
the current (ith) day can be written as (Byun and Lee
2002; Deo et al. 2015):

N
P 1)
ETEN
P+ P P, +P,+P
_p D 2 1 2+ P L
2 3
Pr+Py+ P+ + Pigs
2
+ 365 2)

(it lipd
- 23 365

11 1 1
+P2<2+3+ +365)+ +P365<3“> 3)

The normalized form of Egs. (1-3) is used to repre-
sent the WRI per day viz:

wrr, = CE —p ¢ {PW-1)} {P3 (W_l_%)}

W w w
11
N {ri(v-5-3)} ‘e @)
w
Pags [ Wel—imo 4 L
N 365 2 365
W

Note that (WEI + % + % + .. %) is a weighting factor
summed over an annual precipitation cycle developed in
Byun and Wilhite (1999) and used in other studies (e.g.,
(Deo et al. 2015; Nosrati et al. 2011). It considers the
contribution strength of earlier day P applied in the

context of flood risk monitoring (Lu 2009).
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Table 1 Hydrological statistics for study locations averaged from 1998 to 2013 (Dobong Observatory, South Korea) and 2008 to 2013

(Brisbane River at Linville, Australia)

ID Station name Location Elevation Missing data Precipitation, P (mm year ')
(m)
Mean Standard Max Min
deviation
Weather stations
143007A Brisbane River at 26.804° S, 124 0.12% 864.5 2814 1202.0 (January 2011)  568.0
Linville 152.274° E
47406 Dobong 37.666° N, 55.5 Estimated by the 1642.5 305.6 2273.0 (August 1998)  1206.0
Observatory 127.029° E government®
Hydrological stations
Hourly river heights, H (m) based on hourly
data
Mean Standard Max Min
deviation
143007A Brisbane River at 26.804° S, 124 0.69% 056 051 11.05 0.07
Linville 152.274°E [11 Jan 2011 at 5 am]
1018675 Jungryang River 37.583°N 55 10.18% 0.58  0.56 6.55 —0.05
127.067° E [06 Aug 1998 at 7 am]

Brisbane river discharge rate, Opr (ml hh

27.65 0.49 1.55x10* 0
[11 Jan 2011 at 5 am]

Only the discharge rate data for the Brisbane River were available

 Information on the actual method of data recovery not readily available

Equation (4) illustrates mathematically how the raw
P,, is objectively converted to Pg for any ith day, where
the antecedent P is represented in a rational manner with
reduced weighting to accommodate for the loss of water
resources over the passage of time. A similar notion is
utilized in earlier studies on flood and drought analysis
(Byun and Wilhite 1999; Deo et al. 2015; Lu 20009,
2012; Luetal. 2013; Lu et al. 2015; Nosrati et al. 2011).

According to Eq. (4), Pg is likely to represent all
rainfall received on the ith day, =85% on the day (i —
1), =77% on the day (i — 2), and so on, up to ~0.0423%
on the day (i — 365). Note that here, we are considering a
summation period up to an annual cycle.” However, the
365 days used in Eq. (4) can be extended to more days
when the wet season continues for more than 1 year, as
shown in Byun and Wilhite (1999).

A statistical representation of weighted-rainfall accu-
mulation is employed in an objective manner to account
for the diminishing contribution of P, into a volume of
water by hydrological factors (e.g., runoff, evapotrans-
piration, percolation, discharge) that can moderate the

2 For any given leap year, the daily P value for 29 February was added
to the P value for 01 March.

flood extent (Byun and Lee 2002; Kim et al. 2009). This
notion concurs with the physical principle for depletion
in water resources incorporated in rainfall-runoff
models (Jakeman and Hornberger 1993; Lee and
Huang 2013), daily assessment of flood risk (Deo
et al. 2015; Lu 2009, 2012; Lu et al. 2013; Lu et al.
2015), and the subsequent changes in soil moisture
(Yamaguchi and Shinoda 2002). In general, if WRI is
sufficiently large, the volume of rainfall accumulation is
considered to be relatively high, indicating a larger
possibility of a flood (Deo et al. 2015; Han and Byun
2006; Nosrati et al. 2011).

Many studies utilized a daily version of WR/ and its
subsequent variant for drought and flood assessment
(Byun and Wilhite 1999; Deo et al. 2015; Dogan et al.
2012; Kim et al. 2014; Kim et al. 2009; Kim et al. 2011;
Lee and Huang 2013; Lee 1998; Lu 2009, 2012; Lu
et al. 2013; Oh et al. 2015; Park et al. 2015a; Park et al.
2015b) and the index in its current form is restricted to
an assessment of water accumulation for daily time
steps. From a practical point of view, a flood event can
be better monitored with a mathematical model where
hourly rainfall is converted to effective precipitation that
is likely to elevate the risk of the event (Arnaud et al.

@ Springer
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Fig. 2 Monthly hydrological a 600 25
cycle with mean and standard - P
deviation of rainfall (P, P,) and 500
river water level (ﬁ, H,,). a ® H o r 2.0 =
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2007; Badrzadeh et al. 2015; Econopouly et al. 1990;
Toth et al. 2000; Woolhiser and Osborn 1985).

To formulate an hourly metric, a statistical evolution
of water volume due to hourly rainfall is proposed.
Figure 3 plots the WRI for day 7, i— 1 and i—2 (i.e.,
current day and two antecedent days). In accordance
with Eq. (4), maximum water volume accumulated
due to Pg is 1 (denoted AD), 0.85 (denoted 1J), and
0.77 (denoted HK) for the current and antecedent 2 days,
respectively. Hence, the reflected ratio of hourly rainfall
on WRI per day, where the likelihood of a flood risk is
based on the redistributed rainfall per day, is proposed.

In Fig. 3, let us consider rectangle ABCD where the
quantity of accumulated water volume in terms of the
area covered for this day (1) is 3.60 (i.e., 24 x (1-0.85)).
Since line segment CD and AE have equal sizes (=
0.15), the coordinate (¢, WRI) at point C and point E
are positioned at (25, 0.85) and (1, 1.15). By this anal-
ogy, the area of triangle BCE is equal to the area of
rectangular ABCD (in other words, the quantity of water
(=3.60), for day 1, is identical to the redistributed value
stipulated in triangle BCE).

@ Springer

In accordance with earlier research (Deo et al.
2015; Kim et al. 2009; Nosrati et al. 2011), the
remaining quantity of water at point C positioned at
the end of 24 h for day 1, is estimated to be ~85%
of the quantity at point A (100% at the start of the
day) to satisfy Eqgs. (1-3). Following the principles
stipulated in Deo et al. (2015) and Lu (2009), a
time-dependent function is applied to estimate the
hourly water in terms of the redistributed rainfall
per hour. Consequently, the remaining water
redistributed over a 24 hourly period is proposed
as:

24
Pijr = Y [P, x (—0.0125¢ 4 1.1625)] (5)

t=1

where Py, = hourly rainfall at the respective time-
scale, ¢ (hours), and Pg.p,, = hourly effective precip-
itation over a duration of 1 to 24 h that represents
the redistributed water resources for this period.
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Fig. 3 a Representation of the weighted contribution of daily
precipitation (P) converted to effective precipitation (Pg) for an-
nual cycle (N=365 days). b Reflected ratio of P; on Available
Water Resources Index (AWRI) per day, with the redistributed
hourly precipitation for each ith day where reflected ratio of Py

Day /7

The hourly long-term water resources index (WRI,.1)
is written as:

= P+ 0.85Pg— + 0.77Pg—y,

+..0.0423P5

It is important that WRI,.; incorporates the role of
antecedent and current rainfall and, therefore, can assess
the surplus/deficit of water with a combination of dura-
tion and accumulated amounts.

Day /—365: AWRI ~
0.001APs¢s

60 72

Day (/- 2)

into AWRI is =~ 1.00 for AWRI at the start of day i (=1 h) but 1.15

represented by long-term water resources index (WR/,,..1 ). Ratio of
Pg 1s 1.00 (day i), =0.85 (day i — 1), =0.77 (day i —2)..., 0.001

(day i — 365) in accordance with daily flood monitoring (Byun and
Lee 2002; Deo et al. 2015; Kim et al. 2009)

While the metric stipulated in Eq. (6) can be useful
for detecting the flood risk caused by rainfall accu-
mulations over the long-term (i.e., weighted summa-
tions over an annual cycle), a robust index for the
short-term risk assessment is more suitable for study-
ing the possibility of flash floods. Often, the onset of
a flash flood is noted with short lead time warning
(i.e., less than a few hours) (Lumbroso and Gaume
2012; Ruiz-Villanueva et al. 2012). In order to de-
velop a short-term metric, a modified version of Eq.
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(6), termed the hourly short-term water resources
index (WRI4.1,r-s), 18 proposed:

WRIys 1« — Proane _ Pt {Py(Waan—1)}

Waane Woane

et} et}

+ +
W24h,— W24hr

1 1
{P24 (W24hr_l_5_ + ﬂ) }

Waane

S

Here, the rainfall input is now m “hours” before
instead of m “days” in a 24-h period, and the weighting
factor (W = 3.816) incorporates the contribution of
accumulated rainfall in the latest 24 h. Alternative forms
of the short-term water resources index (WRIp_4,.g) are
proposed with different summation (or rainfall accumu-
lation) D time steps. For example, a 48 hourly period,
WRIg nr.s (W =3.479 with D =48 h), 72 hourly period,
WRI;5 s (W=4.875 with D =72 h), 96 hourly period,
WRIygnr.s (W= 5.517 with D =96 h) and a 168 hourly
period, WRI 6gnr.s (W = 5.710 with D =168 h), are
utilized to further assess the flood risk based on different
summation (D) time steps. These alternative formula-
tions are able to yield crucial information on the risk of
the flood event based on different durations and respec-
tive rainfall accumulations.

The respective time step used to represent different W
is designed to ensure that the decay of a flood effect due
to runoff, evapotranspiration, drainage, percolation, etc.,
is considered, in accordance with the “weighted average
precipitation” (Lu 2009). It is imperative to note that the
proposed conversion of hourly rainfall into a water
resources index aims to standardize the hourly rainfall
into non-zero rainfall values in the respective flood (or
non-flood) period. Consequently, the proposed metric
WRI,, presents a distinct advantage over raw hourly
rainfall data used for flood risk assessments (which are
likely to contain zero values when measured over an
hourly time step).

Results and discussion

Results

The results of the hourly water resources index for flood
risk monitoring are presented for flood-prone sites

(Dobong Observatory, South Korea; Brisbane River at

@ Springer

Linville, Australia) (Fig. 1). Although both sites were
subjected to a number of floods recorded in the hydro-
logical data series, the analysis period was from 1998 to
2002 and 2009 to 2013, respectively, as these coincided
with major flooding events in both nations. To validate
the water resources index, the time series, power spec-
trums, and wavelet transformations representing the
evolution of flood events are assessed.

In order to identify periods of major flooding in the
hydrological data series, we identified flood risk periods
using the maximum monthly long-term hourly water
resources index (WRI,.;) and its evolution relative to
peak water level and precipitation for the two study
sites. Figure 4 plots a time series of the monthly maxi-
mum precipitation (P, ) with the maximum value of
WRI,., and H. In order to verify the correspondence of
WRI,.;, with the flood extent, the hydrological state of
the sites, in terms of the mean river water level (H), were
included. Note WRI,,; was computed using hourly
rainfall totals by applying a long-term summation period
(D =365 days) and appropriate weightings to the ante-
cedent hourly rainfall following Eq. (6). Therefore, this
parameter can be interpreted as a quantitative measure
of the long-term remaining water resources in relation to
the risk of a flood event for a given month. While
comparisons of WRI,.; with H were possible at the
same site for the Brisbane River, the H data compared
with flood conditions for Dobong Observatory were
recorded at a small distance (=9.82 km) away, known
as the Jungryang Bridge.

The hydrographs for the study sites (Fig. 4a, b)
showed that the precipitation per month was very much
in-phase with the hourly WRI,41, per month and river
water levels (H) over the respective period of study,
confirmed by a two-tailed Kolmogorov-Simonov test
at a significance level of o =0.05. Consequently, the
precipitation and H data also exhibited a harmonic var-
iation with the magnitude of WRI,.;. Any changes in
monthly rainfall were mirrored by the respective chang-
es in the magnitude of the WRI,, 1, as well as the
recorded heights of the mean water level in the river
system. For the flood events analyzed at the Dobong
Observatory site (Fig. 4a), there was evidence of strong
seasonality in the monthly flood patterns, where the
month of August showed the largest recorded rainfall
(Pmax = 344.40 mm) and correspondingly, the largest
magnitude of the long-term water resources index
(WRL,.1 =22,595.22 mm). Interestingly, the river water
levels at the Jungryang Bridge in August 1998 were also
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Fig.4 Identifying flood risk periods using the maximum monthly
long-term hourly water resources index (WRI,..1 ), peak monthly
water level (Hp,ax), and monthly maximum precipitation (Pp,.x). a
Dobong Observatory, South Korea. b Brisbane River (Linville,

relatively high (H = 6.55 m) when compared to the other
months for the same site.

In contrast, the temporal patterns of monthly
floods identified for the Brisbane River site was
rather different and not as distinct in terms of its
seasonality compared to the patterns for the Dobong
Observatory site. Closer examination also showed
that the most severe flood events, in terms of their
highest recorded maximum rainfall, occurred in De-
cember 2010; this period also had the highest (peak)
value of the accumulated monthly water resources
quantified by Eq. (6) as well as an elevated height of
the Brisbane River water level. When compared
with the other flood events within the Brisbane
River site during the period 2009-2013, this event
clearly outweighed the severity encountered in past
events. Therefore, it can be ascertained that the wet
periods in August 1998 and December 2010 were
the most vulnerable months for Dobong Observatory

Australia). Simulated surface runoff data (from the atmopheric
reanalysis model for Dobong Observatory) and soil moisture data
(from the Waterdyn AWAP model for Brisbane River) are also
shown (Dee et al. 2011; Raupach et al. 2009)

and Brisbane River sites, respectively. Notwith-
standing this, it is important to mention that the
prevalence of severe flooding events within this
period of study was effectively captured by the
monthly long-term water resources index. A similar
deduction can be made by comparing the long-term
water resources index with water levels in the river
systems.

Figure 5a, b displays a scatterplot of daily totals of
the hourly short-term water resources index (WRIp p..s)
versus rainfall (Py,) accumulated for D =24, 48, and 72
hourly summation periods. Also included in each panel
is the square of the regression coefficient (%) at various
time steps considered for daily flood analysis. The
highest correlations (* = 0.906 and 0.839) were obtain-
ed for the case when the short-term water resources were
quantified over a 24-h period at both hydrological sites.
However, the level of correlation between WRI4 g
and Py, was approximately 10% higher for the Dobong
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Observatory site when compared with the Brisbane
River site. Although the difference was small, this indi-
cated that the flood metric was able to represent the
flood events more precisely for Dobong Observatory
compared to the Brisbane River site. For both sites, the
magnitude of the / appeared to decrease when the
summation period for hourly rainfall increased; the
magnitude of the 7 decreased from 0.906 to 0.662 (for
the Dobong Observatory) and 0.839 to 0.546 (for the
Brisbane River) when the summation period was
changed from a 24 hourly to a 72 hourly time step. This
confirms that the most recent rainfall was accumulated
into much of the water resources; however, with the
passage of time, this water volume dissipated gradually
and, therefore, was poorly correlated with hourly rainfall
data for longer time steps represented in the depletion
function (Eq. 7).

Hydrological data series (e.g., water resources
index) exhibit large- and small-scale periodic, ran-
dom, and stochastic variations in time and frequency
domains (Khaliq et al. 2006). Hence, a versatile
flood risk metric must detect the repetitive phenom-
enon in a flood metric relative to those present in
rainfall data. Hence, we employed the discrete
wavelet transform (DWT) algorithm (Mallat 1989,
1998) to verify the frequency components present in
WRI4 1y 1n relation to the Py, and H data. Note that
Py, and H are the raw hourly rainfall and river
heights whereas WRI,4p,,.s is the water resources
index based on rainfall accumulations with a sum-
mation period of D=24 h. The DWT process
allowed for an examination of the localized modu-
lations in scale (inverse of frequency, analogous to
period) and amplitudes of WRI4p..s that was not
possible with traditional hydrographs. A dyadic grid
was developed where discrete wavelet coefficients
(DWC) corresponding to powers of two were chosen
to decompose the signal (Py;, WR4.pr-s, and H) viz
(Mallat 1998):

t— —m t—ns,r"
(2 = nf\p*<’” ”v> (8)
' r

mn
r()

A level of similarity was identified using
Daubechies-5 mother wavelet function, ¥,, , at different
scales and translation periods where m, n = integers that
denote the magnitude of wavelet compression/
expansion and translation, respectively, (r,> 1) = spec-
ified dilation step and (so>0) = location parameter.
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Assuming ro=2 and s,=1, the DWT function was
given by (Kisi and Cimen 2011):

Z,(myn) = 272 F()wH2 ) )
t=0

where Z{(m, n) = wavelet coefficient, F(z) is a finite
(raw) time series that needs to be decomposed (=0, 1,
2,..., N— 1), n = time translation parameter between 0 <
n<2™™ _ 1, and m = magnitude compression/
expansion parameter (1 <m < M) (Fig. 6).

Figure 5 illustrates DWCs generated from hourly
precipitation (Py,) and the short-term water resources
index (WRL41,.s) at one level of approximation and
four levels of detail for Dobong Observatory. It was
noteworthy that large-scale frequencies contained in
WRI,4 1r.s (denoted by approximation A3) were in good
agreement with frequencies in Payp,,, and both were in
close parity with the original rainfall data. The small-
scale (detailed) frequency components (D1, D2,... D5)
were also in-phase. Taken together, this illustration con-
firms that the progression of flood risk based on both the
low and the high frequency information in hourly rain-
fall data are well represented in the hourly water re-
sources index.

For a statistical evaluation of the WRI,4 .5 in rela-
tion to its skill for flood risk monitoring, we assessed the
cross correlation coefficient (7o) between DWCs of
hourly rainfall and hourly river water level with the
DWCs of WRI,,, for the Brisbane River (Linville) using
the data from November 2010 to January 2011. It is
important to mention that cross correlations measured
the similarity between WRI,4,, and shifted (lagged)
copies of Py, and H.

For a real-time series, x; = (x1, X;... X3y— 1) and y = (3,
V5... ¥y— 1), the covariance is given by (Deo et al. 2017):

min(M—1+k,N—1)
¢xy,k: Z xj*k7k:_(M+1)7”'707'”7(N_1)
Jj=max(0,k)

(10)

where the cross correlation coefficient, 7. is defined
as

Py (1)

s (11)
$xx(0),,(0)

rcross(t) =

such that the quantity r.,.(?) is expected to vary be-
tween — 1 and 1.
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Fig.5 Scatterplot of daily total of hourly precipitation (Py,) versus the daily water resources index (WRIp_y,,.g) for D =24, 48, and 72 hourly
accumulation periods. a Dobong Observatory (South Korea). b Brisbane River (Linville, Australia)

In Table 2, we check the correlation of DWCs ac-
quired from data series of Py, and H with WRIp g over
the short-term (D = 24, 48, 96, 120, and 148 h) and long-
term (WRI,..1 ) periods for the case of the Brisbane River
(Linville) in the November 2010 and January 2011 flood
period. As expected, the DWCs yielded the highest
degree of correlation between P}, and WRIp4 s data
series (7eoss ~0.703-0.959), indicating that the largest
amount of water resources emanates from the rainfall
accumulated from the recent 24-h period (Table 2).
However, based on wavelet-decomposed DWCs, the
highest degree of correlation between Py, and WRIp4 .
s was obtained for the largest-scale approximation term
(Feross = 0.959), followed by its respective detailed com-
ponents D1 (=0.910), D2, and D3 (= 0.608-0.626) and
D4 and D5 (= 0.703).

It was also interesting to note that the level of corre-
lation, as determined by low and high frequency DWCs,
decreased gradually as the time step of the water accu-
mulation period was increased. This agreed with the

mathematical formulation of the decay in water re-
sources over the passage of time (Egs. 1-7). Hence,
when correlations of the DWCs of hourly rainfall with
long-term water resources were assessed, the magnitude
of 7eross yielded 0.107-0.856. Also, the correlation be-
tween H and Py, rainfall yielded a relatively large mag-
nitude for approximation terms whereas those for de-
tailed components were very low (—0.026-0.095). This
shows that the hourly rainfall data alone is perhaps
insufficient to explain the dynamical changes in river
water levels and the corresponding possibility of large-
scale flooding.

In terms of DWCs acquired from river water level
and water resources indices (i.e., Table 2), the correla-
tion of approximation terms and fourth and fifth levels
of decompositions were notably high (i.e., 0.567-0.924
and 0.582-0.749, respectively), whereas those for D1,
D2, and D3 were low. While this was in fact true for all
time steps, the correlation of approximation terms were
the highest when the original A and WRI 45,5 data
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series were decomposed. Additionally, when the
decomposed DWCs for H and WRI; were considered,
the degree of correlation was the highest at the fourth
and fifth level of details, which exceeded the magni-
tudes obtained for DWCs of the Py, and WRI; data.
Therefore, it may be construed that an accurate moni-
toring of large-scale flood possibility (e.g., river floods)
should be performed using long-term water resources
accumulations defined by WRI i, | instead of short-term
water resource accumulations (i.e., WRI4 1,,.g). Overall,
the discrete wavelet transform of hourly rainfall, water
level, and water resources index had good agreement,
confirming the suitability of WRI for monitoring the
flood risk.

@ Springer

To explore the measured hydrological parameters
and the water resources index, the power spectrum
density ¢(f) of hourly precipitation, river water level,
and short- and long-term water resources index were
computed. A comparison of ¢(f) was interesting, as
spectrum analyses can help investigate the regularity
and/or periodicity of these discrete signals where differ-
ent time series possess different power spectral charac-
teristics (Zhou et al. 2002).

Figure 7 compares the ¢(f) plot where hourly precip-
itation with the short-term water resources index for
Dobong Observatory and the hourly river water levels
with the long-term water resources index for the Bris-
bane River (Linville, Australia) are shown. It is
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Table 2 Cross-correlation (7) between discrete wavelet transform
coefficients of (a) hourly rainfall (Py,) versus short and long-term
water resources index (WRIp4,) and (b) river water levels (H)

versus WRIp 4, for the Brisbane River (Linville) at different time
steps (D) for data between November 2010 and January 2011

(@)

WRI 96-hr-S

Py, vs. Py, vs. Py, vs. Py, vs.
WRI120.ne-s WRI 48 1es WRIy 1 H

0.824 0.791 0.256 0.736
0.899 0.897 0.856 —0.145
0.562 0.555 0.371 —0.026
0.517 0.507 0.270 —0.193
0.447 0.422 0.107 0.095
0.447 0.422 0.107 0.095

Hvs. WR]24_h,—_S Hvs. WRI4g_h_r_S Hvs. WR[()ﬁ_hr_S Hvs. WR]IZO-hr—S Hvs. WR1148_}“—_S Hvs. WR124_L

Level of P vs. WRIp i
decomposition Py, vs. Py vs. Py vs.
WRL 4 pr.s WRI43 1r-s

Approximation 0.959 0.901 0.859
Detail, D1 0.910 0.904 0.901
D2 0.626 0.590 0.572
D3 0.608 0.554 0.532
D4 0.703 0.540 0.491
D5 0.703 0.540 0.491
(b)

H vs. WRIp
Approximation 0.813 0.869 0.907
D1 -0.202 -0.202 —0.203
D2 —0.028 —0.025 -0.025
D3 —0.036 —0.009 0.000

0.921 0.924 0.567
—-0.203 —-0.203 -0.204
—-0.025 —0.026 —0.011
0.005 0.008 0.068

illustrated that the dominant peaks in ¢(f) in precipita-
tion and river water level data are mimicked by those of
short- and long-term water resources indices.

Based on ¢(f), the spectral coherence function, Cy
that compares the power spectrum densities of Py, and H
with those of the water resources indices at different
time steps, were deduced. C;, was a statistic used to
examine the relation between two signals that estimated
the power transfer between input (rainfall) and output
(water resources index) viz (Labat 2005):

2

|Gy ()]
Gulf) Gu(f)

where the signal, x(¢) was denoted by P,y and H and
(1) was the WRIy, at various time steps and G, ,(f) was
the cross-spectral density between x and y and G,(f) and
G,,(f) were the auto-spectral densities of x and y,
respectively.

For both sites, the mean spectral coherence function
registered a magnitude of C,=0.999 for the case of
Pogne and WRI4 4, with a standard deviation of zero.
As the summation time step was increased from 48 to
72 h, the magnitude of C}, decreased gradually to Cy, =
0.705, with a standard deviation of 0.217 (Dobong) and
C,,=0.996 with a standard deviation of 0.001 (Bris-
bane). It is noteworthy that when the spectral coherence

C

w(f) = (12)

of river water levels were compared with those of the
water resources indices, a significantly lower spectral
coherence and larger standard deviation was obtained.
In terms of the coherence of the long-term water re-
sources index, a magnitude of C;, =0.785 was obtained
for Dobong, whereas a relatively larger value was ob-
tained for Brisbane (C},~0.996). Although it was not
clear, this indicates that the hourly rainfall accumulation
correlates better with the long-term water resources
index for Brisbane compared to Dobong.

In Fig. 8, an analysis of the temporal evolution of
flood based on changes in hourly long-term (WRI,,.;)
and hourly short-term (24 hourly) water resources index
(WRIp4r-s) for the heavy rainfall period (4th-9th Au-
gust 1998) at Dobong Observatory site was performed.
The bars denote the hourly rainfall, while the red shows
the WRL 4 p.r-s, blue shows the WRI,,..;, and the shading
part represents the mean water level (H) at the
Jungryang Bridge site. It can be seen that the period of
analysis included four major heavy rainfall events (in-
dicated by the bar plot), where two occurred on the 4th
and 6th of August, and the other two rainfall events were
separated by just a few hours on the 8th of August.

When hours of heavy rainfall were compared with the
short-term water resources index, changes in Py, appear
to be well correlated with changes in WRL4 s, but of
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Fig. 7 A comparison of the
power spectrum, ¢(f) for a hourly
precipitation (Py,) with the short-
term water resources index
(WRIp4.1-s) for the case of
Dobong Observatory (South Ko-
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course, the magnitude of WRI,4.1,..s does not include zero
values as this represents the rainfall accumulated index.
When the Py, and WRI4 1,5 were compared via the two-
tailed Kolmogorov-Simonov test at a significance level of
o =0.05, the results confirmed that both data distribu-
tions followed similar patterns. In fact, the pattern of
change for the curve representing the short-term WR/
was close to the pattern representing the hourly rainfall
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changes, as well the pattern of water levels recorded at the
Jungryang Bridge site. It was also clear that, although
there were several zeros in the raw hourly rainfall, no zero
values were present in the computed water resources
index, and all hours were represented by their unique
values of WRI,, Clearly, the standardized form of the
WRIL,. without zeros is a distinct advantage of the flood
risk assessment metric.
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Fig. 8 Hourly monitoring of the flood risk based on the long-term
water resources index (WRI,,.; ) and the short-term water resources
index (WRL4p,..s) for Dobong Observatory (South Korea from 4th
to9th August 1998. Bars denote the hourly precipitation data (Py,,)
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whereas the red line depicts the respective changes in WRIp4 y,;.s,
the blue line shows WRI .1, and the shaded plot represents the
hourly water level (/) for Jungryang Stream. Units: in mm except
water level (m)
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A closer scrutiny of the hourly rainfall bar graph
showed that the period from the 4th of August (at
1300 hours) to the 5th of August (at 1600 hours) was
almost rainless. Following this relief in rainfall activity,
the magnitude of WRI,4 1,5 dropped from approximate-
ly 29.23 to 0 mm. However, the rate of decline in water
resources was gradual and was concordant with Eq. (7).
In fact, the magnitude of WRI,4...s only reached zero
value at about 1200 hours on the 5th of August, al-
though no rain water was received from the 4th of
August (1300 hours). It was interesting to note that
within this dry period, the water resources calculated
over the 48 to 72 hourly summation periods exhibited a
much lower decay rate than when the antecedent period
of consideration was made longer. Also, the response of
changing rainfall over hourly times scales was much
weaker for the WRI,,. 1, as this index also utilized a
lengthier antecedent period.

In agreement with earlier studies (Glade 1998; Ma
etal. 2014; Zézere et al. 2008), a practicality of WRI,, is
demonstrated by checking its relationship with the
short- and long-term WR/ and subsequent heavy rainfall
disasters in the vicinity of Dobong Observatory. To
provide an explanation on how the heavy rainfall disas-
ters correspond to the WRI, anecdotal records of water-
related disasters between the 4th and 8th of August 1998
were gathered from the most reliable sources (HRFCO
2014; Lee and Hur 2000; MOLIT 1999, 2014;
Yonhapnews 1998, 2004). While an exhaustive list of
all disasters in this period was not available, notable
disasters in terms of extended evacuation, inundations,
flash floods, and landslides were gathered. Table 2
shows the water-related disaster, as well as the long
(WRI,,.1) and short-term water resources index (WR/4.
hr-s), including the time of the occurrence of this event.

From the 4th to the 7th of August, there was a
gradual increase in the magnitude of the hourly
WRI,,.1, which coincided with a number of water-
related disasters. Explicitly, a flood event was ob-
served in Jungryang Stream at 0800 hours on the
4th of August, when the magnitude of WRI,, | was
approximately 436.00 mm. Likewise, the Eastern
Trunk Road was inundated at 0428 hours on the 6th
of August when the magnitude of the WRI,, | in-
creased to approximately 497 mm. After this notable
event, major water-related disasters followed on the
6th of August within the 0557-0800 hour period.
During this time, WRI,p increased from approxi-
mately 556 to 683 mm.

A major inundation event was also recorded at the
Dobong Train Station at this time, resulting in a com-
plete halt of the Subway-7 Train Services at about 0557
hours, followed by a major landslide event at U-ie Dong
at about 0800 hours on the 6th of August. For these two
water-related disasters, the recorded hourly rainfall was
approximately 37.5 and 71.0 mm, respectively, and the
respective corresponding WRI,.s was approximately 72
and 152 mm. It was observed that the short-term accu-
mulation of rainfall was a good indicator of inundation
and landslide events, as it considered the cumulative
rainfall over the most recent 24 h period that was suffi-
cient to trigger these water-related disasters.

Based on Fig. 8 and Table 3, a number of water-
related disasters were persistent between 0330 hours and
1930 hours, which coincided with elevated WRI. For
example, at 0330 hours, a flood event was reported in
the vicinity of the Banghak Stream, which was followed
by a landslide, soil runoff and an inundation event in
neighboring areas. This led to the closure of the Eastern
Trunk Road when the magnitude of the hourly WRE,,.
was approximately 714 mm. A landslide was reported in
Chang-Dong region, and the Dobong Station lobby (i.e.,
2nd full stop of Subway-7) was inundated, with a pro-
visional levee (50 m) of the Dobong Stream being
washed away when the magnitude of the hourly
WRI,.1, was approximately 835 mm at 0500 hours. At
0800 hours on the 6th of August and 0500 hours on the
8th, landslide events were reported. The events coincid-
ed with the short-term water resources index having
values of 126 and 152 mm, respectively, compared to
40 and 44 mm for flood events at the Jungryang and
Banghak streams. A cross-check of hourly rainfall for
these events showed that 71.00 mm of rainfall (6th
August; 0800 hours) and 62.5 mm (8th August; 0500
hours) was recorded when the major landslides
occurred. Based on these observations, it was possible
to conclude that the risk of a flood event was largely
dependent on the long-term accumulation of water,
whereas the risk of a landslide was mostly dependent
on highly concentrated rainwater within a 24-h
period.

According to Table 3, a very active period of water-
related disasters was evident between 0500 hours and
1930 hours on 8th August. To analyze this period close-
ly in relation to the flood monitoring metric, a time
series of WRL 4 n.s, WRI,,.1, and hourly precipitation
(Py,) for Dobong Observatory in a 24-h period was
prepared (Fig. 9). It was interesting to note that the
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Table 3 The spectral coherence parameters, Cy, = (P, WRI) and C,, = (H, WRI) comparing the power spectrum density of hourly
precipitation (Py,) and hourly river water level () with the short and long-term Water Resources Index (WRIp _y,,) for different time steps (D)

(a) Dobong Observatory (South Korea)
Statistical metric for C}, P versus WRIp .
Py vs. WRD4 e s
Mean 0.999 0.996
Standard deviation 0.001 0.002
H versus WRIp
H vs. WRI4 1.5
Mean 0.705 0.705
Standard deviation 0.217 0.217
(b) Brisbane River (Linville, Australia)
P versus WRIp 4,

Mean 0.999 0.997

Standard deviation 0.001 0.002
H versus WRIp 1,

Mean 0.487 0.487

Standard deviation 0.204 0.204

Py vs. WRIg s

Hvs. WR[4g_hr_s

Phr VS. WR]72*hI*S Phr vs. H Phr VS. WR[hr—L
0.995 0.705 0.785
0.000 0.217 0.146
H vs. WRI7p s Hvs. H Hvs. WRL,,.1.
0.705 1 0.627
0.217 1 0.206
0.997 0.996 0.996
0.001 0.002 0.003
0.487 0.487 0.487
0.204 0.204 0.203

landslide and flood events (which occurred in the early
morning of 8th August) appeared to be largely associ-
ated with very high values of WRI,4,.s. During this
time, the magnitude of the short-term water resources
index corresponded well with the torrential rainfall pe-
riod. However, the magnitude of WRI,.; for this case
was less than 900 mm. It is noteworthy that an inunda-
tion of the Subway-7, the evacuation of 1900 residents
in five towns, and a major flooding event in the Han
River were reported when the magnitude of the WR,,.1.
was very high (= 852-1009 mm) (Fig. 9).

During the large-scale evacuation call by Korean
authorities, both the hourly rainfall and short-term water
resources index had declined in magnitude, but the long-
term water resources index was high (= 1000 mm). It
can therefore be said that the magnitude of WRI,..; is an
important indicator of the accumulation of water in
heavy rainfall events and is therefore a useful tool for
flood warning and evacuations. This finding also dem-
onstrates that neither the hourly rainfall amounts nor
short-term accumulation of water resources were able
to provide sufficient warning of serious water-related
disasters such as large-scale flooding. However, the
short-term water resources index was useful in the warn-
ing of spontaneous, short-term impacts of heavy rainfall
(e.g., flood in a stream, landslides and closures of trans-
ports or local-scale inundation).

@ Springer

In addition to the above, the suitability of the water
resources index for flood monitoring in Brisbane was
verified. Figure 9 shows a time series of total precipita-
tion (P»41,), short-term water resources index (WRL4 ..
s), and long-term water resources index (WR/,.1) at a
daily time step for severe flood events recorded from 1st
December 2010 to 31st January 2011. Note that al-
though WRI4p..s and WRI,.; were originally based
on hourly rainfall, their respective equivalents were
calculated for the short-term (24 h) and long-term
(365 days) periods to verify their suitability for identi-
fying the most severe flood days.

From the 1st to the 18th of December 2010, the
recorded daily rainfall was very low (0-27 mm day );
however, on the 19th, a heavy rain event resulted in
approximately 92 mm of rainfall in just 1 day. In re-
sponse to this, the magnitude of the short-term water
resources index increased to 380.27 mm and the long-
term water resources index increased to 5552.66 mm;
the WRI>4.,..s Was between 0 and 124 mm and the
WRI4 1r.s Was between 3586 and 4290 mm prior to this
heavy rainfall period. From the 19th of December 2010
to the 9th of January 2011, the rainfall intensity was low,
as seen by the relatively low P4y, As such, the magni-
tude of WRI4.p.s continued to fluctuate in response to
the subtle changes in rainfall, and a similar pattern was
noted for the daily change in the value of WRE,.; .
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Fig. 9 An assessment of the
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Within the December 2010-January 2011 period, the
heaviest rainfall was recorded in the first half of January,
with significant floods in Brisbane and Lockyer Valley
(Babister and Retallick 2011; Deo et al. 2015; Inquiry
2011). In this study, flooding was clearly evident
(Fig. 10), where a sharp increase in the magnitude of
the short-term water resources index followed the heavy
rainfall period from the 5th to the 11th of January 2011.
During this period, the highest daily rainfall total was
161.00 mm (on the 9th of January), which coincided
with a rapid increase in the value of WRl4.s from
97.38 mm (5th January) to 774.39 mm (9th January).
The 48 and 72 hourly WRIs were also high on the 9th of
January (WRI4g.1hr-s~960.0 mm and WRI75 .5 =
1112.09 mm, respectively), and the long-term water
resources index was approximately 9825.89 mm.

For comparison, the volumetric outflow from the
Wivenhoe Dam was included, as it reflected the release
of excess water that caused the Brisbane and Lockyer
Valley flooding (Deo et al. 2015; van den Honert and
McAneney 2011). It was evident that changes of volu-
metric flow rate closely followed WRL, 1, with a peak
on the 11th of January (Q =~7500 m® s™') that
corresponded to the elevated value of WRLy . (R
12,347 mm). However, the peak Q did not coincide with
the occurrence of the maximum value of the short-term
WRI, which followed the changes in the hourly Py, more
closely. Thus, as in the case of Dobong Observatory, the
data indicated that the long-term water resources index
may be treated as a robust indicator of large-scale water-
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related disasters (e.g., large-scale floods) that could oc-
cur due to the very significant accumulation of water
resources, whereas the short-term water resources index
is a better indicator of short-term water-related disasters
(e.g., flash floods). A similar deduction was made for
Dobong Observatory (Table 3 and Fig. 9).

For the days identified with a peak risk (9th—10th of
January), hourly changes in rainfall, water resources
indices, and river water levels were analyzed in order
to observe how the flood risk fluctuated during this time.
Figure 11 shows the hourly rainfall (P},,) and the WRIs
with the corresponding changes in hourly water levels
(H). The hourly fluctuations in Py, were very much in
phase with the hourly changes in WRL4,,.s. That is, the
peak rainfall periods at = 0700 hour (P~ 16.00 mm),
1300-1400 hours (P, ~22-29 mm) and 1700-1900
hours (Py,; = 11-13 mm) were mimicked by correspond-
ing spikes in the magnitudes of the short-term water
resources index (WRIy4 . ~25.39, 48.32-59.52, and
51.33-58.39 mm, respectively). While the magnitude of
WRI,,.1 increased in response to changes in Py, and
WRI4 45, it did not attain its maximum value until
about midnight (#=2400 hours) on the 9th of January
2011. Interestingly, the height of the river water levels
also followed the changes in WRI,., although its peak
(H=10.11 m) was detected slightly earlier at approxi-
mately 2100 hours.

Another noteworthy point was that the water level,
associated with large-scale flooding, was in agreement
with hourly changes in the long-term water resources
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Fig. 10 Application of the short-

term (WRI4.1,.s) and long-term % 10000
water resources index (WR/,,.r) 3
for daily flood risk analysis in the §
Brisbane River (Linville, Austra- é E 8000
lia) during the severe flood event ey E
in the December 2010-January 8 ol
2011 period. Also shown is the 2 2
hourly rainfall (P,) and literature 28
data for the volumetric outflow €5 400}
(Q) emanating from the 5 §
Wivenhoe Dam (m® s ') that was = g

S o
generated by the release of excess ~ L 2000
stored water in January, 2011 5
(Deo et al. 2015) >

5 0"

index, and this data distribution was statistically signif-
icant through a two-tailed Kolmogorov-Simonov test at
a significance level of o =0.05. While a direct compar-
ison of the flood events and its consequences for Bris-
bane and Dobong Observatory should not be made due
to different physiographic factors, the results agree with
earlier observations for Dobong Observatory that water-
related disasters are well correlated with the magnitude
of WRI,.; (Table 3; Fig. 9). Consequently, it can be said
that the risk of large-scale flooding was deducible from
the hourly long-term water resources index, whereas
that of short-term flooding (e.g., flash floods) was relat-
ed to the short-term water resources index.

Figure 11 illustrates a time series of how flood risk
evolved in earlier parts of the December 2010-January
2011 event. Also shown are the changes in hourly river
water levels, short-term WRI . at various short-term

Fig. 11 Analysis of the hourly g 60
changes in long-term water re- oy
sources index (WRI,.;), short- 2 50
term water resources index 3
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summation periods (between D =24-148 h), and long-
term WRI, with a 365-day hydrological cycle as the
summation period. According to this plot, the danger
of a flood could easily be “predicted” by observing the
evolution of the water resources indices, which could
not be done through observations of rainfall changes in
this period. That is, an increasing risk of large-scale
flooding was evident from the 1st of December 2010,
as the amount of accumulated water resources continued
to increase in response to the changes in rainfall.

If one considers only the changes in rainfall, the
overall timing of rainfall activity was irregular. In fact,
the change in the long-term water resources index
(which was non-zero during the entire period) was as-
sociated with large-scale flooding and could be moni-
tored to determine the imminent danger of flooding.
While river water levels might have also been employed
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since broad scale patterns are reflected by this hydro-
logical parameter, subtle changes in the magnitude of
water level are not easily observable. Furthermore, the
WRIs can be computed at any given time step and
applied to analyze the dynamical nature of the flood
event. Thus, WRI has a distinct advantage over raw
rainfall data applied for the monitoring of the progres-
sion of an imminent flood event.

The suitability of the proposed WRI was checked in
the annual analysis of flood events at the Dobong Ob-
servatory. Annual maximum long-term water resources
index (WRI,,.1), short-term water resources index
(WRI»4.1r-s), mean rainfall (P},,), and mean hourly water
level at Jungryang Bridge for the period 1998-2013
were inspected (Fig. 13). There was very good agree-
ment of WRIs with both the changes in rainfall and river
water levels. The years that experienced the most severe
flooding were 1998, 2001, 2006, 2009, and 2011. An-
other observation was that although the mean annual
rainfall was very similar during the 1998 and 2003 flood
years, the flood severity for these years was different as
evidenced by the changes in river water levels and the
WRI. In fact, the potential risk of flooding in 1998
significantly outweighed the risk in 2003. Importantly,
the river water level was also very high in 1998, which
was reflected by the elevated magnitude of WRI,,.; and
WRI4 s Another observation was that the year 2006
was highly prone to severe short-term flooding (with
large values of the WRI4.p.s) because although the
mean rainfall and river water levels were not high,
2006 experienced short-term, torrential rainfall that re-
sulted in a high risk of flash flooding. However, large-
scale flooding was unlikely for this year, as the river
water levels and long-term water resources index were
relatively low.

In order to validate the usefulness of WRI for ranking
flood events per month, Tables 4 and 5 show the month-
ly total rainfall (Py), long-term WRI, and the short-term
WRI at various time steps (24, 48, and 72 hourly) over
the period 19982013 for Dobong Observatory. The
most severe month of flooding was August, with a
P = 1062 mm. This resulted in the highest values for
WR[hrfL, WR124fhrfS7 WRI487hrfS, and the WRI72fhrfS~ In-
terestingly, the rank of flood severity based on water
resources parameters was consistent with the rank
assigned by the total rainfall in the particular month.
Also, the rank of flood events by month (Table 3) did
not follow the annual ranking of flood severity (Fig. 12),
as a given month can possibly have a very severe event,

but overall does not count as a severe flood based on
annual-average statistics. This was the case for the Ju-
ly 2006, July 2011, and July 2012 events, which were
very severe months of flooding, but were not registered
as severe years of flooding. In fact, monthly analysis
also showed that the year 2006 experienced a severe
flood that was picked up in the annual maximum value
of WRI4 1.5 (Fig. 12). It can be seen that the WR/ is a
versatile statistical measure of flood extent, as it can not
only be used for hourly monitoring of flood risk but also
for the detection of short- and long-term flood events
over monthly and annual timescales.

Discussion

An hourly water resources index (WRI,,) that was de-
rived mathematically was utilized to represent the time-
evolution of flood progression based on limited input
(rainfall) data as an effective tool for flood risk monitor-
ing. In comparison with other popular methods (e.g.,
depth-duration-frequency model (Fitzgerald 2007; Gaal
et al. 2014), rainfall runoff equations (Jonsdottir et al.
2006), weighted average precipitation (Lu 2009), ex-
treme intensity-duration (Lu et al. 2015), hourly rainfall
heterogeneity defined by similarity between hourly and
daily rainfall frequency distribution (Martin-Vide
2004)), the WRI,, is easy to calculate, interpret, and
apply to hydrological sites where hourly data are readily
available. As the WRI,, was also able to convert hourly
rainfall of water resources using an objective mathemat-
ical measure (Egs. 1-7) before, during, and after a series
of heavy rain events, a continuous time-varying metric
was generated. Importantly, the progression of flood
danger by this metric was mimicked closely by changes
in river water heights, thus validating its utility for flood
assessment. The weighting factor applied to account for
changes in water resources considered the general effect
of the demands of water balance (evaporation, runoff,
percolations, etc.), which is in accordance with earlier
research (Deo et al. 2015; Lu 2009).

In the context of temporal studies of flood risk, WRI,,
offers distinct advantages over other methods (e.g., rain-
fall-runoff models), as this approach is tailored to oper-
ate over hourly rather than daily or monthly time steps,
yet it utilizes physical principles similar to “weighted
precipitation” in relation to flood risk assessment (Deo
et al. 2015; Lu 2009). Moreover, its utility for real-time
monitoring of risk is significantly better than earlier
studies (Deo et al. 2015; Liu et al. 2015; Lu 2009;
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Table 4 Summary of heavy rain and water-related disasters with-
in the vicinity of Dobong Observatory (South Korea) from 4th to
8th August 1998 (HRFCO 2014; Lee and Hur 2000; MOLIT
1999, 2014; Yonhapnews 1998, 2004)

Disaster event WRIy.t, WRD4ps Local time
(August
1998)

Flood in Jungryang Stream 436 44 4th 0800

Eastern Trunk Road inundated 497 29 6th 0428

Inundated Dobong Station 556 72 6th 0557
(stop of subway-7; recov-
ered partly after some time)

Sand slide in U-ie Dong 683 152 6th 0800

Subway of Euijungbu City 651 4 7th 0900
Hall inundated again

(Eastern Trunk Road 644 1 7th 2230
recovered)

Flood in Banghak Stream 714 40 8th 0330
(Land slide, soil runoft and
inundation in neighboring
area; Eastern Trunk Road
closed again at 02401)

Landslide in Chang-Dong 835 126 8th 0500
(Inundation of Dobong Sta-
tion lobby-2nd full stop of
Subway—7; Recovered after
some time; Provisional le-
vee (50 m) of Dobong
Stream washed away)

Road of Seoul-Euijungbu 852 95 8th 1500
closed

Partial inundation of 5 towns. 920 133 8th 1640
(Evacuation of 1900
residents)

Washing away of Jungryang 950 115 8th 1710
Stream levee, (water level
18.3 m: the danger limit is
17.7 m)

Increased inundation of 981 125 8th 1750
Subway-7, 3rd full stop

(Precautionary flood warning 1004 127 8th 1900
on Han River)

(Extended evacuation) 1009 124 8th 1930

The short-term (WRIp41,,.s) and long-term water resources index
(WRI,,.;) for each disaster event and date and the time of occur-
rence are shown

Nosrati et al. 2011; Seiler et al. 2002) where both short-
and long-term flood events can be monitored as a single
time series index. A number of studies advocated the use
of an hourly index for temporal analysis of floods to
provide better insight into extreme rainfall behaviors
and effective representations of flood risk (Fujibe
1988; Sato and Takahashi 2000; Sen Roy 2009;
Winkler et al. 1988). In this study, the advantage of an
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Table 5 Flood events recorded in Dobong Observatory (South
Korea) from 1998 to 2013 ranked by monthly precipitation (Py,,)

Rank Year Month Plol WR[hr-L WR[24_ WR[48_ WR[72_

hr-S hr-S hr-S

1 1998 August 1062 539,188 6889 11,751 16,213
2 2006 July 1060 359,063 6738 11,476 15875
3 2011 July 789 347,187 4879 8269 11,639
4 2013 July 753 275,898 4785 8068 11,059
5 2000 August 728 239,812 4548 7637 10,475
6 2001 July 701 201,815 4434 7491 10,303
7 2003 August 695 373271 4417 7471 10,256
8 1999 August 653 395,832 4322 7476 10,385
9 2002 August 609 302,043 3747 6277 8591
10 2009 July 585 255217 3718 6301 8699

The worst flood month is in italic. All units are in millimeters
(mm)

WRI,,; long-term hourly Water Resources Index, WRI>,,.s 24
hourly Water Resources Index, WRI,g.),-s 48 hourly Water Re-
sources Index, WRI;,_;,.s 72 hourly Water Resources Index

hourly method was that it provided a universal frame-
work for analysis of changes in water resources on
various timescales (hourly, daily, monthly, annual) with-
in the context of a unified index for assessing large-scale
flood possibility (i.e., WRI},..;) and short-term rapid
events such as flash floods (WRI,,.s). Consequently,
the water resources metric measured flood progression
based on short-term summations with accumulated rain-
fall (D =24, 48, 72, etc., hourly), as well as long-term
summation periods (365 or more days).

It should be acknowledged that in its current form,
the method makes a basic assumption that hourly rain-
fall accumulation over a 24-h period is expected to
redistribute following a linear function (Eq. 5). The
linear form emanates from the physical principle that
available water resources on a given day remain consis-
tent with earlier daily models (Eqs. 1-4) with an expo-
nentially decaying form of water resources to allow
consistency with stochastic rainfall runoff equations
(Byun and Jung 1998; Byun and Lee 2002; Choi et al.
2012; Deo et al. 2015; Fitzgerald 2007; Jonsdottir et al.
2006). Accordingly, a linear representation of
redistributed rainfall was established (Fig. 3b) where
the exponential form of the depletion of water resources
over a daily time step remained valid (Eqs. 1-4; Egs. 6
and 7). It is important to mention that the exponential
decay of water volume was consistent with exponential
forms used in stochastic rainfall runoff models (Byun
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Fig. 12 Changes in the hourly long-term (WR/,,.1 ) and the short-
term water resources index (WRIp4,.g) in the severe flood event
for the Brisbane River site (at Linville, Australia) with different

and Jung 1998; Jonsdottir et al. 2006), soil moisture
changes (Yamaguchi and Shinoda 2002), and daily
flood progression analysis (Deo et al. 2015; Lu 2009).

Our work has utilized the negative exponential loss
equation for quantifying the remaining water volume,
similar to studies that described water deficits or abun-
dance due to precipitation changes (Chen et al. 2015; Lu
2009; Lu et al. 2015; Martin-Vide 2004). While embrac-
ing the relevance of these methods in their own right, a
comparison of hourly, daily, monthly, and annual flood
extent in the proposed water resources index merely
depends on the choice of the weighing factor over the
prescribed time step, thus showing its versatility and
consistency with the other approaches.

In future research, particularly in different hydrolog-
ical and topographic conditions, one should consider an
exhaustive comparison of current formulae with rainfall
runoff equations in hydrodynamic models and other
forms of time-dependent reduction functions (other than
the linear formulation for hourly and exponential for-
mulation for daily time steps). In addition, for regions
with different decay rates of the rainfall-accumulated
water volumes, it will be important to incorporate the
decay rates depending on the particular physiographic
factors when developing the hourly flood risk index.

Conclusion

A novel hourly water resources index (WRl4.,,) was
developed, and its suitability for continuous monitoring
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summation periods (D =24, 48, 96, 120, and 128 h). The precip-
itation and river water levels for each hour are also shown

of flood risk was tested for two sites in South Korea
(August 1998, Dobong Observatory) and Australia (De-
cember 2010-January 2011, Brisbane). WRIs were
found to be versatile flood indicators based on the
physical principle that the risk can be judged by the
current as well as the antecedent rainfall accumulation,
where the contributions of antecedent rainfall into water
resources decay over time due to physical factors (e.g.,
runoff, evapotranspiration, percolation). Two alternative
forms of WRIs were proposed: the short-term water
resources index (WRL4.,.s), where rainfall accumula-
tion for the most recent 24 h (i.e., P, measured at every
hour) are analyzed for the short-term flood risk, and the
long-term water resources index (WRL,.1), where the
precipitation cycle (over the 365 days of hydrological
period) is used to assess large-scale flooding situations.
WRIs were applied over hourly, daily and annual time
steps to demonstrate their comprehensive applications
on rainfall durations and amounts for flood risk moni-
toring. Variation of WRI 4y, was closely in-phase with
hourly precipitation (thus reflecting the danger of flash
flooding) and WRI,, 1 agreed well with mean water
levels in nearby river systems. The latter metric was
found to be a good indicator of large-scale flooding
and was consistent with large-scale evacuation warnings
within the vicinity of the Dobong Observatory.

Based on the results, there are several advantages of
WRI. Firstly, in comparison with rainfall-runoff models
that are complex in their development and require phys-
ical assumptions and parametric equations to analyze or
monitor the risk, WRIs are easy to compute, analyze, and
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and the short-term water resources index (WRL4.q,..s) compared with the maximum precipitation and river water levels

physically interpret for a non-technical audience, as they
utilize only precipitation data with less mathematical
complexity and parametric-based assumptions. Second-
ly, WRIs can potentially be used to advise infrastructural
maintenance works if a certain threshold of the WRI was
deemed insufficient for the site to withstand previously
quantified water-related disasters. Consequently, the re-
vised thresholds of WRI could be deduced, to counteract
the vulnerability to future water-related disasters. For
instance, consider the Jungryang Stream levee (Table 3)
that could have been subjected to maintenance work after
the August 1998 flood. However, in 2008 an inundation
occurred again (MBC 2008), only with WRI},, | =
498 mm (Fig. 13). Although a causal factor for the
inundation could be the different distribution of rainfall
in the latter episode, one may also suspect that previous
maintenance work was perhaps ineffective and thus re-
quired further attention by maintenance authorities. How-
ever, further work is needed before such connections
between water disasters can be determined. Thirdly,
WRIs may be analyzed for ranking chains of heavy
rainfall disasters, which would require modeling of di-
sasters and trigger thresholds of the WRI. Subsequently,
the statistical metric could also provide empirical flood
monitoring data for modeling the potential likelihood of
future disasters for a location. WRIs can therefore be
objective tools for assessing real-time effects of heavy
rain events and their subsequent chain of disasters.

It should be noted that the time-evolution of WRIs
was useful in “predicting” water-related disasters.

@ Springer

However, WRIs have limitations in generalizing their
application to water-related disasters in geographically
diverse sites, where the time reduction function needs to
be reformulated to incorporate the role of physical fac-
tors. An accurate documentation of disasters and hourly
rainfall is required before its implementation for wider
usage, which is a difficult task for data-sparse sites,
since records of disasters at many stations are neither
documented clearly nor precisely enough. Fortunately, it
is possible for meteorologists to restore these kinds of
data if they have been archived. Another challenge is the
verification of WRIs for their broader applicability for
interlinking index-based warnings with disaster. How-
ever, the success of the application provides an explor-
atory platform for scientists to test the index in other
regions, provided documented records of disasters and
hourly rainfall data can be established. The method can
also be of assistance for flood mitigation as an adaptive
paradigm for flood risk to reduce damage caused by
rainfall events, to assist in the development of warnings
for the public on the likelihood of disasters, and to
reduce vulnerability by incorporating maintenance
works on riverbanks and other infrastructure.
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