
Citation: Qin, L.; Liao, X.; Xu, W.;

Meng, C.; Zhai, G. Change in

Population Exposure to Future

Tropical Cyclones in Northwest

Pacific. Atmosphere 2023, 14, 69.

https://doi.org/10.3390/

atmos14010069

Received: 22 November 2022

Revised: 23 December 2022

Accepted: 27 December 2022

Published: 29 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Change in Population Exposure to Future Tropical Cyclones in
Northwest Pacific
Lianjie Qin 1,2,3,4, Xinli Liao 1,2,3,4, Wei Xu 1,2,3,4,* , Chenna Meng 1,2,3,4 and Guangran Zhai 1,2,3,4

1 Key Laboratory of Environmental Change and Natural Disaster of Ministry of Education,
Beijing Normal University, Beijing 100875, China

2 State Key Laboratory of Earth Surface Processes and Resource Ecology, Beijing Normal University,
Beijing 100875, China

3 Academy of Disaster Reduction and Emergency Management, Ministry of Emergency Management and
Ministry of Education, Beijing Normal University, Beijing 100875, China

4 Faculty of Geographical Science, Beijing Normal University, Beijing 100875, China
* Correspondence: xuwei@bnu.edu.cn

Abstract: The impact of tropical cyclones is expected to worsen with continued global warming and
socioeconomic development. Quantifying population exposure to strong winds and heavy rainfall
induced by tropical cyclones is a core element of tropical cyclone population risk assessment. Based
on the demographic dataset of Shared Socioeconomic Pathways and future tropical cyclone data, we
first calculate and analyze the changes in impact frequency and population exposure to four tropical
cyclone scenarios in the Northwest Pacific over the period 2015–2050. Then, we quantitatively assess
the contribution rates of climate change, population change, and their joint change to population
exposure change. The results show that East China, South China, and Southeast China are the areas
with high exposure change. Additionally, most of the high exposure changes (absolute changes over
400,000 people) are significant, and primarily influenced by the changes in local population growth.
Overall, exposure change in the Northwest Pacific is mainly influenced by climate change, followed
by population change and joint change.

Keywords: tropical cyclone; population exposure; contribution rate; Northwest Pacific

1. Introduction

Tropical cyclones have a widespread impact and great destructive power, with strong
winds, heavy rainfall, and storm surges seriously threatening people’s lives and proper-
ties [1–5]. In recent decades, systematic changes in tropical cyclone activities have occurred
regarding trajectory and intensity, which are important for assessing tropical cyclone risks.
For example, in the Northwest Pacific, the polar shift of tropical cyclones has resulted an
increase in the intensity of tropical cyclones in Eastern Asia [6–11]. Moreover, the intensity
of landfalling tropical cyclones has increased by 12–15% in recent decades [12]. In the future,
the intensity and precipitation of tropical cyclones are projected to increase further, imply-
ing the greater risk of intense tropical cyclones [13–16]. Moreover, with socio-economic
development, the risk of exposure of the population and their assets to natural disasters
is also rising [4,17–21]. In addition, the global urban land located in low-altitude coastal
areas will increase by 230% during the period 2000–2030 [22], which will further enhance
the exposed population to tropical cyclone disasters. Risk management and climate change
adaptation focus primarily on the mitigation of exposure and vulnerability, as well as
improving resilience to the potential adverse impacts of climate extremes [23]. Therefore, it
is necessary to explore exposure to disaster and loss in risk assessments [24]. The annual
population exposure to tropical cyclone events will increase by 26% (33 million people) for
each 1 ◦C increase in global temperature [4].

Although there are many studies on population exposure to tropical cyclones, obtain-
ing detailed information on tropical cyclone exposure remains an open challenge at present,
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because the effects of future tropical cyclone rainfall are rarely considered. Ultimately,
studies on future tropical cyclone rainfall are still immature. Additionally, few studies
have been performed on the contribution of different change factors to exposure changes
to tropical cyclones. In this study, the changes in impact frequency and population expo-
sure to four tropical cyclone scenarios in the Northwest Pacific over the period 2015–2050
are calculated based on the Shared Socioeconomic Pathways (SSPs) demographic and
economic dataset by Jiang et al. [25]. Future tropical cyclone data are obtained from the
High-Resolution Model Intercomparison Project (HighResMIP). Then, the contribution
rates of climate change, population change, and joint change to population exposure change
are quantified. Based on the change analysis of population exposure and contribution rates,
we aim to identify the changing characteristics of future exposed populations to tropical
cyclones and to illustrate the significance of climate change and population change.

In this study, we aim to analyze the changes in impact frequency and population
exposure in the Northwest Pacific over the period 2015–2050, and quantitatively assess
the contribution rates of climate change, population change, and joint change to popula-
tion exposure change. Although storm surge is a common secondary hazard of tropical
cyclones, we only consider strong winds and heavy rainfall in this study, mainly due to
data availability.

2. Materials and Methods
2.1. Data and Study Area

Future tropical cyclone data were obtained from the High-Resolution Model In-
tercomparison Project (HighResMIP), which was obtained via the TRACK algorithm
(https://catalogue.ceda.ac.uk, accessed on 31 August 2022). Storm tracks are provided
as NetCDF files similar to the Climate Model Output Rewriter, one for each hemisphere
during the simulation period of the HighResMIP experiment, with a tracked variable in
each file and associated time, latitude, and longitude at six-hour interval coordinates. In
this study, we selected the ‘highres-future’ dataset for 2015–2050, which includes 25 mod-
els and coupled atmosphere–ocean data using the SSP585 scenario. Future population
data are used in the Shared Socioeconomic Pathways (SSPs) demographic dataset by
Jiang et al. [25] (https://cstr.cn/31253.11.sciencedb.01683, accessed on 31 August 2022),
which provides the global population projections under SSP1 (sustainable pathways), SSP2
(intermediate pathways), SSP3 (local or inconsistent development/regional competition
pathways), SSP4 (uneven pathways) and SSP5 (traditional fossil fuel-based pathways)
scenarios for 2010–2100 at a spatial resolution of 0.5◦ × 0.5◦. As future tropical cyclone
data are only available for the SSP585 scenario, the population under the SSP5 scenario
was selected for this study. The study region includes 14 countries in the Northwest Pacific
basin (0–60◦ N, 97–180◦ E), accounting for >30% of global tropical cyclones. Figure 1 shows
the location of countries in the Northwest Pacific and the location of provinces in China.

For comparison and statistical analysis, we would preferably select a base period and
comparison periods [26]. In this study, due to the short time series of future tropical cyclone
track data and the large difference in the number of historical tropical cyclone records, we
can only set the base period at 2015–2020 (T0) and the two comparison periods at 2021–2035
(T1) and 2036–2050 (T2). T1–0, T2–1, and T2–0 represent T1 compared with T0, T2 compared
with T2, and T2 compared with T0, respectively.

2.2. Tropical Cyclone Simulation
2.2.1. Tropical Cyclone Wind Field Simulation

In this study, the gradient balance velocity Vg for a stationary storm is calculated using
the Holland wind field model [27,28] as follows:

Vg =

√
B(Pa − Pc)

ρ

(
RMW

r

)B
e−(RMW/r)B

+

(
r f
2

)2
− |r| f
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where B is the air pressure profile parameter, which is set to B = 1.881 − 0.00557 ∗
RMW − 0.01295 ∗ φ (φ represents the latitude of the cyclone center) [29]; Pa is the pres-
sure at the periphery, which is set to 1010 hPa [30]; Pc is the pressure at the cyclone
center, which can be obtained using the best track dataset; ρ is the air density, which
is set to 1.15 kg/m3 [31]; RMW is the radius to maximum wind speed, which is set to
RMW = −18.18 ln(Pa − Pc) + 112.20 [32]; r is the distance between the cyclone center and
target point; and f is the Coriolis parameter, which is set to f = 2Ω sin ϕ, where Ω is the
angular rotation rate of the earth (7.272 × 10−5 rad/s) and ϕ is the latitude at the target
point [31].
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We then calculate the wind speed near the surface. According to Harper et al. [33], the
wind speed at the 10 m surface (Vz) is as follows:

Vz = Km ∗Vg, (2)

where Km is computed as:

Km =


0.81

0.81− 2.96 ∗ 10−3 ∗ (Vg − 6)
0.77− 4.31 ∗ 10−3 ∗ (Vg − 19.5)

0.66

Vg < 6 m/s
6 ≤ Vg < 19.5 m/s

19.5 ≤ Vg < 45 m/s
Vg ≥ 45 m/s

, (3)

2.2.2. Tropical Cyclone Rainfall Simulation

Tropical cyclone rainfall is defined as the total rainfall within a certain radius from
the cyclone center [34,35], and this radius is usually set to 500 km [36,37]. In this study, a
500 km radius is used to calculate the total rainfall of a tropical cyclone.

The tropical cyclone rainfall is found to have an approximate power–law relation with
maximum wind speed and location, indicated by the latitude of the tropical cyclone:

log(TCP) = α + β ∗ log(lat) + γ ∗ log(v), (4)
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where TCP is tropical cyclone rainfall in millimeters (mm), lat is the latitude in degrees
(◦), v is the maximum wind speed in knots, e is the natural constant, and parameters α,
β, and γ are the empirical constants determined from historical tropical cyclone rainfall
and the corresponding maximum wind speed and latitude. In the Northwest Pacific, the
values for parameters α, β, and γ are 6.35, −0.14, and 0.58, respectively (see the attached
document for details). The total amount of the future tropical cyclone rainfall is estimated
by Equation (4), and its spatial distribution can be assigned weight based on its historical
spatial distribution; then, the spatial distribution of the future tropical cyclone rainfall is
simulated (see Appendix A for details).

2.3. Analysis Methods
2.3.1. Tropical Cyclone Impact Frequency

Tropical cyclone influences mainly include strong wind and heavy rainfall. In this
study, we examine four scenarios for the impact of hazard factors, namely, tropical cyclone
hazard scenarios I (tropical cyclone strong winds), II (tropical cyclone heavy rainfall), III
(simultaneous tropical cyclone strong winds and heavy rainfall), and IV (strong winds or
heavy rainfall affected by tropical cyclone). Here, the thresholds for strong winds and heavy
rainfall are 30 knots (10 min average) and 25 mm day−1, respectively [21]. We then calculate
the annual impact frequency for the four hazard impact scenarios for each 0.25◦ × 0.25◦

grid in each future tropical cyclone track model. In general, the multi-model ensemble is
widely used due to its better performance [38,39]. Therefore, the mean of the single annual
impact frequency of the 25 models is computed for the annual impact frequency of the
four tropical cyclone hazard scenarios for each grid.

2.3.2. Population Exposure to Tropical Cyclone

The population exposed to tropical cyclones is defined as the amount of people located
in tropical cyclone-prone areas [40]. The population exposure to tropical cyclones can be
calculated by multiplying the population and the tropical cyclone impact frequency for
each raster. In this study, the spatial resolution of the future population data is 0.5◦ × 0.5◦,
so it is necessary to resample the future tropical cyclone impact frequency to 0.5◦ × 0.5◦

(unit: person per year).

2.3.3. Change in Tropical Cyclone Impact Frequency, Population and Population Exposure

The impact area of tropical cyclones varies from year to year; thus, the trend line of
tropical cyclone impact frequency over the period 2015–2050 in each grid was fitted with a
linear regression model. Adapted from Kossin [41], the change in tropical cyclone impact
frequency in each grid is defined as the difference between fitted values for 2050 and 2015.
The calculation of changes in population and population exposure is the same as that of
changes in tropical cyclone impact frequency. A significant change is based on the p-value
of the fitted trend line for each grid, and if the p-value is less than 0.05, then it is considered
to be a significant change.

2.3.4. Contribution Rate to Population Exposure Change

According to Jones et al. [42] and Liu et al. [43], impact on changes in population
exposure can be divided into three components: climate change, population change, and
their joint change [42,43]. According to Liao et al. [24], the contribution rate of each factor
is calculated as follows:

CRcli =
|Pi×∆C|

|Pi×∆C|+|∆P×Ci |+|∆P×∆C| × 100%

CRpop = |∆P×Ci |
|Pi×∆C|+|∆P×Ci |+|∆P×∆C| × 100%,

CRjoi =
|∆P×∆C|

|Pi×∆C|+|∆P×Ci |+|∆P×∆C| × 100%

(5)
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where CRcli, CRpop, and CRjoi represent the contribution rates of climate change, pop-
ulation change, and joint change, respectively. Pi and Ci represent the population and
climate in period i, respectively. ∆P and ∆C represent the changes in population and
climate, respectively.

3. Results
3.1. Changes in Tropical Cyclone Influences and Population

Figure 2 shows the spatial distribution of the changes in tropical cyclone impact
frequency in the Northwest Pacific for the period 2015–2050 for four tropical cyclone hazard
scenarios, as well as the spatial distribution of the significant changes (p-value < 0.05). The
overall trend for the tropical cyclone hazard scenarios is that the change in the frequency
of impact increases at higher latitudes and decreases at lower latitudes during the period
2015–2050, but there are few areas of significant change. The areas with decreasing changes
in the frequency of tropical cyclone hazard scenario I are concentrated south of 20◦ N and to
the north-east of the Northwest Pacific (Figure 2a), while on land, only a few small areas to
the north experience significant increasing changes (Figure 2b). The north–south variation
in the changes in the frequency of storm impacts of tropical cyclone hazard scenario II is
more pronounced than that of tropical cyclone hazard scenario I (Figure 2c), but on land,
there are only a few small areas where there is a significant increasing change (Figure 2d).
The spatial distribution of the impact frequency change in tropical cyclone hazard scenario
III is similar to that of tropical cyclone hazard scenario II (Figure 2e,f), while the spatial
distribution of the impact frequency change in tropical cyclone hazard scenario IV is similar
to that of tropical cyclone hazard scenario I (Figure 2g,h).

Then, we plot the spatial distribution of the change in population in the North-
west Pacific for the period 2015–2050 and the spatial distribution of significant changes
(p-value < 0.05) in Figure 3. It is clear that among the Southeast Asian countries in the
Northwest Pacific, with the exception of Cambodia (Myanmar is not in the Northwest Pa-
cific), there has been a significant increase in population. In Northeast Asia, the populations
of Japan and North Korea are significantly declining, and the population of South Korea
is significantly increasing. In China, the population of the southeastern coastal provinces
(except Taiwan and Jiangsu) has increased significantly. The populations of Beijing, Tianjin,
Ningxia, Qinghai, and Tibet are also significantly increasing, while the populations of
Jiangsu, Yunnan, and Guizhou are insignificantly increasing; otherwise, the populations of
regions in China are significantly decreasing.

3.2. Spatial and Temporal Changes in Population Exposure to Tropical Cyclones

Figure 4 depicts the spatial distribution of exposed population change for the four
tropical cyclone hazard scenarios over the period 2015–2050, and the spatial distribution of
significant changes (p-value < 0.05). Overall, the spatial distribution of exposure changes
affected by tropical cyclone hazard scenario I is similar to that affected by tropical cyclone
hazard scenario III (Figure 4a,e), while the spatial distribution of exposure changes affected
by tropical cyclone hazard scenario II is similar to that affected by tropical cyclone hazard
scenario IV (Figure 4c,g).

In terms of the spatial distribution of exposure changes affected by tropical cyclone
hazard scenario I, the areas with a large increase in exposure change (>+400,000 people)
are mainly located in East China (e.g., Zhejiang) and South China (e.g., Guangdong). The
areas with a medium increase in exposure change (+200,000~+400,000 people) are mainly
located in Northern China (e.g., Beijing, Tianjin, and Shandong). The areas with a low
increase in exposure change (<+200,000 people) are mainly located in Northern China
(e.g., Hebei, Shanxi, and Inner Mongolia), Southwest China (e.g., Guangxi and Guizhou),
Southeastern Russia, and the Northern Philippines. The areas with a large decrease in
exposure change (<−400,000 people) are mainly located in Southeast China (e.g., Taiwan).
The areas with a medium decrease in exposure change (−200,000~−400,000 people) are
mainly located in the western and southern parts of Korea. The areas with a low decrease
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in exposure change (>−200,000 people) are mainly located in Central China (e.g., Hubei,
Anhui), Japan, Southeast Asia, and the Korean Peninsula. Only a few regions showed
significant changes in exposure. For example, significant increases were found in Northern,
Eastern and Southern China, and significant decreases were found in Southeastern China
(including Taiwan island) and Southern Korea.
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Figure 2. Spatial distribution of tropical cyclone impact frequency change in the Northwest Pa-
cific. (a,c,e,g): Spatial distribution of the tropical cyclone impact frequency change over the period
2015–2050 for tropical cyclone hazard scenarios I, II, III, and IV, respectively. (b,d,f,h): Regions with
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confidence level for tropical cyclone hazard scenarios I, II, III, and IV, respectively.
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In terms of the spatial distribution of exposure changes affected by tropical cyclone
hazard scenario II, the areas with a large increase in exposure change (>+400,000 people)
are mainly located in East China (e.g., Zhejiang), South China (e.g., Guangdong), Northern
China (e.g., Beijing, Tianjin), and the North–Central Philippines. The areas with a medium
increase in exposure change (+200,000~+400,000 people) are mainly located in Central and
Southwestern China (e.g., Hunan and Guangxi). The areas with a low increase in exposure
change (<+200,000 people) are mainly located in Northern China (e.g., Hebei, Shanxi,
and Inner Mongolia), Southwest China (e.g., Yunnan and Guizhou), Southeastern Russia,
Northern Japan, North Vietnam, Malaysia and the Philippines. The areas with a high
decrease in exposure change (<−400,000 people) are mainly located in Southeast China
(e.g., Taiwan island), Southwest China (e.g., Sichuan and Chongqing), and Eastern Japan.
The areas with a medium decrease in exposure change (−200,000~−400,000 people) are
mainly located in Central China (Anhui). The areas with a low decrease in exposure change
(>−200,000 people) are mainly located in South Japan, the Korean Peninsula, and Southeast
Asia, excluding the Philippines, Malaysia and North Vietnam. Only a few regions showed
significant changes in exposure, for example, East and South China and the Philippines
showed significant increases, while Southeast China (including Taiwan Island), Eastern
Japan, Southeast Thailand and Cambodia showed significant decreases in exposure.

In terms of the spatial distribution of exposure changes affected by tropical cyclone
hazard scenario III, the areas can be referred to as the spatial distribution of exposure
changes affected by tropical cyclone hazard scenario I. In terms of the spatial distribution
of exposure changes affected by tropical cyclone hazard scenario IV, the areas can be
referred to as the spatial distribution of exposure changes affected by tropical cyclone
hazard scenario II.

3.3. Contributions to Population Exposure to Tropical Cyclones

Figure 5 shows the contribution rate of each factor in each scenario. Overall, climate
change has the greatest impact on exposure change, followed by population change and
joint change. In T2-0, the scenario of tropical cyclone hazard scenario I has the largest
climate change effect of 82.1%, while tropical cyclone hazard scenario III has the largest
population change effect of 32.7%. For T1-0 and T2-1, the climate change effects of tropical
cyclone hazard scenarios I and III show decreased trends from 60.7% to 50.1% and from
54.8% to 44.7%, respectively; the climate change effects of tropical cyclone hazard scenarios
II and IV show increased trends from 27.4% to 59.2% and from 41.3% to 65.3%, respectively.
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Figure 4. Spatial distribution of exposed population changes in the Northwest Pacific.
(a,c,e,g): Spatial distribution of exposed population changes over the period 2015–2050 for trop-
ical cyclone hazard scenarios I, II, III, and IV, respectively. (b,d,f,h): Regions with significant changes
between periods are indicated in red (increased) and blue (decreased) at the 95% confidence level for
tropical cyclone hazard scenarios I, II, III, and IV, respectively.

To further investigate the structural aspects of exposure change, we break down
exposure change in the eight regions of interest in different periods into climate change
effects, population change effects and joint change effects, where the eight regions of interest
are identified based on the spatial distribution of significant changes in Figure 4 (Figure 6).
Then, we plotted the contribution rates of climate change, population change and joint
change for the tropical cyclone hazard scenario I (Figure 7) and tropical cyclone hazard
scenario II (Figure 8) in these eight regions of interest.
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Figure 6. Eight regions of interest in the Northwest Pacific.

For tropical cyclone hazard scenario I, the contribution rates of factors in different
regions are not consistent. In regions A and G, population exposure is decreasing; mean-
while climate change impact is the dominant factor in each period, and shows a slight
increasing trend (Figure 7a,g). The decline in tropical cyclone strong wind impact frequency
should be the main reason for the decrease in population exposure in regions A and G. In
regions D and E, population exposure is increasing; however, population change impact
is the dominant factor in each period and shows a slight decreasing trend (Figure 7d,e).
Population growth should be the main reason for the increase in population exposure in
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regions D and E. In region B, the population exposure is decreasing; meanwhile, population
change impact is the dominant factor in T2-0, while climate change impact is as important
as population change impact in T1-0 and T2-1 (Figure 7b). The negative population growth
and decline in tropical cyclone strong wind impact frequency should be the main reasons
for the decrease in population exposure in region B. In region C, the population exposure
is decreasing; meanwhile, population change impact is the dominant factor in T2-0, and
climate change impact is the dominant factor in T1-0, while population change impact is
as important as climate change impact in T2-1 (Figure 7c). Overall, negative population
growth is the main reason for the decrease in population exposure in region C. In region
F, population exposure is decreasing; meanwhile, population change impact and climate
change effect are the dominant factors in T2-0, climate change effect is the dominant factor in
T1-0, and population change effect becomes the dominant factor in T2-1 (Figure 7f). Overall,
negative population growth is the main reason for the decrease in population exposure
in region F. In region H, the population exposure is increasing; meanwhile, population
change impact is the dominant factor in T2-0 and T1-0, but is evenly matched by climate
change effect in T2-1 (Figure 7h). Although the decline in tropical cyclone strong wind
impact frequency and population growth both occur in region H, population growth is the
main reason for the increase in population exposure.
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E, F, G, and H, respectively.

For the tropical cyclone hazard scenario II, the contribution rates of factors in different
regions are not consistent. In regions A and B, population exposure is decreasing; climate
change impact is the dominant factor in each period and shows a slightly increasing trend
(Figure 8a,b). The decline in tropical cyclone heavy rainfall impact frequency should be
the main reason for the decrease in population exposure in regions A and B. In region C,
population exposure is decreasing; the impacts of climate change and population change
are the dominant factors in T2-0, and climate change impact is the dominant factor in T1-0,
while population change impact becomes as important as climate change impact in T2-1
(Figure 8c). Overall, negative population growth and the decline in tropical cyclone heavy
rainfall impact frequency are the main reasons for the decrease in population exposure in
region C. In region D, population exposure is increasing; the impacts of climate change and
population change are the dominant factors in each period (Figure 8d). Population growth
and the increase in tropical cyclone heavy rainfall impact frequency should be the main
reasons for the increase in population exposure in region D. In regions E and H, population
exposure is increasing, and population change impact is the dominant factor in each period
(Figure 8e,h). Although the decline in tropical cyclone heavy rainfall impact frequency and
population growth both occur in regions E and H, population growth is the main reason
for the increase in population exposure. In region F, population exposure is decreasing;
population change impact and climate change effect are the dominant factors in T2-0, and
the impact of climate change is slightly bigger than the population change in T2-0. Climate
change is the dominant factor in T1-0, while population change is the dominant factor in T2-1
(Figure 8f). Overall, negative population growth and the decline in tropical cyclone heavy
rainfall impact frequency are the main reasons for the decrease in population exposure in
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region F. In region G, population exposure is decreasing; the population change impact is
the dominant factor in T2-0 and T2-1, but is evenly matched by climate change effect in T1-0
(Figure 8g). Overall, the decline in tropical cyclone heavy rainfall impact frequency is the
main reason for the decrease in population exposure in region G.

4. Conclusions and Discussion

In this study, we depict the changes in impact frequency and exposed population for
four tropical cyclone hazard scenarios over the period 2015–2050 in the Northwest Pacific,
and then analyze the contribution rates of three effect factors on population exposure for
the tropical cyclone hazard scenarios I and II. The main findings are outlined below.

Most of the high increases/decreases in exposure change are significant. The high
increase in exposure change is mainly located in regions D and E for all hazard scenarios,
where the population growth should be the main reason for the increase in population
exposure to the tropical cyclone hazard scenarios I and II. The high decrease in exposure
change is mainly located in region F for all tropical cyclone hazard scenarios, where
negative population growth is the main reason for the decrease in population exposure in
tropical cyclone hazard scenario I, while negative population growth and the decline in
tropical cyclone heavy rainfall impact frequency together cause a large decline in population
exposure in tropical cyclone hazard scenario II. A high decrease in exposure change also
occurs in region C in tropical cyclone hazard scenarios II and IV; negative population growth
and the decline in tropical cyclone heavy rainfall impact frequency are the main reasons
for the decrease in population exposure. Overall, change in local population growth is the
primary cause of high exposure change. The distributions of medium increases/decreases
in exposure change are not consistent across the four tropical cyclone hazard scenarios,
so they are not discussed here. The distribution of low increases/decreases in exposure
change is the largest in the fourth tropical cyclone hazard scenario. It is noteworthy that
some places with a low increase in exposure change have negative population growth,
which is due to the increase in tropical cyclone impact frequency.

The exposure change in the Northwest Pacific is driven primarily by climate change,
followed by the population change, and lastly by joint change. In the eight regions of
interest, population change is the primary influence on tropical cyclone hazard scenario I,
while climate change is the primary influence on tropical cyclone hazard scenario II. Joint
change is the least important for all tropical cyclone hazard scenarios.

Our results call for more attention to be given to population exposure in relation to
future tropical cyclone activities. In particular, the impact of future population changes
and changes in the frequency of tropical cyclones, as well as the often-overlooked changes
in population exposure due to tropical cyclone rainfall, should receive more attention. It
is also worth noting that population exposure changes have a regional dimension. For
example, some regions are more influenced by climate change factors, others by population
change factors, and some regions by a combination of these two factors. This suggests that
governments in different regions will need to develop different precautionary measures in
the future based on different tropical cyclone hazard scenarios.
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Appendix A.

Appendix A.1. Tropical Cyclone Rainfall Simulation

Appendix A.1.1. Data Sources

The best track dataset for tropical cyclones was acquired from the International Best
Track Archive for Climate Stewardship (IBTrACS) v04 dataset [44], which includes the
position, minimum sea-level pressure, and the maximum sustained wind speed of tropical
cyclones from 1980 to 2020. The IBTrACS dataset contains various wind-averaged periods
for tropical cyclone conditions from different agencies. Here, the 1 min and 3 min mean
wind speeds are converted into 10 min mean wind speeds [45].

Tropical cyclone rainfall was obtained from Multi-Source Weighted-Ensemble Precip-
itation (MSWEP). MSWEP is a global precipitation product with a resolution of 0.1◦ for
3-hourly periods, available from 1979 to the present. The MSWEP dataset takes advantage
of the complementary strengths of measurement-, satellite-, and reanalysis-based data to
provide a reliable estimation of precipitation on a global scale. It also tends to exhibit better
performance than other precipitation products in both densely gauged and ungauged
regions [46,47].

Appendix A.1.2. Analysis Method of Tropical Cyclone Rainfall Simulation

A detailed basis is lacking for a causal model relating the intensity and location of
tropical cyclones and rainfall. Here, we plot a scatter between global tropical cyclone
rainfall, maximum wind speed, and latitude of tropical cyclones in Figure A1, and list their
statistics in Table A1. It is clear that there is a general power–law relationship between
tropical cyclone rainfall and maximum wind speed (Table A1 and Figure A1a), and a
linear relationship between tropical cyclone rainfall and latitude (Table A1, Figure A1b,c).
Herein, we conjecture that the combination of maximum wind speed and location affects
the magnitude of tropical cyclone rainfall and assume a relationship of the following form:

TCP = eα ∗ latβ ∗ vγ, (A1)

where TCP is tropical cyclone rainfall in millimeters (mm), lat is the absolute value of
latitude in degrees (◦), v is the maximum wind speed in knots, e is the natural constant, and
parameters α, β, and γ are empirical constants determined from historical tropical cyclone
rainfall and the corresponding maximum wind speed and latitude. Traditionally, nonlinear
regression analysis is performed by transformation to achieve linear, homoscedastic or
constant variance [48]. Log-log transformation is the most commonly used transformation:

log(TCP) = α + β ∗ log(lat) + γ ∗ log(v), (A2)

This study rounded the maximum wind speed and latitude according to the rounding
method. Because the large amount of data with latitude at lat and maximum wind speed
at v correspond to multiple values of tropical cyclone rainfall, we construct (lat, v, TCPlat,v)
by averaging the tropical cyclone rainfall corresponding to exact lat and v.

https://catalogue.ceda.ac.uk
https://cstr.cn/31253.11.sciencedb.01683
https://gda.bnu.edu.cn/
https://gda.bnu.edu.cn/
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Table A1. Statistical significance of the relationship between tropical cyclone rainfall and main factors.

Constant 95% CI of
Constant

p-Value
(Uncorrected) Slope 95% CI of Slope p-Value

(Uncorrected) d.f. R2

log10 TCP ∼ v 3.38 [3.36,
3.41] 0 2.73 × 10−3 [2.37 × 10−3,

3.09 × 10−3] 2.68 × 10−43 650 0.25

TCP ∼ lat(N) 3646.27 [3575.05,
3717.5] 0 −26.61 [−28.46,

−24.76] 1.97 × 10−115 661 0.55

TCP ∼ lat(S) 3801.71 [3683.59,
3919.84] 6.34 × 10−251 −35.33 [−38.82,

−31.85] 1.69 × 10−66 537 0.42

Here, CI is the confidence interval, and d.f. is the degree of freedom.
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Appendix A.1.3. Regression Results

According to Equation (A2), we regressed the relationship between tropical cyclone
rainfall, maximum wind speed, and latitude in both hemispheres and all ocean basins with
a simple linear model. The regression results are listed in Table A2. The parameters α are
6.58 and 7.32 in the Northern and Southern Hemispheres, respectively, and range from
5.99 to 8.25 in the ocean basins. The parameter α does not differ significantly between the
Northern and Southern Hemispheres and individual ocean basins. The slopes of latitude
(β) are−0.23 and−0.39 in the Northern and Southern Hemispheres, respectively, and range
from −0.72 to −0.12 in the ocean basins. The parameter β represents the degree of response
of tropical cyclone rainfall to latitude. With increasing latitude, tropical cyclone rainfall
decreases more in the Southern Hemisphere than in the Northern Hemisphere. The largest
decrease in tropical cyclone rainfall with increasing latitude is in the Eastern Pacific Ocean
among the various ocean basins. The smallest decrease in tropical cyclone rainfall is in the
Northern Atlantic Ocean. The slopes of maximum wind speed (γ) are 0.55 and 0.49 in the
Northern and Southern Hemispheres, respectively, and range from 0.31 to 0.76 in the ocean
basins. The parameter γ represents the degree of response of tropical cyclone rainfall to
maximum wind speed. As the maximum wind speed increases, tropical cyclone rainfall is
greater in the Northern Hemisphere than in the Southern Hemisphere. The largest increase
in tropical cyclone rainfall with increasing maximum wind speed among the various ocean
basins is in the Eastern Pacific Ocean. The smallest decrease in tropical cyclone rainfall is in
the Northern Indian Ocean.

Table A2. Statistical significance of the relationship between tropical cyclone rainfall and maximum
wind speed and latitude.

α 95% CI of α
p-Value of α

(Uncorrected) β 95% CI of β
p-Value of β

(Uncorrected) γ 95% CI of γ
p-Value of γ

(Uncorrected) d.f. R2

Northern
Hemisphere 6.58 [6.47,

6.70] 0 −0.23 [−0.25,
−0.21] 1.22 × 10−81 0.55 [0.53,

0.58] 0 3724 0.43

Southern
Hemisphere 7.32 [7.16,

7.49] 0 −0.39 [−0.42,
−0.35] 1.22 × 10−94 0.49 [0.46,

0.52] 1.00 × 10−175 2463 0.38

Northern
Atlantic Ocean 5.99 [5.80,

6.18] 0 −0.12 [−0.16,
−0.08] 1.09 × 10−09 0.59 [0.56,

0.62] 4.50 × 10−262 2460 0.41

Northern
Indian Ocean 7.41 [7.13,

7.68] 4.15 × 10−288 −0.19 [−0.27,
−0.11] 3.52 × 10−06 0.31 [0.26,

0.37] 2.51 × 10−26 963 0.12

Eastern Pacific
Ocean 6.76 [6.46,

7.06] 5.19 × 10−262 −0.72 [−0.78,
−0.66] 5.00 × 10−94 0.76 [0.7,

0.82] 3.38 × 10−120 1377 0.48

Western North
Pacific Ocean 6.35 [6.21,

6.49] 0 −0.14 [−0.17,
−0.11] 1.03 × 10−20 0.58 [0.55,

0.61] 4.17 × 10−289 2374 0.44

Southern
Indian Ocean 7 [6.83,

7.18] 0 −0.33 [−0.37,
−0.29] 2.79 × 10−62 0.5 [0.47,

0.54] 7.65 × 10−152 2237 0.34

Southern
Pacific Ocean 8.25 [8.05,

8.45] 0 −0.57 [−0.62,
−0.53] 1.90 × 10−122 0.43 [0.39,

0.47] 1.07 × 10−93 1671 0.40

Appendix A.1.4. Spatial Distribution of Simulated Total Tropical Cyclone Rainfall

According to Equation (A2) and the parameter estimates in Table A2, the total amount
of tropical cyclone rainfall can be estimated from the intensity and location of the tropical
cyclone, and its spatial distribution can be assigned weights based on its historical spatial
distribution, which in turn simulates the spatial distribution of tropical cyclone rainfall
(Figure A2). The scatter plot of the simulated and historical values is shown in Figure A3
on a pixel-by-pixel basis (adjusted R2 = 0.9610, slope = 0.8758).
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Figure A3. Correlation between mean historical tropical cyclone rainfall and simulated tropical
cyclone rainfall for 1980–2020, where the solid line is the 1:1 line and the dashed line is the slope of
the fit.
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Appendix A.1.5. Data Availability Statement

The best track dataset for TCs is obtained from the International Best Track Archive
for the Climate Stewardship (IBTrACS) dataset: https://www.ncdc.noaa.gov/ibtracs/
index.php?name=ibtracs-data (accessed on 31 May 2022). Three hourly precipitation
data are obtained from Multi-Source Weighted-Ensemble Precipitation (MSWEP) in http:
//www.gloh2o.org/ (accessed on 30 June 2022).

References
1. Peduzzi, P.; Chatenoux, B.; Dao, Q.-H.; De Bono, A.; Herold, C.; Kossin, J.; Mouton, F.; Nordbeck, O. Global trends in tropical

cyclone risk. Nat. Clim. Chang. 2012, 2, 289–294. [CrossRef]
2. Welker, C.; Faust, E. Tropical cyclone-related socio-economic losses in the western North Pacific region. Nat. Hazards Earth Syst.

Sci. 2013, 13, 115–124. [CrossRef]
3. Needham, H.F.; Keim, B.D.; Sathiaraj, D. A review of tropical cyclone-generated storm surges: Global data sources, observations,

and impacts. Rev. Geophys. 2015, 53, 545–591. [CrossRef]
4. Geiger, T.; Gütschow, J.; Bresch, D.N.; Emanuel, K.; Frieler, K. Double benefit of limiting global warming for tropical cyclone

exposure. Nat. Clim. Chang. 2021, 11, 861–866. [CrossRef]
5. Maxwell, J.T.; Bregy, J.C.; Robeson, S.M.; Knapp, P.A.; Soulé, P.T.; Trouet, V. Recent increases in tropical cyclone precipitation

extremes over the US east coast. Proc. Natl. Acad. Sci. USA 2021, 118, e21056361182021. [CrossRef]
6. Park, D.S.R.; Ho, C.H.; Kim, J.H. Growing threat of intense tropical cyclones to East Asia over the period 1977–2010. Environ. Res.

Lett. 2014, 9, 014008. [CrossRef]
7. Choi, J.W.; Cha, Y.; Kim, H.D.; Kang, S.D. Latitudinal change of tropical cyclone maximum intensity in the western North Pacific.

Adv. Meteorol. 2016, 2016, 5829162. [CrossRef]
8. Kossin, J.P.; Emanuel, K.A.; Camargo, S.J. Past and projected changes in western North Pacific tropical cyclone exposure. J. Clim.

2016, 29, 5725–5739. [CrossRef]
9. Oey, L.Y.; Chou, S. Evidence of rising and poleward shift of storm surge in western North Pacific in recent decades. J. Geophys.

Res. Ocean. 2016, 121, 5181–5192. [CrossRef]
10. Zhan, R.; Wang, Y. Weak tropical cyclones dominate the poleward migration of the annual mean location of lifetime maximum

intensity of northwest Pacific tropical cyclones since 1980. J. Clim. 2017, 30, 6873–6882. [CrossRef]
11. Song, J.; Klotzbach, P.J. What has controlled the poleward migration of annual averaged location of tropical cyclone lifetime

maximum intensity over the western North Pacific since 1961? Geophys. Res. Lett. 2018, 45, 1148–1156. [CrossRef]
12. Mei, W.; Xie, S.P. Intensification of landfalling typhoons over the northwest Pacific since the late 1970s. Nat. Geosci. 2016,

9, 753–757. [CrossRef]
13. Hill, K.A.; Lackmann, G.M. The impact of future climate change on TC intensity and structure: A downscaling approach. J. Clim.

2011, 24, 4644–4661. [CrossRef]
14. Collins, M.; Knutti, R.; Arblaster, J.; Dufresne, J.L.; Fichefet, T.; Friedlingstein, P. Long-term climate change: Projections,

commitments and irreversibility. In Climate Change 2013-The Physical Science Basis: Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2013;
pp. 1029–1136.

15. Knutson, T.R.; Sirutis, J.J.; Zhao, M.; Tuleya, R.E.; Bender, M.; Vecchi, G.A. Global projections of intense tropical cyclone activity
for the late twenty-first century from dynamical downscaling of CMIP5/RCP4. 5 scenarios. J. Clim. 2015, 28, 7203–7224. [CrossRef]

16. Balaguru, K.; Foltz, G.R.; Leung, L.R.; Emanuel, K.A. Global warming-induced upper-ocean freshening and the intensification of
super typhoons. Nat. Commun. 2016, 7, 1–8. [CrossRef]

17. Hanson, S.; Nicholls, R.; Ranger, N.; Hallegatte, S.; Corfee-Morlot, J.; Herweijer, C.; Chateau, J. A global ranking of port cities with
high exposure to climate extremes. Clim. Chang. 2011, 104, 89–111. [CrossRef]

18. Freeman, A.C.; Ashley, W.S. Changes in the US hurricane disaster landscape: The relationship between risk and exposure.
Nat. Hazards 2017, 88, 659–682. [CrossRef]

19. Geiger, T.; Frieler, K.; Bresch, D.N. A global historical data set of tropical cyclone exposure (TCE-DAT). Earth Syst. Sci. Data 2018,
10, 185–194. [CrossRef]

20. Varis, O.; Taka, M.; Tortajada, C. Global human exposure to urban riverine floods and storms. River 2022, 1, 80–90. [CrossRef]
21. Ye, M.; Wu, J.; Wang, C.; He, X. Historical and future changes in asset value and GDP in areas exposed to tropical cyclones in

China. Weather Clim. Soc. 2019, 11, 307–319. [CrossRef]
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