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ABSTRACT

Methods of rainstorm disaster risk monitoring (RDRM) based on retrieved satellite rainfall data are studied. Due to
significant regional differences, the global rainstorm disasters are not only affected by geography (such as topo-
graphy and surface properties), but also by climate events. It is necessary to study rainstorm disaster-causing factors,
hazard-formative environments, and hazard-affected incidents based on the climate distribution of precipitation and
rainstorms worldwide. According to a global flood disaster dataset for the last 20 years, the top four flood disaster
causes (accounting for 96.8% in total) related to rainstorms, from most to least influential, are heavy rain (accounting
for 61.6%), brief torrential rain (16.7%), monsoonal rain (9.4%), and tropical cyclone/storm rain (9.1%). A dynamic
global rainstorm disaster threshold is identified by using global climate data based on 3319 rainstorm-induced floods
and rainfall data retrieved by satellites in the last 20 years. Taking the 7-day accumulated rainfall, 3- and 12-h max-
imum rainfall, 24-h rainfall, rainstorm threshold, and others as the main parameters, a rainstorm intensity index is
constructed. Calculation and global mapping of hazard-formative environmental factor and hazard-affected body
factor of rainstorm disasters are performed based on terrain and river data, population data, and economic data. Fi-
nally, a satellite remote sensing RDRM model is developed, incorporating the above three factors (rainstorm intens-
ity index, hazard-formative environment factor, and hazard-affected body factor). The results show that the model
can well capture the rainstorm disasters that happened in the middle and lower reaches of the Yangtze River in China
and in South Asia in 2020.
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1. Introduction

Rainstorms and brief torrential rain can cause flood-
ing, landslides, debris flow, urban waterlogging, and other
natural disasters, causing serious casualties and economic
losses. Flash floods caused by excessive rainfall are one
of the most severe natural hazards in the world, present-
ing the most significant potential threat to the natural en-
vironment, human life, public health, and property (Kun-
dzewicz et al., 2013). Since 1950, all very large and ex-
treme floods in the Yangtze River basin (including the
Huaihe River basin), such as in 1954, 1969, 1975, 1991,
1998, 2003, 2007, 2010, and 2020, were caused by rain-
storms, which caused huge losses to the country (Wang

et al., 2003). Studies on rainstorm disasters include many
aspects such as rainstorm flood disaster prediction, risk
assessment of rainstorm disaster, zoning of flood dis-
aster risk, and climatic characteristics of rainstorm dis-
aster distribution.

Because the type of disaster caused by rainstorms is
generally regional flooding, flood forecasting techno-
logy is an interdisciplinary field. Generally, hydrological
models are used in flood forecasting, including empirical
models, lumped conceptual hydrologic models, and dis-
tributed hydrological models (Freeze and Harlan, 1969).
A distributed hydrological model, considering the spatial
heterogeneity of precipitation and land surface with digital
elevation model (DEM) elevation data, can simulate the
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impact of human activities and underlying surface factors
on the hydrological cycle. With the development of met-
eorological science and technology and the advancement
of observation techniques, radar precipitation and model
forecast precipitation have been gradually applied to hy-
drological models to improve the accuracy (Ren et al.,
2003; Bao et al., 2011).

Operational services for rainstorm disaster monitoring
and prediction are in place in many countries. In rain-
storm-caused flood monitoring, a hydrologic model is
generally used. For example, the Australia Bureau of
Meteorology flood forecasting and warning service uses
rainfall and streamflow observations, numerical weather
predictions, and hydrologic models to forecast possible
flood events across Australia (http://www.bom.gov.
au/australia/flood/). In India, during the flood season, the
Flood Meteorological Offices (FMOs) provide valuable
meteorological support to the Central Water Commis-
sion for issuing flood warnings in respect to many rivers.
The real-time monitoring and statistical analysis of dis-
trict-wide daily rainfall is one of the important functions
of the Hydromet Division of India Meteorological de-
partment (IMD; https://mausam.imd.gov.in/). At the Uni-
versity of Maryland, USA, a Global Flood Monitoring
System (GFMS) was developed using real-time satellite
precipitation, hydrological runoff, and a routing model to
create flood detection/intensity estimates, the latest maps
of instantaneous precipitation and totals from the past
day, three days, and seven days are also displayed (Wu et
al., 2012, 2014). According to the above national opera-
tional flood monitoring systems, precipitation is a key
factor in this kind of disaster.

Due to the need for disaster prevention and mitigation,
risk classification and evaluation of rainstorm and flood
disaster losses have been a focus of academic study in re-
cent years (Chou et al., 2013). Since the early 1990s,
Chinese scholars have begun to research the risk evalu-
ation of natural disaster losses and proposed evaluation
standard, indicators, and methods for quantifying natural
disaster losses (Liu, 1994; Wang et. al., 2007; Fu et al.,
2016). According to the information on 263 rainstorms
and flood disasters from 1989 to 1993, Li and Xu (1995)
analyzed the economic losses in different disaster areas
and the occurrence times of various grades of rainstorm
and flood disaster. Hao et al. (2012) discovered a risk
analysis method based on information diffusion theory.
Jin et al. (2012) discussed a connection number of risk
evaluation of China’s natural disaster systems based on
triangular fuzzy numbers and stochastic simulation. Yao
et al. (2012) analyzed the temporal and spatial distribu-
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tion characteristics of rainstorms and flood disasters in
Heilongjiang Province since 1990. Zhao et al. (2014) in-
troduced the gray correlation method of risk evaluation
in meteorological disaster losses based on historical dis-
aster data from the Chinese mainland, and applied the
improved gray relational analysis model (the triangular
gray relational model) to the risk evaluation of rainstorm
and flood disaster losses. At present, geographic informa-
tion system (GIS) technology is widely used in the study
of rainstorm disaster risk zoning based on rainstorm dis-
aster assessment. The assessment of disasters includes
not only precipitation, but also topography and other land
surface conditions, as well as the population and eco-
nomics. According to the operational requirements, a
number of national and local standards for rainstorm dis-
asters have been established.

With global warming, research has shown that the
global mean surface temperature has increased by 0.66°C
from 1961-1990 to 2000-2019 (Valipour et al., 2021).
The research on changes in temperature and precipita-
tion over South Asia during the 21st century shows that
there is still a continuous increase in the annual mean
temperature and a robust increase in summer precipita-
tion over most of the South Asian region (Almazroui et
al., 2020). The continuous increase in temperature and
precipitation will increase the frequency and intensity of
rainstorm disasters in the future.

Most of the rainstorm disaster assessment models and
rain-caused flooding models are regionally applicable,
which means that they need to be optimized separately
for different regions and basins, and it is difficult to ob-
tain the monitoring data needed in some models, such as
hydrological data and ground observation rainfall. With
the increasing demand for global rainstorm disaster mon-
itoring services, it is necessary to build rainstorm dis-
aster risk monitoring (RDRM) model based on region-
wide coverage, high temporal resolution, and easily ob-
tained datasets. With the development of satellite remote
sensing technology, global real-time rainstorm observa-
tion can be realized by satellite retrieval rainfall, which
provides the necessary conditions for real-time monitor-
ing of global rainstorm disasters. Using rainfall data re-
trieved by multiple meteorological satellites, this paper
focuses on the near-real-time monitoring of global severe
rainstorm disaster risk with reference to rainstorm and
flood disaster prediction and disaster assessment meth-
ods. In this paper, a worldwide dynamic rainstorm
threshold map will be established according to historical
data on severe rainstorm-caused flood disasters from the
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past 20 years. The paper will also establish the calcula-
tion method of rainstorm intensity index with multiple
precipitation parameters. The factors of hazard-format-
ive environments and hazard-affected bodies will also be
considered. Finally, an RDRM model is established, and
a rainstorm risk index (RRI) can be obtained in near real
time. At the same time, the applicability of the RDRM in
rainstorm disaster monitoring in different areas in 2020 is
analyzed.

2. Data and methods

2.1 GSMaP_Gauge rainfall

The Japanese Global Satellite Mapping of Precipita-
tion (GSMaP) datasets are provided by the Japan Aero-
space Exploration Agency (JAXA). They include a
multisatellite global precipitation map under the Global
Precipitation Measurement (GPM) Mission, using Dual-
frequency Precipitation Radar (DPR) onboard GPM core
satellites, other GPM constellation satellites, and geosta-
tionary satellites (Hou et al., 2014; Skofronick-Jackson et
al., 2017; Deng et al., 2019; Gao et al., 2019). Three dif-
ferent remote sensing precipitation products are pro-
duced, GSMaP NRT, GSMaP MVK, and GSMaP
Gauge. In this study, the 24-h accumulated and hourly
precipitation GSMaP_Gauge data, which include the cor-
rection of global surface rainfall station data, are used
from 2000 to 2020. The variable is rainfall rate (mm h™"),
the domain is global (60°N—-60°S, 0-360°), and the grid
resolution is 0.1° latitude/longitude.

2.2 DFO flood disaster

The global flood disaster dataset is from the Dart-
mouth Flood Observation (DFO) Center, Boulder, CO,
USA (Kundzewicz et al., 2013). A sample of the data is
given in Table 1, including the location, area, time, influ-
ence, main cause, and severity of the flood. There are 10
main causes of flooding disasters, 5 of them related to
precipitation: heavy rain, tropical cyclones (TC), mon-
soonal rain, brief torrential rain, and extratropical cyc-
lones. In this study, we mainly focus on the rain-induced
kinds of disasters. The time range of the data used in this
study is 2000 to 2020.

The flood severity is defined in three classes, 1.0, 1.5,

Table 1. A sample of the flood disaster dataset
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and 2.0, i.e., Class 1.0: large flood events, significant
damage to structures or agriculture, fatalities, and/or a
1-2-decade interval since the last similar event; Class
1.5: very large events, with a greater than 20-yr but less
than 100-yr recurrence interval, and/or a local recurrence
interval of 10-20 yr; and Class 2.0: extreme events, with
an estimated recurrence interval greater than 100 yr.

2.3 ETOPOI terrain height and river network

ETOPO1 is a 1 arc-minute global relief model of
Earth’s surface that integrates land topography and ocean
bathymetry from the NOAA, Silver Spring, MD, USA
(Hastings and Dunbar, 1999). Global river network data
used in this study were provided by the National Geo-
matics Center of China, including the river information
from level 1 to level 5.

2.4 Gross domestic product and population

The estimate of gross domestic product (GDP) is de-
rived from nighttime lights satellite imagery and the
LandScan population grid in 2010, which provide an al-
ternative means for measuring economic activity (Ghosh
et al., 2010), spatially distributed to generate a spatially
disaggregated 1-km? map of total economic activity.

The global population dataset in 2020 gives the estim-
ated total number of people per grid-cell at a resolution
of 1 km from WordPop (www.worldpop.org, https://dx.doi.
org/10.5258/SOTON/WP00647; Stevens et al., 2015).

2.5 Data normalization method

The input datasets of the rainstorm disaster risk monit-
oring model built in this study include not only rainfall,
but also terrain height, river network, economy (GDP),
and population. They have different dimensions and
units. In order to eliminate the influence of dimensions
among influence factors in the model, data standardiza-
tion is needed to solve the comparability between data-
sets. Two common normalization methods are Min—Max
and Z-score (Carrino, 2017), Min—Max normalization is
also known as deviation standardization, it is a linear
transformation of the original data, so the result is
mapped to 0—1, which in essence changes a number into
a decimal between 0 and 1. The transfer function is (X —
Min)/(Max — Min), where X is the data value to be nor-
malized and Max and Min are the maximum and minimum

ID Country Longitude (°E) Latitude (°N) Area (km?) Start End Casualty Displaced Main cause Severity
4938  China 112.507 31.0754 107,563 2020/06/27 2020/07/30 0 9200 Monsoonal rain 2.0
4953 Pakistan 68.2157 26.9573 97,006.28  2020/08/24 2020/08/27 0 1300 Monsoonal rain 1.5
4961  India 77.4698 247095  613,621.1 2020/08/21  2020/08/27 13 60 Monsoonal rain 1.5
4966 Vietnam 107.833 15.8548 52,752.51  2020/10/06 2020/10/25 6 2100 Heavy rain 2
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values, respectively. After the normalization of the ori-
ginal or intermediate data, each influence factor is on the
same order of magnitude and can be comprehensively
analyzed in the model.

2.6 Establishment of the rainstorm disaster risk
monitoring model

The RDRM model built in this study is an empirical
model according to the current operational rainstorm dis-
aster-related standards, including national standards
(Chen et al., 2017), meteorological industry standards
(Bao et al., 2018), and some provincial standards (Chen
et al., 2017) in China. It also references many research
results of rainstorm-caused flood disaster assessment and
operational flood monitoring methods from many other
countries (Wu et al., 2012, 2014).

The prototype of the model is from the Zhejiang Pro-
vincial standard in China (Chen et al., 2017). The rain-
storm process risk index is defined as follows:

I=(1+1)E, 1)

where ] is the rainstorm process risk index, I/ is the rain-
storm hazard-formative environments influence coeffi-
cient, and I¢ is the rainstorm process intensity index.

In this study, based on the rainstorm process risk as-
sessment model, a rainstorm disaster risk real-time mon-
itoring model will be built with multiple parameters re-
ferring to the original model and will be a great improve-
ment in many aspects. Improvements include: (1) a dy-
namic global rainstorm disaster threshold map is estab-
lished by using global climate data on rainstorm-induced
floods and the precipitation retrieved from satellites in
the last 20 years; (2) 7-day accumulated rainfall and the
number of days when the daily rainfall exceeds the rain-
storm disaster threshold in the first seven days are intro-
duced to the new model; (3) gross domestic product
(GDP) and population are considered as the rainstorm
hazard-affected bodies influence coefficient; (4) using

JOURNAL OF METEOROLOGICAL RESEARCH

VOLUME 36

Min-Max data normalization to get more reasonable
parameters.

3. Results

3.1 Distribution of rain-induced flood disasters

According to the global flood disaster dataset of DFO
from 2000 to 2020, there were about 3427 floods in the
world during this period. Heavy rain caused 2111 floods,
accounting for 61.6% of the total, which is the largest
proportion. The numbers of brief torrential rain-induced,
monsoonal rain-induced, and tropical cyclone/storm rain-
induced floods were 571, 323, and 312, respectively. The
above four types of flooding disasters are most common,
and are all related to precipitation, including extratropical
cyclones, so the total number of flooding disasters re-
lated to precipitation is about 3319 from 2000 to 2020.
The main causes of flooding disasters are shown in Fig. 1.

According to the central location and areas of flood-
ing disasters caused by precipitation (that is, 3319 cases),
the distribution of flooding disasters is shown in Fig. 2.
It can be seen that the regions of a high frequency of
rain-induced flooding disasters in the world include Ja-
pan, North Korea, Central and Eastern China, Philip-
pines, South and Southeast Asia, Central and East Africa,
East Australia, Central and South Europe, southeastern
North America, northwestern and southeastern South
America, etc. Most of them belong to monsoon regions
or tropical cyclone landing areas, or are areas affected by

Tidal surge/tsunami |2
Extratropical cyclone |2
Ice jam/break-up |19
Dam/levy, break/release [137
Snowmelt [5 50

Number

Tropical cyclone/storm 312
Monsoonal rain 323
Brief torrential rain 571
Heavy rain 2111
0 500 1000 1500 2000 2500

Fig. 1. Main causes of flooding disasters from 2000 to 2020.
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Fig. 2. Distribution of the frequency of global rain-induced flooding disasters from 2000 to 2020.
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convective cloud systems in the intertropical conver-
gence zone (ITCZ); and some of them are related to the
major river basins in the world. For example, the high
frequency of rain-induced flood disasters in South Asia is
correlated with the summer monsoonal rainfall, tropical
cyclones landing in the Arabian Sea and Bay of Bengal,
and the Indus Basin and Ganges Basin.

3.2 Threshold for rainstorm disasters

In the prototype of the model (Chen et al., 2017), the
rainstorm threshold is a constant, that is, 50, which is the
rainstorm standard for 24-h rainfall in eastern China.
However, rainstorm disasters are affected by many
factors, such as geographical location, topography,
rivers, and climate events, resulting in obvious regional
differences in the rainfall threshold of rainstorm dis-
asters. Zhai et al. (2018) and Yuan et al. (2019) per-
formed a comprehensive assessment and rechecking of
the rainfall threshold for floods based on the disaster in-
formation, offering a valuable reference for the analysis,
and calculation of early warning indicators of a flash
flood. In this section, the distribution characteristics of
rainfall threshold in different areas according to the flood
disasters in 2000-2020 will be analyzed. This will
provide a dynamic parameter of precipitation for the es-
tablishment of a rainstorm disaster monitoring model.

Using the information of 3319 floods from 2000-2021
to calculate the rainstorm threshold, the method is to se-
lect the 24-h precipitation on the first day of the flood as
the precipitation, calculate the average precipitation in
the disaster-affected area, and assign the average precip-
itation to grid points in the affected area, while the other
grid points are assigned the default value. By calculating
the accumulated precipitation of each grid point and the
number of flood disasters, an average precipitation map
of rainstorm disaster is obtained. Due to the strong dis-
persion of precipitation, when flooding occurs, stronger
precipitation may occur a little further away from the
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flood’s central location, and sometimes the precipitation
in some grids near the flood center is low, so the regional
average and multiple cases (3319) average will make the
precipitation smaller. Therefore, the average precipita-
tion only gives the relative value distribution of the 24-h
precipitation threshold on the day of a rainstorm-induced
flood, so data correction is necessary to obtain a reason-
able threshold, which will then be used in the rainstorm
disaster model. The thresholds of a rainstorm disaster in
Southeast and Northwest China are set to 50 mm (24 h) ™!
and 25 mm (24 h) 7!, respectively. By linear transforma-
tion the thresholds of the rainstorm are corrected, that is,
X-25 50-25

= ———, where X is the corrected threshold, R is
R-a b-a

the initial threshold to be corrected, and a and b are the
initial threshold in Southeast and Northwest China, re-
spectively.

The corrected distribution of global rainstorm threshold
is shown in Fig. 3. It can be seen that the areas with a
high rainfall threshold appear in the Korean Peninsula,
Japan, Philippines, Malaysia, India, Madagascar, west-
ern and eastern Australia, the west coast of the United
States, Northwest Mexico, and so on. When the flood
disasters caused by TC rainfall are in the majority in a re-
gion, it is more common for there to be a large rainstorm
threshold because the TC landing is characterized by
strong rainfall. In the southwest of India, western Aus-
tralia, western USA, and North Madagascar, the large
rainstorm threshold is related to tropical storms. If con-
tinuous frontal precipitation-caused floods make up the
majority, there is more likely to be a relatively small
rainstorm threshold such as in Pakistan, Afghanistan,
central Africa, and eastern Australia.

3.3 Satellite data-based RDRM model

Similar weather events may have very different im-
pacts in different places. Thus, in the establishment of a
rainstorm disaster monitoring model, not only the haz-

— =) |
40N
0 ¥
,
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I 1 I | IS ) ] I O

48 52 56 60 64 68 72

Fig. 3. Distribution of the rainfall threshold for rainstorm disasters based on the flooding disasters during 2000-2020.
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ard-formative factors (that is, strong precipitation) but
also hazard-formative environments and hazard-affected
bodies are analyzed. Based on relevant national and in-
dustry standards of rainstorm disaster in China and mon-
itoring methods of rainstorm and flood disasters (Chen
H. Y. et al,, 2017; Chen X. Y. et al., 2017; Bao et al.,
2018), in this study, the rainstorm disaster risk index, in-
cluding these three factors, is defined as follows:

I=Ix(1+1)x(1+ 1), 2)

where /; is the rainstorm hazard-affected bodies influ-
ence coefficient. The calculation methods are as follows.
3.3.1 Rainstorm intensity index Iy

The rainstorm intensity index takes 3-, 12-, and 24-h
accumulated rainfall, accumulated rainfall in the first
seven days, and the number of days with precipitation
greater than or equal to the rainstorm disaster threshold
out of 8 days as its parameters. The rainstorm intensity
index Ir is defined as follows:

Ran

If=ax +bX +cXRy, 3)
2% Rthreshold Rthreshold
5 5
R = max EXR3,§><R12,R24 , “4)

where Ry is the accumulated rainfall in the first 7 days,
R; and Ry, are the maximum 3- and 12-h accumulated
rainfall in the latest 24 h, respectively; Ry4 is the 24-h ac-
cumulated rainfall; Ryyesnord 1S the dynamic threshold of
rainstorm disaster (given by Fig. 3), R, is the number of
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days on which the precipitation is greater than or equal to
the rainstorm disaster threshold out of eight days (the
same day and the first seven days), and a, b, and c are the
coefficients to be defined. In this study, when Ry4 >
Rinresholds @ = 0.38, b= 1.0, ¢ = 0.32; when Ro4 < Rpresholds
a=038,b=0.3,c=0.32.

All the coefficients refer to the reference (Chen et al.,
2017), we consider that if the 24-h rainfall exceeds the
rainstorm threshold, the impact on the risk of rainstorm
disaster should be greater—that is, the role of the current
heavy rainfall is emphasized. Thus, the coefficient b goes
from 1 to 0.3, when R4 goes from being greater than

. . 5
Ritreshold to being less in Eq. (3). The term max (5 XR3,

5 . . . . .
nglz,RM) considers the difference in disaster risk

caused by different rainfall intensity for the same daily
precipitation.

The rainstorm disaster that happened in Vietnam from
6 to 25 October 2020 is used as an example to explain
the calculation method of rainstorm intensity index
(Table 1). In this case, the affected area of the disaster
was about 53,000 km?, 75 people died, and the displaced
population was about 900,000. The precipitation on 6
October at the beginning of the disaster is R (Fig. 4a).
The total precipitation from the first seven days is Ry
(i.e., 29 September to 5 October; Fig. 4b), while Ry is the
number of days that the precipitation was greater than or
equal to the threshold from 29 September to 6 October
(Fig. 4c). The distribution of the disaster precipitation

140
20N 130
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100
90
15N 80
70
60
50
40
10N : 30
L 20
\ == 10
90E 95E 100E 105E 110E 115E
20N -
238
24
= 2.0
15N - : 1.6
1.2
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Fig. 4. Distributions of precipitation parameters during the rainstorm disaster in Vietnam in October 2020: (a) precipitation (R) on 6 October,
(b) accumulated precipitation (Ry;) from 29 September to 5 October, (c) the number of days when daily precipitation (Rq) exceeded the threshold
from 29 September to 6 October, and (d) rainstorm intensity index (I¢) on 6 October.
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threshold is shown in Fig. 3. The rainstorm intensity in-
dex obtained by Eq. (3) is shown in Fig. 4d.

The daily precipitation causing the rainstorm and
flooding disaster occurred in central Vietnam, and was
more than 50 mm in most areas. The accumulated precip-
itation in the first seven days in central and western Viet-
nam was more than 100 mm. The number of days when
the precipitation exceeded the threshold was 1-2. The
rainstorm intensity index in central Vietnam was greater
than 1.2 when the rainstorm disaster occurred. In addi-
tion, the rainstorm intensity index on 6 October also
showed that there was a high index greater than 1.2 in
south central Cambodia, southern Thailand, and south-
ern Myanmar. Disaster information was also reported on
the internet (http://floodlist.com). It is said that the first
of the recent spate of flooding began in early October
2020, when days of heavy rainfall in South East Asia
caused flooding in Vietnam, Cambodia, Laos, and Thail-
and.

3.3.2  Environment influence coefficient I

In this study, the rainstorm hazard-formative environ-
ments included two factors, terrain and river network.
The calculation method of 7 is as follows:

Ie — Iomi
IL=—c+ 2(:(—e = ) (5)
Iemax - Iemin
I = Whpn + Wy pr, (6)

where pp and wy, are the terrain influence factor and its
coefficient; p, and w, are the river network influence
factor and its coefficient. lomax and Iomi, are the maximum
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and minimum of I, respectively; ¢ is a constant that is
set according to the monitoring demand. In this study, ¢
=0.3, wp = 0.7, and w; = 0.3 are selected.

a. Terrain influence factor py,

The terrain influence factor is determined by using the
elevation standard deviation and elevation. The calcula-
tion method is as follows:

(7

where £ is the elevation of the evaluation point, A is the
elevation of the neighborhood point, and # is the number
of the neighborhood point, whose value is generally
greater than or equal to 9. The relationship between the
terrain influence factor, elevation standard deviation, and
elevation is shown in Table 2. According to this relation-
ship, the distribution of terrain influence factor is shown
in Fig. 5.

b. River influence factor p,

The river influence factor p;. is obtained by using the
river network density assignment method, where the
river network density S is calculated as follows:

l
Sy=—, ()

ay
where [, is the length of the river and a, is the area. The
river influence factor, p;, can be obtained by river net-

work density S, through Eq. (9):
Sr =S rmin

= 9
N rmax — Srmin

Pr ©)

Table 2. Values of the terrain influence factor py, drived based on the elevation 4 and its standard deviation Sy,

Elevation standard deviation S,

Elevation /(m)

<100 [100, 300) [300, 500) [500, 800) = 800

<1 0.9 0.8 0.7 0.6 0.5

[1, 10) 0.8 0.7 0.6 0.5 0.4

[10, 20) 0.7 0.6 0.5 0.4 0.3

220 0.5 0.4 0.3 0.2 0.1
40N
0
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Fig. 5. Distribution of terrain influence factor py.
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where S;max and Symin are the maximum and minimum of
S, respectively. Thus, the value of p; is 0—1. The distri-
bution of the global river network influence factor is
shown in Fig. 6. It can be seen that the river influence
coefficients in eastern and northeastern China, South
Asia, Southeast Asia, and northern North America are
high. The corresponding main rivers are the Yangtze
River, Yellow River, Songhua River, Indus River,
Ganges River, Mekong River, and Mississippi River.
Compared with Fig. 2, the flood disaster frequency is
also high in areas with a high value of the river influence
factor.
3.3.3  Hazard-affected bodies influence coefficient I,
Severe rainstorm disaster will cause casualties or pop-
ulation transfer and economic losses. Therefore, two
factors, population and GDP, are considered in the mon-
itoring model of rainstorm disasters. If the impact of dis-
aster prevention and reduction on disaster losses is not
considered, it is generally believed that the more densely
populated and economically developed areas are, the
greater the losses caused by the same rainstorm. Based
on this, the influence coefficient of rainstorm hazard-af-
fected bodies is calculated as follows:

Iy = wppp +Wepy, (10)

where p, and w;, are the population influence factor and
its coefficient; p, and w, are the GDP influence factor
and its coefficient. According to Chen et al. (2017), the
sum of the coefficients of these two factors should be set
to 1. If we consider which factor accounts for a larger
proportion, then the coefficient will have a higher re-
sponse. The distribution of the GDP influence factor and
population influence factor are consistent with each oth-
er in most areas (see Sections 3.4.1 and 3.4.2). In this pa-
per, wp=0.5 and we= 0.5 are selected.

a. Population influence factor p,,

According to the global population density data, the
global population distribution is extremely inhomogen-
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eous, the maximum population density is 122,208 km™
in very few areas, while in low-population-density areas
the number of people is less than 1 km™. Therefore,
when calculating the population influence factor through
the Min—Max normalization method to deal with values
between 0 and 1, the maximum value needs to be given a
reasonable number in order to inform a more reasonable
population influence coefficient. By analyzing the popu-
lation distribution map and many experiments, finally,
the maximum value (Max) in (X — Min)/(Max — Min) is
selected as 800, that is, Max = 800 and Min = 0. The cal-
culation method of population influence factor is as fol-
lows:

(0 < pa < 800)
(pa = 800) ’

Pd

Py = { 800 (11)
1

where pq is the population density. According to this re-
lationship, the distribution of population influence coeffi-
cient can be calculated and is shown in Fig. 7. It can be
seen that a population influence coefficient greater than
0.6 is mainly seen in east, southeast, and south Asia,
western Europe, eastern and southern North America,
central and eastern Africa, etc. In particular, northern In-
dia, Bangladesh, and eastern Pakistan in South Asia are
the most densely populated areas with a population influ-
ence coefficient greater than 0.8. Rainstorm disasters oc-
cur frequently in these areas, which can be seen from the
climate distribution of rainstorms and flooding disasters
(Fig. 2).

b. GDP influence factor p,

There is a close relationship between economic devel-
opment and population density. Studies on the relation-
ship between economy and the population show that pop-
ulation density is one of the necessary conditions for eco-
nomic activities and economic development. The de-
mand pressure generated by population growth contrib-
utes to the generation of innovative behavior, thus pro-
moting economic development and technological pro-

40N 4
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Fig. 6. Distribution of the river network influence factor p;.
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gress. Generally speaking, the economy of densely popu-
lated areas will be more developed. However, the eco-
nomic development is also affected by other factors. In
the analysis of the GDP influence coefficient, the method
is similar to that for the population impact coefficient.
The maximum value of GDP in (X — Min)/(Max — Min)
is selected as 50 (the maximum GDP is 723 in the data-
set), that is, Max = 50 and Min = 0. The calculation

method of the GDP influence factor is as follows:
GDP
—_— 0<GDP < 50
pe = { 50 <30)
1 (GDP > 50)

(12)

where p, is the GDP influence factor, the distribution of
which is shown in Fig. 8. It can be seen that, compared
with the population impact coefficient, the GDP impact
coefficient of central and western Europe and Southeast
North America is higher, while that of South Asia is
lower, indicating the differential distribution between
population density and economic development.

3.4 Evaluation and application in 2020

The most important input data to the rainstorm dis-
aster risk monitoring model concern rainfall; the main
output of the model is the RRI, with which we hope to
provide monitoring and early warning information for

severe rainstorm disasters worldwide based on real-time
satellite-retrieved rainfall. In order to analyze its reliabil-
ity, the floods caused by rainstorms in 2020 were ex-
amined. We used flood information to study the RRI in
corresponding areas and the active periods.

3.4.1 Evaluation

In 2020, there were 172 floods worldwide in the DFO
dataset, 146 of which were caused by rainfall (Fig. 9;
Kundzewicz et al., 2013). The flood severity was classi-
fied into three categories in the DFO flood list (Table 1),
that is, 1.0, 1.5, and 2.0, which are represented by green,
blue, and red, respectively (Fig. 9). There were 39, 85,
and 22 floods with a severity of 1.0, 1.5, and 2.0, respect-
ively. The dots in Fig. 9 are the central locations of the
146 floods in 2020.

Using the RDRM model established in this study, a
daily RRI map was created for 2020. By examining the
146 floods and the corresponding RRI near the central
location of each flood one by one in different flood
severity classes, we obtained the results shown in Fig.
10. The average maximum RRI for the 39 floods with
severity 1.0 is about 1.68, which was the smallest among
the three classes, and in most cases the RRI was between
1 and 2. There were five cases in which the maximum
RRI were greater than 3, and one flood was caused by
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Fig. 8. Distribution of GDP influence factor p,.
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TC rainfall. The average maximum RRI were 2.16 and
3.63 for floods with severity 1.5 and 2.0, respectively.

It can be seen that, on average, the rainstorm risk in-
dex is consistent with the flood disaster severity for 2020
(Fig. 10). However, there were some cases that do not
match exactly. For example, in case No. 8 the flood
severity was 2.0 but the maximum RRI was about 2.0,
which is much smaller than the average of 3.63 (Fig.
10c). The flood occurred in the United States in May; the
main causes were a dam break and heavy rain. It may be
that the dam break aggravated the influence of precipita-
tion, leading a relatively small RRI to be associated with
a stronger flood disaster. Another similar example is case
No. 14 for flood severity 2.0 (Fig. 10c); the flood oc-
curred in Chad, Africa, from August 11 to 28. Although
the daily precipitation intensity was relatively small (the
maximum RRI is about 2.0), long-lasting rainfall can still
bring about an extreme flood event.

The formation of a flood disaster is the result of a
complex multifactor synthesis, although in the RDRM
model, the effect of precipitation intensity on the dis-
aster under the same daily precipitation is considered to
some extent. There is still a lot of work to do in terms of
detailed classification according to the disaster informa-
tion to build a better RDRM model. However, this model
reflects the disaster level of rainstorms to a certain extent.
3.4.2  Application in 2020

It can be seen from the above analysis that RDRM
model includes precipitation, topography and rivers, pop-
ulation, and economy, which can quantitatively repres-
ent the potential hazards caused by rainstorms. In order
to analyze the reasonableness of the RRI in operational
rainstorm service, two rainstorm-caused floods in 2020
were selected as examples.

From late June to the middle of July in 2020, there
was continuous heavy rainfall in the Yangtze River and
Huaihe River basin, which caused serious flooding dis-

asters. Especially in the first 10 days of July, rainstorms
occurred continuously in the middle and lower reaches of
the Yangtze River (Fig. 11a). The 7-day accumulated
precipitation from 2 to 8 July showed that, in northern Ji-
angxi, eastern Hubei, and southern Anhui Province, the
precipitation exceeded 300 mm, and the maximum oc-
curred in southern Anhui Province, with the accumu-
lated precipitation exceeding 500 mm. From 0000 to
2300 (UTC) on 9 July, the 24-h rainfall maximum center
shifted slightly southward (Fig. 11b). Daily precipitation
of more than 60 mm occurred in Jiangxi Province, and
the maximum precipitation in the central of Jiangxi
Province was more than 250 mm. By calculating the

5 5
parameter R [max(i ><R3,§><R12,R24), Eq. 4] we found

that there was a stronger rainfall intensity center in Ji-
angsu Province (Fig. 11c¢).

The water level of the Yangtze River and Poyang lake
reservoirs increased, and the water area increased due to
the heavy rainfall. According to the daily accumulated
precipitation, since 29 June, the northern part of Jiangxi
Province has been hit by continuous rainstorms, result-
ing in serious floods. During this period, the rainstorm
from 7 to 8 July in Jiangxi Province, which is the most
severe since complete meteorological records were made
available in 1961, has had a wide range of influence.
Based on satellite remote sensing and meteorological ob-
servation data, monitoring and evaluation of the changes
in the main body and nearby water area of Poyang Lake
in Jiangxi Province were carried out (Fig. 12). The result
shows that the area of Poyang Lake is the largest it has
been in the last 10 years (figure omitted).

Using the RDRM model in this study, the RRI distri-
bution was obtained as shown in Fig. 13. It can be seen
that, affected by the continuous heavy rainfall, the re-
gions with a RRI greater than 1.0 on 9 July were distrib-
uted in eastern Hubei, eastern Hunan, southern Anhui,
and north—central Jiangxi provinces. The maximum cen-
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Fig. 10. The maximum RRI during each of the 146 floods caused by rainfall near the central location of the floods in 2020 for (a) the 39 floods
with severity of 1.0, (b) the 85 floods with severity of 2.0, and (c) the 22 floods with severity of 2.0 based on the DFO flood disaster dataset.

ter of the RRI, which was greater than 4.5, was located in
the north—central part of Jiangxi Province. Compared
with the precipitation (Fig. 11), the high risk index in
southern Anhui and northern Jiangxi provinces had a
close relationship with the strong 7-day accumulated pre-
cipitation, while the high RRI in central Jiangxi Province
was related to the 24-h heavy rainfall. Figure 13 also
shows that the value of the RRI in western Japan is 1-3
during to the eastward extension of the Meiyu front cloud
belt. At the same time, affected by heavy rainfall, the
rainstorm disaster risk index in Northeast India is also
higher.

The rainstorm disaster monitoring model is based on
the historical data of rainstorm disasters, and a global dy-
namic threshold of rainstorm disaster is established;
therefore, the rainstorm disaster risk index can be ap-
plied worldwide. The applicability of the index to other
regions is illustrated by an example of monsoonal rain-
fall disaster in South Asia from late August 2020.

In late August 2020, Pakistan and India suffered
severe rainstorms due to the strong summer monsoonal
rainfall. The rainstorm and flood disaster dataset (Table 1)
shows that the rainstorm disaster in Pakistan occurred
from 24 to 27 August, with the center located near
26.9573°N, 68.2157°E—that is, Southeast Pakistan, with
an affected area of about 97,000 km?. The rainstorm dis-
aster process in India occurred from 21 to 27 August, and
the center is located near 24.7095°N, 77.4698°E, which
is in the north central part of India, with an area of about
61,000 km?.

The rainstorm disaster risk index (Fig. 14) shows that
there were two high-risk centers, one in Sindh Province

in the south of Pakistan and the other in Orissa state in
the northeast of India, with rainstorm risk greater than
2.0. The maximum value in Southeast Pakistan was more
than 4.5, while the maximum value of the RRI in North-
east India was 3—4.

Form the comparison of water body monitoring be-
fore (5 August) and after (6 September) the floods in
southern Pakistan by FY-3D satellite, it can be seen in
Fig. 15 that, on 6 September, affected by the rainstorm,
the Indus River, which flows through Punjab and Sindh,
widened significantly, the water body area of Manchar
Lake increased, and some areas such as Hyderabad, Mir-
pur Khas, and Umerkot in southern Sindh were affected
by the rainstorm and floods.

The rainstorm disaster risk index on 25 August was
consistent with that of the rainstorm flood disaster data-
set, and the surface water body monitoring by meteorolo-
gical satellite also provided further evidence of the flood-
ing disaster caused by the rainstorm. Therefore, the rain-
storm disaster monitoring model established in this pa-
per effectively monitored this rainstorm-induced disaster
in South Asia.

4. Conclusions and discussion

In this study, an RDRM empirical model is built based
on the remote sensing rainfall dataset, which can be used
worldwide. Based on global rainstorm and flood inform-
ation from the past 20 years, the dynamic threshold of
rainstorm is established. Therefore, the difference in the
precipitation intensity that can cause flooding disasters in
different regions of the world is considered. Moreover,
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Fig. 11. Distributions of precipitation during the rainstorm disasters
in China in July 2020: (a) 7-day (2—8 July) accumulated precipitation,

(b) 24-h precipitation on 9 July, and (c) R = max(E ><R3,§ X R12, Rog)
precipitation on 9 July 2020.

rainstorm disaster-causing factors include many paramet-
ers, and the hazard-formative environment factor and
hazard-affected body factor of rainstorm disaster are built
on terrain and river datasets, and population and economic
datasets, respectively. The combination of the above
factors makes the rainstorm disaster monitoring results
have regional differences under similar precipitation con-
ditions. The application of the rainstorm disaster monit-
oring model in 2020 in China, India, and Pakistan also
shows the applicability of the model in different regions.
The main contributions of this study are summarized as
follows:

According to the global flooding disaster data from the
past 20 years, the top four flood disaster causes (account-
ing for 96.8% in total) related to precipitation are heavy
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Fig. 13. Distribution of the rainstorm disaster risk index over China
on 9 July 2020.

rain (accounting for 61.6%), brief torrential rain (16.7%),
monsoonal rain (9.4%), and tropical cyclone/storm rain
(9.1%). The distribution of flooding disasters is inhomo-
geneous; high-frequency areas are distributed in Japan,
North Korea, central and eastern China, Philippines,
South and Southeast Asia, Central and East Africa, East
Australia, Central and South Europe, southeastern North
America, northwestern and southeastern South America,
etc.

Based on data on the historical flood disasters caused
by rainstorms and daily precipitation in the past 20 years,
the worldwide dynamic threshold of precipitation during
the floods is established, and the distribution of the pre-
cipitation threshold also shows regional non-uniformity.
In the calculation of the rainstorm intensity index, a dy-
namic threshold is introduced, and the cumulative precip-
itation of the previous seven days, the daily precipitation,
and the number of days when the precipitation exceeds
the rainstorm disaster threshold are used as the hazard-
formative factors.
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Fig. 15. Water body change of the Indus River in Sindh, Pakistan monitored by F'Y-3D: (a) normal water level before the rainstorm on 5 August
2020 and (b) river widening due to the rainstorms on 6 September 2020.

Two variables are selected for the

environments (i.e., terrain and river networks) and two
for the hazard-affected bodies (i.e., population distribu-
tion and GDP). By adding the influence factor into the

rainstorm disaster monitoring model,

hazard-formative
able RRI.

the rainstorm in-

tensity index can be modified to obtain a more reason-

By using the rainstorm disaster monitoring model es-
tablished in this study, the long-lasting regional flood
process in Southeast China and the monsoonal rain flood
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process in South Asia in 2020 are monitored. The rain-
storm risk index monitors these two disaster processes
well.

The goal of this study was to establish a real-time rain-
storm-caused flood monitoring model that can be used in
daily operational services. Thus, the model was estab-
lished according to the current operational rainstorm dis-
aster-related standards, including national standards, met-
eorological industry standards, and some provincial
standards of China. The design of the model also refer-
enced many research results of rainstorm-caused flood
disaster assessment and operational flood monitoring
methods in other countries such as Australia, India,
Pakistan, the USA, and so on. In the operational service
of rainstorm disaster monitoring and forecasting, many
parameters in the standard are set based on operational
experience. Therefore, the parameters of the global rain-
storm and flood disaster empirical model built in this
study can be adjusted according to the specific needs.
Because the rainstorm threshold in the model established
in this study is based on information from the past 20
years on rainstorm-caused flooding disasters around the
world, the model has a certain applicability worldwide.

The GSMaP_Gauge daily rainfall data used in this
study from the website have a three-day delay at present.
In order to realize the real-time monitoring of global
rainstorm disasters based on the meteorological satellite,
there are higher requirements for the effectiveness of
satellite precipitation retrieval products. Therefore, a pre-
cision assessment of satellite precipitation estimation
products such as FY-2/3/4 satellites will be carried out
later, determining the relationship between the precipita-
tion estimation products of FY-2/3/4 and the GSMaP
Gauge, and the FY satellite precipitation data will be cor-
rected in its scanning areas (Singh et al., 2018). Accord-
ing to the rainstorm disaster monitoring model estab-
lished in this study, the RRI monitoring products of global
key regions (such as in the Belt and Road regions) will
be established based on the FY satellites, which can be
applied to the monitoring and early warning services of
heavy rain disasters in the key regions of the world.
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