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Abstract: Given the fact that the high frequency of extreme weather events globally, in particular
typhoons, has more of an influence on flood forecasting, there is a great need to further understand
the impact of typhoon events on design storms. The main objectives of this paper are to examine
the magnitude, occurrence, and mechanism of typhoon events in southeast coastal China and their
contribution to the design storm study. We take Shanghai, which is a typical metropolitan region in the
Yangtze River Delta, China, as an example. The impact of typhoons on the rainfall frequency analysis
is quantitatively evaluated using stochastic storm transposition (SST)-based intensity—duration—
frequency (IDF) estimates with various temporal and spatial structures under different return periods.
The results show that there is significant variability in the storm magnitude within the transposition
domain across different durations, highlighting the spatiotemporal heterogeneity over the coastal
area. Moreover, the probability of random storm transposition exhibits an uneven distribution.
The frequency of typhoon rainfall events within the transposition domain is notably high, and
there is considerable variability in the structure of rainfall. Typhoon rainfall amplifies the intensity
of design storms, and its contribution increases with return periods. The variability in design
storms increases accordingly. Based on the advantages of SST, which retains the spatiotemporal
structure of the rainfall in the generated scenarios, the overall framework provides an effective way to
examine the impact of diverse characteristics of typhoon rainfall on frequency analysis and facilitate
a deeper exploration of the direct impact of various types of extreme storms on the intensity, spatial,
and temporal distributions of design storms amidst evolving environmental conditions over this
metropolitan region.

Keywords: typhoon; the Yangtze River Delta; metropolitan region; stochastic storm transposition;
design storm

1. Introduction

The determination of a design storm (hyetograph) is fundamental for water safety
management. In recent years, attributed to global warming and rapid urbanization, the
frequency of extreme rainfall events and subsequent flooding disasters in urban areas
has increased dramatically [1-3]. In the eastern coastal areas of China, typhoons are one
of the most catastrophic events that cause severe consequences in this area, and there
remains an urgent need to improve our understanding of the impact of typhoons on their
design storms.

Conventional design storm calculations rely on station data and idealized settings,
assuming information consistency, a uniform distribution of surface rainfall, and prede-
termined rain patterns [4], while neglecting the spatial and temporal heterogeneity of
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rainfall. However, the storm structure, including its fine-scale variability and motion, is a
crucial determinant of flood response [5-7]. The advent of satellite radar technology has
enabled the use of high-precision rainfall information for design storm calculations, which
incorporate the storm structure characteristics and are of great significance in improving the
urban flood protection design standards [8-11]. Stochastic storm transposition (SST) [12], a
regional rainfall frequency analysis method that combines probabilistic resampling and
the spatial transformation of storms and originated in Australia [13], is now widely used
in various regions of the United States [14-16]. The method involves delineating a storm
displacement area with the target region as the core; selecting a series of extreme rainfall
events as the “storm catalog” within the area; simulating and extending the storm sequence
based on a combination of probabilistic resampling and geographic displacement; and
subsequently carrying out frequency analysis calculations. Wright et al. have used rainfall
remote sensing data with SST to simulate rainfall-driven disasters such as floods and
landslides [17]. Zhou and Zhu et al. have extended the method by considering the impacts
of the spatial heterogeneity of rainfall and rainfall structure on the frequency analysis
of rainfall [18-20]. Zhuang et al. have combined SST with copula theory to explore the
spatiotemporal storm feature dependence for bivariate rainfall frequency analysis [21]. The
primary advantage of the SST method is that it avoids the assumption of data consistency
required in the traditional method while also describing the spatial distribution changes in
storms, in addition to the storm intensities and magnitudes, thus reducing the uncertainty
of the design values.

The probability of widespread rainfall and flooding occurrences being instigated by
typhoons has escalated in the past century, with climate change elevating the likelihood of
such incidents by a factor of 1.5-5 [22-24]. Moreover, the frequency of typhoon events has
been further amplified due to human activities [25-27]. Knutson et al. have projected that
anthropogenically influenced climate change will have augmented the intensity of typhoons
by 11% by the conclusion of the century [28,29]. Additionally, Sadya et al. have suggested
that urbanization exerts an amplifying impact on the precipitation levels associated with
severe typhoons [30].

The focus of this study is the city of Shanghai, situated within the Yangtze River Basin
and renowned as one of China’s most urbanized areas. The region is particularly suscepti-
ble to a range of extreme rainfall events, including monsoons, plum rain, and typhoons,
with urban flooding posing a significant threat to its development [31-33]. The complex
spatial and temporal heterogeneity of extreme rainfall in this urban setting [7,34,35], com-
pounded by the subsurface conditions [36,37], necessitates thorough consideration in the
development of urban flood protection strategies. Therefore, the incorporation of the storm
frequency analysis method, along with an assessment of spatial and temporal heterogene-
ity, is crucial for flood mitigation management in this region. Typhoon events exert a
particularly severe impact on the area [38—41], underscoring the importance of isolating
their contribution to extreme events and further examining the influence of various types
of extreme storms on the design of rainfall in response to evolving environmental condi-
tions. It is important to explore the impact of typhoon rainfall events on the spatial and
temporal distribution of design storms when performing design storm calculations for
metropolitan regions.

2. Materials and Methods
2.1. Study Area and Data

The study region is centered on Shanghai, a metropolitan region in the Yangtze River
Delta, China. Shanghai is located between 120°52'~122°12 E and 30°40'~31°53' N, with a
total area of 6340.5 km?, and is a coastal mega-city. The average annual rainfall is 1398 mm,
with flood season conditions of 16 °C and 674 mm of rain [42]. Statistical analysis reveals
that the study area encountered over 220 occurrences of typhoon incidents within the
time frame of 1961 to 2020, resulting in significant challenges for flood prevention and
management [43]. In 1997, Typhoon Winnie brought winds of level 8-10 and widespread
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heavy rainfall exceeding 50 mm, with localized areas experiencing over 150 mm of rainfall
in Shanghai. The tidal levels at the mouths of the Yangtze River and Huangpu River
surpassed historical records. The urban flood control wall broke in three places, leading to
flooding in nearly 20 locations, resulting in the collapse of over 500 houses and damage
to more than 2000, affecting approximately 500 km? of the city’s outskirts [44]. In 2013,
Typhoon Fit in Shanghai brought extreme rainfall, with a maximum rainfall of 327.7 mm,
along with strong winds and high tides and waves, causing serious road flooding. In
2019, Typhoon Lichima triggered torrential to heavy rainfall across Shanghai, with most
areas receiving between 150 and 250 mm of rainfall, averaging 167.0 mm and reaching
over 276 mm in some areas [45]. This affected 16 districts within the city, leading to the
evacuation of over 259,000 individuals. Figure 1 shows the location of the study area and
the storm transposition zone used in this study.
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Figure 1. Location of the study region with city boundaries, rivers, and topography (a). Shanghai
City (i.e., study area A) with the city boundaries and land use characteristics (b). The land use
data provided by GCOSS (http://www.geodoi.ac.cn/WebCn/doi.aspx?Id=177 (accessed on 30 April
2023)) [46,47].

The GPM-IMERG gridded satellite rainfall data (e.g., IMERG Final Run) provided by
NASA (https://gpm.nass.gov/data/directory (accessed on 30 April 2023)) are used in this
study. The data range from 1 January 2001 to 30 April 2023, with a temporal resolution of
30 min and a spatial resolution of 0.1° x 0.1° (approximately 10 km x 10 km in the study
region). It has been shown that this dataset has good adaptation in China and has also
proved to be superior to other satellite products for application in urban areas [48,49].

The typhoon data are obtained from the CMA-TC database provided by the China
Meteorological Administration (https://tcdata.typhoon.org.cn (accessed on 30 April 2023)).
The CMA-TC database includes the historical or real-time locations (i.e., best track and
landfall), intensity, dynamic and thermal structures, wind strengths, precipitation amounts,
and frequency of the typhoons that have passed through the Western North Pacific (WNP)
and South China Sea (SCS) since 1949 [50,51].

2.2. The Stochastic Storm Transposition (SST) Method

The SST frequency analysis model used in this paper is based on RainyDay, an open-
source software package [52]. The main steps in applying the SST method to a regional
design storm study are summarized as follows and shown in Figure 2a [53]. A more
detailed description of the SST method can be found in the literature [17].
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A region including the study area (e.g., A = 4900 km? shown in Figure 1) is defined as
the transposition domain area A’ (e.g., A’ = 494,000 km? shown in Figure 1), for which
the chosen storm catalog area is determined. The transposition domain is usually
determined based on a comprehensive analysis of the regional hydro-meteorological
and geographical characteristics [52]. The transposition domain of this research is
chosen in the middle and lower Yangtze River Basin, as the region shares more
similar weather systems, and the main drivers of its extreme rainfall are both landfall
typhoons and low-pressure vortices [54,55]. To explore the impact of typhoons on the
study area, part of the offshore area was selected for the transposition domain.

The maximum m storms at the t-hour time scale (at least 12 h in the interval between
rainfall events) in the transposition domain are selected from the n-year satellite
rainfall series to form a subset containing spatial and temporal rainfall data, a “storm
catalog”. For the selected storms, to better characterize the storm properties and flood
response characteristics of the study area, the m largest storms (m = 200 used in this
study) are selected to determine the shape and orientation of the study area. In this
study, we have chosen 3, 12, 24, and 72 h as the storm durations to generate four sets
of corresponding t-hour storm catalogs. Comparing the central paths and occurrence
times of the typhoon events in the CMA-TC, the typhoon events in the storm catalogs
are identified.

We randomly select k storms from the storm catalogs following Poisson distribution.
The parameter of Poisson distribution is A = m/n, where there are m storms selected
from the n-year radar record. For the storm catalogs in this study, if m = 200 and
n = 23, then A = 8.696. For storm transposition, if A’ is a “homogeneous area”, the
storm will be transposed under a uniform distribution. When the displacement area
A’ is a “heterogeneous area”, that means that there is spatial heterogeneity in the
distribution of storms in the area. The probability of storm occurrence and magnitude
in different parts of the transposition domain varies. The probability of occurrence of
storm events can be determined by the location (longitude and latitude) of m storms,
based on the non-parametric estimation method of Gaussian kernel density. A storm
in the “heterogeneous area” would be transposed under a non-uniform distribution
based on Gaussian kernel density. During the transposition, the motion and evolution
of the entire storm field in all periods are not changed, only the spatial location of the
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storm occurrence (see Figure 2). This paper calculates the frequency of rainfall events
based on the premise that the transposition domain is a “heterogeneous area”. After k
shifts, the maximum value of t h rainfall accumulation in study area A was retained
as the “annual maximum rainfall”.

(4) The above process is repeated N times to construct an “N-year annual maximum
storms” sequence with the duration of t h for N years. Note that since the shifted
storms are randomly selected from the rainfall catalog, the shifting process is also
called “resampling”. Therefore, the cumulative rainfall calculated in the target area
A for each resampling process will not be repeated. After resampling, the “annual
maximum storms” sequence is obtained for N years. The annual exceedance probabil-
ity for each instance of rainfall i is p; = i/ Tmax, and the recurrence period T; = 1/p;.
The calculation results can be plotted as empirical IDF curves or put into hydrological
models.

2.3. Identification of Typhoons

For each storm catalog, typhoon events are identified based on the central paths
and occurrence times of typhoon events in the CMA-TC database. Spatially, a 50 km
radius range is defined with the central path of the typhoon as the center, and the spatial
identification condition is satisfied when the rainfall center of the storm catalog occurs
within this range. Temporally, the identification condition is satisfied when the time of the
storm event is within the corresponding typhoon generation—extinction time range and
the typhoon level is 2 or higher within that time range. When both of these conditions are
satisfied, the storm event in the storm catalog is defined as a typhoon event (see Figure 3).
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Figure 3. Diagnosis maps for the 200 storms in the 72 h storm catalog. The solid yellow dots represent
typhoon events in the storm catalog. (a) the total rainfall of the mean storm in the transposition
domain, (b) the probability of storm occurrence in the transposition domain.

3. Results

The storm catalogs generated 200 storms with 3, 12, 24 and 72 h events, respectively.
The distributions of the average storm magnitude and the probability of the occurrence of
storm events (Figure 3) are diagnosed to examine the spatial heterogeneity of the transposi-
tion domain. Taking the 72 h storm catalog as an example (Figure 3a), the average rainfall
distribution of the 200 storm events shows an overall increasing trend in magnitude from
north to south. The maximum rainfall is located on the south—central and southeastern
coasts of the transposition domain, and the minimum rainfall is located in the northwestern
part. The spatial probability distribution of the occurrence of storm events based on the
locations of the centers of the 200 storms (Figure 3b) is calculated using the Gaussian kernel
density estimation method of non-parametric estimation. The spatial occurrence distribu-
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tion corresponds to the spatial distribution of rainfall quantities. The two diagnosis maps
demonstrate the significant spatial heterogeneity of rainfall in the transposition domain.

3.1. Storm Catalog Analysis
3.1.1. The Magnitude of Storm Events

The storm magnitude characteristics are depicted as violin plots of the rainfall accu-
mulation from the storm catalog under four durations (Figure 4). The magnitude of storm
events in this study is represented by the cumulative rainfall in the study area over the
corresponding duration. From the figure, it can be seen that the rainfall is right-skewed un-
der all durations, and the mean rainfall accumulation (red spot) is higher than the median
(dotted lines). The rainfall variance increases and the outliers decrease with an increasing
duration. There is a large variability in the rainfall magnitude at different durations. The
dispersion of the rainfall magnitude distribution is the smallest for the 3 h duration and
relatively larger for the 12 h and 72 h durations. We compare the storm catalogs between
all events and non-typhoon events. When typhoon rainfall is excluded from the catalogs,
there is a slight decrease in the mean rainfall accumulation and a large decrease in the
variance and dispersion. The above results highlight that typhoon rainfall events have a
large impact on the variability in the rainfall amount, implying that extreme events are
caused by typhoons in this area.

600
1 All storms
s00{ NI Non-typhoon
B Mean
400l =~ Media.m
--------- Quartile

Rainfall(mm)
(%)
S
(e

200 1

100+

3h 12h 24h 72h
Duration

Figure 4. Violin plots of the storms in the 3, 12, 24, and 72 h storm catalogs. The quartiles are labeled
as the 75th and 25th percentiles from top to bottom.

3.1.2. The Occurrence of Storm Events

The inter-annual variability and intra-annual distribution of storm events are analyzed
for each duration (Figure 5). From the inter-annual variation (Figure 5a—d), the number
of storm events and extreme rainfall mainly show fluctuating trends within the study
period, with extreme values occurring in 2005, 2016, and 2020. In terms of the intra-annual
distribution, there is seasonality in the storm events (Figure 5e), with the extreme value
of the frequency of storm events under each duration occurring in June. The peak of the
probability density curve of the occurrence of storm events decreases with an increase in
the duration and tends to flatten out, with the peak shifted to the right. In this region,
more than 65% of extreme rainfall occurs during the flood season (from June to September),
which coincides with the season in which the region is affected by typhoons.
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Figure 5. The inter-annual distribution of extreme rainfall events in the 3 h, 12 h, 24 h and 72 h storm
catalogs (a—d). The folded lines indicate the inter-annual distribution of extreme rainfall, and the bar
charts indicate the inter-annual distribution of extreme rainfall events, with the red lines showing the
trends in both. The intra-annual distribution of extreme rainfall eventsinthe 3h,12h,24 hand 72 h
storm catalogs (e).

3.1.3. The Spatial Distribution of Storm Events

To demonstrate the spatial heterogeneity of extreme rainfall events, we use the 72 h
storm catalog as an example to explore the spatial distribution of storm events. The
spatial distribution of the largest 50 storm events in this storm catalog is selected to show
the spatial distribution characteristics of extreme rainfall in the region (Figure 6). The
storm events show an increasing trend from west to east in the east-west direction, and
there is no obvious change in the north-south direction. Extreme rainfall events mainly
occur in the eastern coastal area, and the frequency of storm events is higher in the area
range of 115-118° E. In terms of the storm event intensity (circle radius) distribution, the
heaviest storm events occur in the southeastern coastal area of the transposition domain.
Typhoon events accounted for 18% of the maximum 50 events in the storm catalog and
were mainly concentrated in the eastern coastal area. The above results show that there
is a more pronounced heterogeneity in the spatial distribution of extreme rainfall in this
displacement area.
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Figure 6. Spatial distribution of the largest 50 storm events in the 72 h storm catalog. Circles indicate
the location of rainfall occurrence, circle radius indicates rainfall amount, bars indicate the number
of storm events, red circles and bars indicate typhoon events, and gray circles and bars indicate the
other extreme storm events.

3.2. The Typhoon Events
3.2.1. The Occurrence of Typhoon Events

Typhoon events occur with a high frequency in the coastal areas of China [56,57].
From 1949 to 2022, the CMA dataset recorded 2648 typhoon events and 664 landfall
typhoon events in the Western Pacific. From 2000 to 2022, the CMA dataset recorded
643 typhoon events and 184 landfall typhoon events in the Western Pacific. In terms of
the inter-annual variability, typhoon generation shows a decreasing trend according to
the MK trend significance test, and the number of landfall typhoon events does not show
a significant trend (Figure 7a). The average landfall ratio of typhoon events was 27.25%,
showing an increasing trend, but did not pass the MK trend significance test. In the intra-
annual distribution, both typhoon event generation and the number of landfalls showed
significant inhomogeneity (Figure 7b). The most extreme frequency of typhoon generation
in the Western Pacific occurs in August, with more than 63% of typhoon events occurring
in June-September and a lower frequency of typhoon events in January—May. The most
extreme frequency of landfall typhoon events occurs in August, with more than 73% of
landfall events occurring in July-September and more than 93% of landfall events occurring
in June-September, while the frequency of landfall events in January-May is extremely low,
with only one landfall typhoon event occurring in January in the past 63 years. The analyses
show a decreasing trend in the frequency of typhoon events over the study periods, with a
clear seasonality pattern within years. The number of landfall typhoon events shows an
insignificant change in between years, with a more pronounced seasonal pattern in the
intra-annual distribution.



Water 2024, 16, 508

9o0f21

60

50

w =~
=3 =3
1 1

Number of typhoon
(N3
(=13
1

(a) 035 (b)
D
4 —~A— occurrence [ occurrent typhoon
| ﬁ —o—make landfall 0304 [ landing typhoon
N — trend
A |
., ‘\“
Lo ALAl] 4 A A
i [\\,,%" ‘/L\*;; \1‘ L\M [ /}\f f &
PUIVAL Y H AA 284 | . A &
it LAt 4 ta | 2
Lol A ph T\ AL | I A% 2
Ay R R Y v S 7Y N ]
A A |8V A ki~ :
4 v A [ 4 &
AfTAT
|
|
?
\ i ° ?
2P0t d I 2 90t !
&JF?WW'NW 7 900102 g0 od 94
900 o‘aﬁ&,&?f 03P Wa o
T T T T
1960 1980 2000 2020 2 4 6 8 10 12

Time (month)

Year

Figure 7. Description of the inter-annual vs. intra-annual occurrence pattern of typhoon events.
Orange triangles and broken lines depict the inter-annual pattern of the number of typhoon events,
blue circles and broken lines depict the inter-annual pattern of the number of landfall typhoon events,
and red line shows a graph of the inter-annual trends in both (a). The curves and the enclosed area
indicate the probability density of typhoon events and landfall typhoon events occurring within the
year (b).

3.2.2. The Spatial Distribution of Typhoon Events

The cumulative rainfall at China’s national meteorological stations within the spatial
and temporal ranges of typhoon event impacts is interpolated to reflect the cumulative
typhoon rainfall magnitude during 1949-2022. The typhoon rainfall shows a decreasing
trend from south to north and from coast to inland (Appendix A, Figure A2). The maximum
rainfall accumulation is in the east, with a cumulative rainfall of about 15,900 mm. The
cumulative rainfall shows a decreasing trend from the southeast to the northwest, while
the northwest has the smallest rainfall, of about 1230 mm, with a significant difference
in magnitude. The most extreme value of typhoon accumulation in the study area is
in the northwest, with a cumulative rainfall of 11,010 mm. Typhoon rainfall shows a
decreasing trend from southwest to north, with the smallest amount of rainfall at the
northern boundary, about 8240 mm. The cumulative rainfall shows significant magnitude
differences, with the same characteristics in the spatial distribution of typhoon rainfall as
those of the typhoons selected using the SST (Figure Alc).

The spatial distribution characteristics of typhoon rainfall identified in the 3, 12, 24,
and 72 h storm catalogs in the transposition domain are shown (Appendix A, Figure A3a—d).
The typhoon rainfall is widely distributed in the transposition domain, and the distribution
of short-duration typhoon rainfall is rare, with a greater impact in the south and north of
the transposition domain. Typhoon rainfall is widely distributed in the displacement area,
and the distribution of short-duration typhoon rainfall is irregular, with a greater impact
in the southern and northern parts of the displacement area. The 24 h rainfall shows a
decreasing trend from south to north, and the 72 h rainfall study area shows a decreasing
trend from west to east. The rainfall centers are mainly concentrated in the southeastern
coastal areas, and some of the rainfall centers for the long-duration typhoon events are in
the central part of the transposition domain. The spatial distribution of typhoon rainfall
with different durations in the storm catalogs is slightly different in Shanghai, mainly
showing a decreasing trend from south to north. The distribution of typhoon rainfall events
within the transposition domain shows a decreasing trend from the southeast coastal area to
the northwest inland, and the study area of Shanghai is highly affected by typhoon rainfall.
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3.2.3. The Characteristics of Selected Typhoon Events

In the storm catalogs of four durations, about 2024 different typhoon rainfall events
are selected (Table 1). Identification of typhoons is shown in Section 2.3. We use the 72 h
storm catalog with 20 typhoon events (Table 2) as an example to analyze the characteristics
of the typhoon events.

Table 1. The number of typhoon events identified in the storm catalogs for different durations.

. Number of Detected
Duration Percentage
Typhoons
3h 20 10%
12h 23 11.5%
24h 24 12%
72h 20 10%

Table 2. Typhoon events selected in the 72 h storm catalog with C, values.

Typhoon Date C Typhoon Date C
Name (yy-mm-dd) v Name (yy-mm-dd) v
Man-yi 2001-08-01 0.997 Jangmi 2008-09-23 3.186
Lekima 2001-09-21 2.770 Haikui 2012-08-01 0.933
Sinlaku 2002-08-28 1.941 Matmo 2014-07-17 1.155
Haima 2004-09-10 2.246 Kalmaegi 2014-08-18 0.894
Matsa 2005-07-30 1.210 Fung-wong 2014-09-17 2.582
Khanun 2005-09-05 1.506 Soudelor 2015-07-30 0.881
Saomai 2006-08-05 2.223 LEKIMA 2019-08-03 1.582
Wipha 2007-09-15 1.012 MITAG 2019-09-27 2.058
Krosa 2007-10-01 1.364 Hagupit 2020-07-31 1.286
Sinlaku 2008-09-08 4.073 In-fa 2021-07-16 1.601

The rainfall for each identified typhoon event is plotted over a 72 h duration
(Appendix A, Figure A3). The centers of the typhoon rainfall events are mainly con-
centrated in the southwestern coastal area of the transposition domain, and two of them
are centered in the central part of the transposition domain, with obvious characteristics
of typhoon rainfall event distribution. The spatial distribution characteristics of the ty-
phoon rainfall events are characterized by the coefficient of variation (Cy), and the C, of
the typhoon events ranges from 0.894 to 4.073, which shows that the spatial aggregation
characteristics of each typhoon event vary significantly.

iy (xi —%)?

Co= M
in which x; is the rainfall value in the center of the ith grid cell, ¥ is the average rainfall of
all grid cells over the observed scene, and # is the number of grid cells.

The Sinlaku event, which occurred in 2018, had the highest C, value, a high spatial
aggregation of rainfall, and a narrow event impact area, but the maximum rainfall inten-
sity of the event was relatively large, and the heavy rainfall had a high regional impact
(Appendix A, Figure A3j). The Soudelor event, which occurred in 2015, had the lowest C,
value, and although there was a large aggregation of rainfall in extremes, the heavy rainfall
covered a large area, and the event had a wide range of impacts (Appendix A, Figure A3p).
Another unnamed typhoon event that occurred in 2014 had similarly low C, values, but
the event had a low spatial aggregation of extreme rainfall and a high extreme rainfall
coverage area. The rainfall center was located in a land area, with a wide range of impacts
and intensity (Appendix A, Figure A3n). Analysis of the impact of typhoon events on the
study area shows that 7 out of 20 typhoon events had an impact on the study area with
extreme rainfall and 5 typhoon events with heavy rainfall impacted the study area. The
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above results show that different from local convective storms, the spatial aggregation of
typhoon events is generally large, and the impact of heavy rainfall is large-scale.

Based on the total rainfall amount and rainfall intensity, five representative typhoons
are selected in this study to demonstrate the characteristics of typhoons. Taking the selected
typhoons Haikui, Soudelor, LEKIMA, MITAG, and In-fa as examples, a comparative
analysis of the characteristics of the five typhoon events and the paths of the typhoon
centers is presented (Figure 8). The intensity of the maximum rainfall and the magnitude of
total rainfall are more or less consistent for each typhoon event, except for the Haikui event.
The Haikui event had the second highest total rainfall and the lowest maximum rainfall
intensity. Comparison with Appendix A, Figure A3 shows that the 72 h rainfall center
of Haikui was farther away from the ocean as the end point of its typhoon track, which
characterizes the rainfall characteristics of a typhoon that moves farther after landfall. The
minimum central pressure of the typhoon has a significant negative correlation with the
maximum central wind speed, and the correlation coefficient with the maximum rainfall
intensity is 0.44, which is not significant. The most extreme value for the minimum central
pressure occurred in the Souderlor event. The regularity of the characteristics of typhoon
events is not obvious, and the rain pattern varies greatly, so there may be large uncertainty
in the generalized calculation of typhoon rainfall using a predetermined rain pattern
according to the traditional method.
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Figure 8. Distribution of typhoon landfall numbers with five selected typhoon tracks (a); radar charts
of five selected typhoon features (b).

3.3. SST-Based Frequency Analysis
3.3.1. IDF Estimated Value

Based on the 3, 12, 24 and 72 h storm catalogs, 500 maximum rainfall sequences of
N = 1000 years are generated according to steps (3) and (4) in the SST method, under the
two categories of including all storm events and excluding the typhoon events, respectively.
Design storm intensity estimation is performed, which is represented by an intensity—
duration—frequency (IDF) curve. The upper and lower intervals of the IDF curve are the
95th and 5th quartiles of the 500 estimates generated using SST, respectively, and the true
value of the IDF curve is represented by the median of the estimates (Figure 9).
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Figure 9. Comparison of IDF estimates from the SST based on all storm types and without typhoon
events for different duration, 3 h (a), 12 h (b), 72 h (¢).

The SST results are compared with the results of conventional frequency analysis
based on the method of moments estimation (Figure 10). The Pearson type-III distribution
function is a theoretical line shape widely used in hydrological calculations, and the method
of moments estimation based on this distribution is widely used in design storm analysis in
many regions. The 24 h duration SST estimates are more similar to those calculated using
the method of moments estimation, but the overall results are lower than those estimated
using the method of moments estimation. The SST method gives slightly larger values than
the method of moments estimation when the return period is less than a 25-year return
period and smaller values than the method of moments estimation when the return period
is greater than a 140 y return period. It can be concluded that the design storm results
obtained using the SST method are reasonable and reliable.
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Figure 10. Comparison of IDF estimates between SST and moments method (a). Contribution of
typhoon events to design rainfall (b).

To explore the impact of typhoon events on the rainfall frequency analysis, we compare
the IDF curves generated from the storm catalogs with and without the typhoon events
(Figure 10). The design storm intensity from the SST based on all storm types is larger
than that without typhoon events, and the effect of typhoon events on the design storm
intensity decreases with an increase in the return period and eventually stabilizes. For the
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10

12 h duration, the impact of typhoon events on the 5-year return period is 11.29% and on
the 25-year return period is 6.73%. The intensity of the impact eventually converges to 7.5%.
Typhoon events have the most impact on the intensity of the 24 h duration design storm
with 12.08% using a 50-year return period and the least impact on the 72 h duration design
storm, with 4.05% using a 50-year return period. The SST estimation confidence intervals
become larger when the typhoon rainfall is included, and the range of the confidence
intervals increases with increases in the rainfall duration and return period. From the
above analyses, it can be concluded that the contribution of typhoon events to the SST-
based design storm rainfall intensity is not negligible, with a significant impact in the
24 h duration.

3.3.2. The Temporal Process of the SST-Based Design Storm

The SST-based design storm estimation contains not only the rainfall estimates under
each return period but also the temporal process of the hyetographs, which is of vital
importance in the flood control design standards. Taking the 72 h design storm as an
example (Figure 11), the variability in the rainfall mechanism is high for different return
periods but reduces as the return periods increase. A rainfall hyetograph based on all types
of storms tends to have dual peaks at the 50-year and 100-year return periods, indicating
that the standard single-peak rainfall hyetograph may not necessarily reflect the genuine
storm process. When the rainfall hyetograph estimated using SST is compared for the
50-year and 100-year return periods, the “double-peak trend” in the rainfall hyetograph is
larger while typhoon events are included, and the variability in the rainfall process is more
severe. Typhoon events have a significant influence on the temporal structure of design
storms, increasing their unpredictability and the complexity of the rainfall hyetograph.

(a) 50a o (b) 100a
SST mean All storms
25t — 75% All storms
—— SST mean Non-typhoon 101

25t — 75 Non-typhoon
8
6
4
2

12 24 36 48 60 72 12 24 36 48 60 72
duration(h) duration(h)

Figure 11. 72 h design storm hyetograph of total surface rainfall at 50- and 100-year return periods.

3.3.3. The Spatial Structure of the SST-Based Design Storm

The SST technique eliminates the rainfall field collectively while maintaining the
storm catalog’s spatial structure of rainfall (Section 2.2 steps (3) and (4)), allowing for
the estimation of the design rainfall’s spatial distribution at each duration. The study
demonstrates that, during the 2-year to 200-year return period, the design rainfall is mostly
concentrated in the core city areas and diminishes gradually in all directions (Figure 12).
The design rainfall for the 500-year return period is concentrated in the northeastern part of
the study area; thus, the accuracy of the spatial estimation of the design rainfall using the
SST method needs to be further improved for a large return period. As the return period
increases, the coverage of extreme rainfall expands, with the rainfall center moving towards
the eastern coastal region. Urban areas receive the majority of the short-duration rainfall
during various return periods, whereas long-duration rainfall is distributed more widely.



Water 2024, 16, 508

14 of 21

(a) 3h All storms

35N 47N

3I°N

This distribution of 3 h and 12 h storms is seen for the return periods larger than 100 years,
whereas the distribution of 24 h and 72 h storms is more erratic. There is non-uniformity in
the rainfall spatial distribution, which is especially noteworthy for large return periods.
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Figure 12. The spatial structure of SST-based design storm at a 50-year return period.

Typhoon events have a considerable influence on the spatial distribution of the SST
design storm when comparing the findings of SST estimation based on all storm catalogs.
Using the 50-year return period design storms for each duration as an example, we can see
that the trend in decreasing rainfall from the west is more clearly reversible, the north-south
and east—-west spatial variability increases, and the center of the SST design storms move
west when ignoring the occurrence of typhoon events.

4. Discussion
4.1. The Uncertainties of the SST Method

When comparing the results of SST estimation with those obtained using the method
of moments estimation, it is observed that the SST method yields slightly larger estimates
than the method of moments in the context of a short duration. Conversely, in the case of
a long duration, the SST method produces smaller estimates compared to the method of
moments estimation. Previous studies have identified an underestimation of heavy rainfall
using the SST method in the context of a large duration. This underestimation may be
attributed to the limited capability for GPM satellites to detect heavy rainfall, leading to
errors in the identification of extreme rainfall events within the rainfall field. Additionally,
it may be influenced by the fact that storms designed for large return periods are primarily
derived from the time-shifting of a few storms in the storm catalog, potentially resulting in
an upper limit on the estimation value.

Specifically, in the context of a 24 h duration, the rainfall estimates for a 100-year return
period are derived from a limited number of rainfall events, with a significant portion of
the estimates being attributed to a few specific events. For instance, the typhoon events on
“2019-08-09” and “2019-10-02” account for up to 34% of the estimate for a 100-year return
period. This heavy reliance on specific rainfall events represents a major limitation of the
SST method and is a key factor contributing to the underestimation in the context of large
return periods. Furthermore, the dependence on the same rainfall event in the design storm
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is substantially reduced when typhoon-related rainfall events are excluded, indicating the
need for further exploration of the impact of extreme rainfall events in the storm catalog on
the selection of SST-transposed storms.

To mitigate the influence of specific rainfall events on the frequency analysis results for
large return periods, future studies may consider introducing different intensity factors for
the classification of events in the storm catalog, which could help regulate the magnitude
of the displaced storms and improve the accuracy of the estimation results.

4.2. The Impact of Typhoon Rainfall on the SST Estimation Results

The spatial aggregation of extreme rainfall in typhoon events is typically extensive,
and heavy rainfall has a widespread impact on the study area, which is highly susceptible to
typhoon rainfall. The regularity of the distribution of typhoon rainfall at different durations
within the transposition domain is not apparent. Therefore, a Gaussian kernel density
distribution can be used to fit the distribution of the typhoon rainfall for further storm
displacement. The characteristics of the typhoon events lack obvious regularity, and the
rainfall patterns vary significantly. Consequently, there may be substantial uncertainty in
generalizing typhoon rainfall using predetermined rain patterns according to the traditional
method. In contrast, the SST method employed in this study preserves the rain pattern
characteristics of extreme rainfall events, which facilitates the exploration of the influence
of various typhoon rainfall characteristics on frequency analysis.

This study established two sets of SST-based rainfall frequency analysis systems, one
including all storm types and one excluding the typhoon events, to assess the sensitivity of
the SST method to the extreme rainfall events exemplified by typhoons (specifically, the
LIEKIMA typhoon that occurred on 3 August 2019). Furthermore, the impact of typhoon
events on the results of the design storm frequency analysis is analyzed in terms of the
magnitude, rainfall hyetograph, and spatial distribution. The contribution of typhoon
events to extreme events is separated out to further explore the direct impact of different
extreme storms on the design storm intensity under changing environments. In the context
of large return periods, there is a notable augmentation in the contribution of typhoon
rainfall. The variability in the design storm estimates in the absence of typhoon events is
relatively minor, apart from in the case of small return periods, where the variability in
the estimates without typhoon events is considerably greater. Within the 24 h durations,
the spatial correlation of typhoon events in the 24 h storm catalog is the most pronounced.
A comparison of the rainfall hyetographs of the typhoon events reveals that these events
exhibit a higher level of rainfall accumulation over 24 h. An examination of the return
periods demonstrates that typhoon rainfall events during a 24 h duration have the most
substantial impact under large return periods (Table 3). Furthermore, the variability
in the design storms experiences a significant increase when typhoon events are taken
into account.

Table 3. Variation in rainfall estimates under different return periods with C, values.

Catalog Return Period
Duration T

ype 5a 10a 25a 50 a 100 a 200 a 500 a 1000 a

ih All storms 0.0499 0.0445 0.0419 0.0316 0.0437 0.0570 0.0785 0.1927
B Non-typhoon 0.0542 0.0479 0.0450 0.0343 0.0414 0.0543 0.0660 0.0953
12-h All storms 0.0414 0.0342 0.0315 0.0326 0.0402 0.0539 0.0752 0.1737
a Non-typhoon 0.0473 0.0357 0.0348 0.0341 0.0411 0.0525 0.0723 0.0944
ik All storms 0.0325 0.0278 0.0269 0.0356 0.0444 0.0609 0.0821 0.3005
3 Non-typhoon 0.0334 0.0295 0.0297 0.0307 0.0391 0.0505 0.0636 0.0789
7h All storms 0.0202 0.0173 0.0233 0.0329 0.0376 0.0520 0.0782 0.1935
i Non-typhoon 0.0210 0.0178 0.0210 0.0331 0.0390 0.0446 0.0613 0.0789
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The study area is affected by many different types of extreme rainfall other than
typhoon events, such as plum rain and monsoons. In subsequent research, the SST method
could be refined by integrating the characteristics of various types of extreme rainfall
variability. In the future, it may be feasible to investigate the impacts of various types of
extreme rainfall on the estimation outcomes of SST, thereby establishing a foundation for
mitigating the uncertainty of the findings and enhancing the interpretability of the model.

5. Conclusions

In this study, we examined the magnitude, occurrence, and mechanism of typhoon
events in southeast coastal China and their contribution to the design storm study. The
main conclusions are as follows.

There is substantial variability in the rainfall magnitude with different rainfall du-
rations, which amplifies with increasing durations. The seasonality of the intra-annual
distribution is significant, with a prevalence of more than 65% during the flood season
(June-September). There is apparent spatial heterogeneity in the distribution of heavy
rainfall over the study area.

The occurrence frequency of typhoon rainfall events in the transposition domain is
substantial. The study area is significantly impacted by typhoon rainfall. The rainfall
characteristics of the typhoon events display considerable variation, and there is a notable
variability in the rainfall distribution across different durations. Typhoon rainfall accounts
for the highest recorded rainfall under all durations.

Typhoon rainfall elevates the intensity of the design storm, contributing significantly
to the larger return periods and amplifying the variability in the design storm rainfall. The
intensity of the design storm for a 24 h duration over a 50-year return period is increased
by 12.08% due to the influence of the typhoon rainfall. Furthermore, typhoon events
accentuate the “bimodal trend” in the rainfall hyetograph and enhance the variability in
the rainfall process. This study segregates the contribution of typhoon events in extreme
events to further elucidate the direct effect of various extreme storms on the intensity of the
design rainfall under evolving environmental conditions.

The SST method retains the spatial and temporal distribution characteristics of the
storm events, thereby facilitating an exploration of the specific impacts of various types of
storm events on design storms. In future studies, the design storms derived using SST under
diverse storm event conditions can be integrated with corresponding hydrological models
to investigate the spatial and temporal distribution of the design storms and the flood
response relationship, particularly under the corresponding extreme climatic conditions in
urban areas.
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