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Global climate change has intensified the water cycle, leading to frequent
extreme precipitation events, posing a significant threat to railway infrastructure
and safety operations. Based on the analysis of past and future precipitation
changes in China, this study investigates the impact of climate change on
railway safety operations. The study reveals the following findings: (1) Under
the influence of the intensified East Asian summer monsoon and the northward
shift of the subtropical high during the 2017-2021 compared to the 2012-2016,
precipitation has significantly decreased (120 mm) in the regions south of the
Yangtze River and South China, while it has increased (60 mm) in the regions
from the eastern of Northwest China to the middle and lower reaches of
Yangtze River; The operational precipitation risk has decreased for Urumqi,
Lanzhou, Qinghai-Tibet Group, Xi'an, and Wuhan railway bureaus (abbreviated as
Bureau), while it has increased for Nanchang, Chengdu, Zhengzhou, Shanghai,
and Shenyang Bureaus. Particularly noteworthy is that despite a decrease in
total annual precipitation for Nanchang bureau (15.3 mm/a), the frequency of
intense precipitation events has increased, leading to an increased operational
precipitation risk. (2) During the 21 century, under high (SSP5-8.5), medium
(SSP2-4.5), and low (SSP1-2.6) forcing scenarios, all projections indicate that
most of the China will experience an increasing trend in precipitation, with
significantincreases in precipitation observed in the regions south of the Yangtze
Rive, South and Southwest China. The higher the greenhouse gas emissions,
the more pronounced the increasing trend in precipitation. (3) Compared to
the 20" century, under high (SSP5-8.5), medium (SSP2-4.5), and low (SSP1-
2.6) forcing scenarios, all projections indicate that the total annual precipitation
hours, railway inspection, speed limit, and closure risk hours have all increased
on a national scale during the 21 century. The operational precipitation risk for
railways has also increased. The higher the alert level for railway precipitation
(precipitation < inspection < speed limit < closure), the higher the proportion of
risk hours compared to the 20th century. By the late 215 century, the railway
inspection, speed limit, and closure risk hours have increased by 175%, 463%,
and 647%, respectively, compared to the 20" century.

global warming, future, precipitation distribution, the safety of railway operations, alert
threshold, China
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1 Introduction

Global warming has intensified the water cycle (Overland and
Wang, 2010; Herring et al.,, 2015), leading to more frequent and
intense extreme precipitation events in the future, which pose
significant threats to railway infrastructure and safety operations
(Diakakis et al., 2020). Many scholars (Jiang et al., 2009; Lu and Fu,
2010; Sun etal,, 2010; Chen etal.,, 2012; 2013; 2014; Wang et al.,
2012; Xu et al., 2012) have studied the effects of climate change on
precipitation. Chen et al. (2013, 2014) concluded that precipitation
in China will increase significantly in the future. Jiang et al. (2009)
stated that precipitation-related events will become more extreme,
and that the magnitude of this change will be greater under
high forcing scenarios. Studies related to the impact of future
climate change on railway infrastructure and safety operations have
garnered considerable attention from scientists and government
agencies worldwide. Research has shown that in North America,
climate change’s most significant effects on transportation include
increased and intensified storms, road inundation due to rising
sea levels, and infrastructure damage (NRC, 2008). By the year
2100, the estimated costs to the U.S. railway network due to traffic
delay under RCP8.5 (high) and RCP4.5 (medium) forcing scenarios
are projected to increase by $35-60 billion and $25-45 billion,
respectively (Chinowsky et al.,, 2017). In the 21*' century, flooding
is expected to cause annual losses of €89 million for Australian
railways (Kellermann et al., 2016). Climate-change-induced floods
result in yearly losses of around €2.5 billion and €581 million for the
European transport and railway networks, respectively (Klose et al.,
2017; Bubeck et al., 2019). Over the next 4 decades (2040-2050),
precipitation-induced damages to railways are projected to increase,
leading to an 80% rise in railway transportation costs, and railway
network risks are expected to increase by 255%-310% (Bubeck et al.,
2019).

China boasts the worlds largest railway network, with a
total track length reaching 155,000 km as of the end of 2022
(National Railway Administration, 2023). Disasters triggered by
precipitation account for over 70% of natural disasters affecting
railways (Xu and He, 2012; Zhao etal.,, 2020). Over the past 50
years, both railway debris flow and flood disasters in China have
shown an increasing trend (Xu and He, 2016; 2012). However,
research on the impact of future precipitation changes on China’s
railways in the context of climate warming is scarce. Liu et al.
(2021) studied the vulnerability of railway infrastructure under
RCP8.5 (high) forcing scenarios, finding that with global warming
of 1.5°C, 2.0°C, and 3.0°C, the disaster susceptibility of railway
infrastructure increased by 2.8, 4.0, and 6.7 times, respectively.
Zhang etal. (2021) estimated that under RCP4.5 (medium) and
RCP8.5 (high) forcing scenarios, extreme wet days in the Sichuan-
Tibet region will increase by 2%-19% in the late 21% century
(2070-2099) and more frequent extreme precipitation events posing
impact on the Sichuan-Tibet Railway.

To ensure safe railway operation during flood seasons, China’s
railway authorities have adopted a rainfall alert system, which
guides the implementation of inspection tours, speed restrictions,
and closures along railway lines (China Railway Corporation, 2017).
The rainfall alert thresholds are determined based on simulation
studies of precipitation’s impact on railway operational safety and
practical experience. As a result, these thresholds not only reflect the
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characteristics of the railway disaster-causing factor (precipitation)
but also encompass the vulnerability of the railway section, including
the geographical location, terrain features, and the line’s curvature,
slope gradient, etc. This paper uses the duration of time when each
alert threshold is exceeded to represent the risk of precipitation
during railway operations. By studying past and future precipitation
changes in China and their impact on railway safety, including
extreme precipitation and precipitation intensity, this research aims
to provide technical support for mitigating the adverse effects of
climate change and ensuring the safe operation of China’s railways.

2 Data and methods
2.1 Data

2.1.1 Observed data

Hourly precipitation data from 1 January 2012, 1:00 AM
to 31 December 2021, 12:00 PM were selected from national
basic, reference, and general meteorological stations across the
country. This dataset complies with the specifications of the
World Meteorological Organization (WMO) Global Observing
System and the Technical
of the
(China Meteorological Administration,

Regulations for Meteorological

Observations China Meteorological ~Administration
2003;  WMO, 2004;
Song F et al,, 2004) and is provided by the National Meteorological
Information Center. In this study, the annual precipitation, i.e.,
the total sum of precipitation over 1 year, is used to represent
the average precipitation characteristics of a specific location,
while the hourly accumulated precipitation is used to represent

precipitation intensity.

2.1.2 Model data

Four global climate models that have performed well in
simulating the large-scale atmospheric circulation over East Asia
and regional precipitation in China were used from the Coupled
Model Intercomparison Project Phase 6 (CMIP6) of the World
Climate Research Program (WCRP) (Table 1). These models were
dynamically downscaled, and the downscaled simulation results
were equally weighted and integrated, referred to as the Model
Ensemble (ALL_ESM). The study periods include the 21% century
(2025-2100), early 21% century (2025-2034), mid-21*" century
(2056-2065), and late 21% century (2091-2100). The historical
reference period for comparison is from 2005 to 2014.

2.2 Materials and methods

2.2.1 Estimation method

A series of future projection scenarios representing high,
medium, and low greenhouse gas emissions were selected from
the latest developments by the Intergovernmental Panel on Climate
Change (IPCC) Working Group. These scenarios include SSP5-
8.5, SSP2-4.5, and SSP1-2.6. The high forcing scenario (SSP5-
8.5) represents a shared socio-economic pathway where human-
induced radiative forcing reaches 8.5 W/m? by the year 2100. The
medium forcing scenario (SSP2-4.5) represents a pathway where
radiative forcing stabilizes below 4.5 W/m? by 2100, representing
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TABLE 1 Introduction of used global climate models.

10.3389/feart.2024.1319736

Model name Abbreviation Country Research institute
1 BCC-CSM2-MR BCC China CMA, National Climate Centre
2 CMCC-CM2-SR5 CMCC Italy Euro-Mediterranean Center on Climate Change
3 GFDL-ESM4 GFDL United States of America NOAA, Geophysical Fluid Dynamics Laboratory
4 MRI-ESM2-0 MRI Japan JMA, Meteorological Research Institute
5 Optimal Model Ensemble ALL_ESM China CMA, Public Meteorological Service Centre

a combination of moderate societal vulnerability and moderate
radiative forcing. The low forcing scenario (SSP1-2.6) represents
a pathway where radiative forcing stabilizes below 2.6 W/m? by
2100 and includes significant land-use changes such as a substantial
increase in global forest area. This scenario supports the 2°C
temperature control target and represents a combination of low
vulnerability, low mitigation pressure, and low radiative forcing
impacts (IPCC, 2018).

Considering the presence of certain systematic errors in climate
models and their ability to simulate extreme precipitation events,
this study estimates the risk hours for inspection tours, speed
restrictions, and closures in the future with methods as follows:
Firstly, for each railway bureau, quantile values of observed
precipitation hours, inspection tour risk hours, speed restriction
risk hours, and closure risk hours are calculated to determine
the simulated precipitation reference thresholds for each alert
level (precipitation, inspection tour, speed restriction, and closure)
during the historical period (historical experiment). Then, based on
these precipitation reference thresholds for each alert level, quantile
values of risk hours for future precipitation, inspection tours, speed
restrictions, and closures are calculated for SSP5-8.5, SSP2-4.5, and
SSP1-2.6 scenarios. Finally, the quantile values of future risk hours
for precipitation, inspection tours, speed restrictions, and closures
are multiplied by the total annual hours to obtain the estimated
future risk hours for these scenarios (SSP5-8.5, SSP2-4.5, and SSP1-
2.6).

2.2.2 Precipitation intensity distribution
The distribution of precipitation intensity (i.e, hourly
precipitation) follows a gamma (I') distribution (Eq. 1) (Tian et al,

2014).
(3) exp (-3)
Br(a)

Where a and P are the shape and scale parameters, respectively.

(1)

f(x) = B>0

I'(a) represents the I function, expressed as Eq. 2:

I(a) = Jmta"le"tdt @)

0
The probability density function of the I' distribution is Eq. 3:
b
Pasxsb)= [ foods )
a
Considering that a is generally small in the distribution of

precipitation intensity, the maximum likelihood estimation method
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proposed by Thom (1958) is used to calculate the a and  parameters.
First, the natural logarithm of the difference between the sample
arithmetic means and the geometric mean is calculated (Eq. (4)).
The shape and scale parameters are then derived using Eqs 5, 6.
In Eq. (4), n represents the total number of samples for which
precipitation intensity at each station exceeds 0.1 mm.

T=In() - %Z;‘len (x) )
1 4T
a= E(l-f' 1+?> (5)
3
p=< (6)

The specific shape of the T distribution is controlled by a and
B. For a given scale parameter B, as a decreases, the peak of the
probability density function shifts to the left, indicating a higher
probability of occurrence for small-scale precipitation intensities.
The scale parameter  determines the stretching and contraction
of the distribution curve. For a given a, as P increases, the
probability density distribution of precipitation intensity becomes
more concentrated, while smaller  values result in a more dispersed
distribution of precipitation intensity across different levels.

2.2.3 Railway precipitation alert risk

(1) Alert Thresholds

Railway section-level rainfall alert thresholds not only take
into account the influence of precipitation but also consider the
geological and topographical characteristics of the railway line’s
location and the design standards related to the curvature and
slope gradient of the line. Since section-level line information
exhibits strong local variability and has a relatively weak association
with large-scale atmospheric background due to climate changes,
this study selects the most common alert thresholds within each
railway bureau’s region as the comprehensive alert thresholds
for that bureau to consider the overall characteristics of the
lines and mitigate the disturbance of local information posed
on the research on large scale climate change as much as
possible. Similarly, the most common alert thresholds across
the entire country are selected to represent the comprehensive
alert thresholds for the entire nation (Table2). This approach
preserves the overall characteristics of railway lines while
aligning with large-scale atmospheric changes due to climate,
providing a clearer reflection of the impact of climate change.
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TABLE 2 Management Scope and Existing Railway Precipitation Warning Values of Railway Bureaus (Unit: mm).

[\[o} Bureau name  Management scope Inspection Speed Closure
warning restriction warning
warning
1 Harbin Heilongjiang Province, Hulunbuir City of Inner Mongolia 12 25 40
2 Shenyang Liaoning and Jilin Provinces, Southeast Inner Mongolia, South 7 25 40
Heilongjiang Province, Northeast Hebei Province
3 Beijing Beijing, Tianjin, Hebei Province, Parts of Shandong, Henan, 10 30 45
Shanxi Province
9 trunk lines including Shitai, Jingyuan, Taijiao, South Tongpu,
North Tongpu, Houyue, Houxi, Jingbao, Dagin
4 Taiyuan 10 25 30
10 branch lines including Xishan, Gutailan, Shanglancun, Xinhe,
Jiexi, Liyuan, Kouquan, Yungang, Ningke, Pingshuo
5 Hohhot South of Yin Mountains, North of Yellow River; West to East 12 20 40
through Alashan League and Xilingol League, Hohhot, Baotou,
Wuhai, Ordos, Bayannur, Ulanqab
6 Zhengzhou Jingguang, Longhai, Jingjiu, Jiaoliu, Houyue, Taijiao, ningxi, etc. 10 30 50
lines and Zhengzhou, Luoyang, Shangqiu, Xinxiang, Yueshan,
Nanyang, etc. railway hubs
7 ‘Wuhan Connects Hubei, Henan, Hunan, Jiangxi, Shanxi, Anhui 6 10 25 40
provinces
8 Xian Shanxi Province, Parts of Gansu, Ningxia, Henan, Shanxi, 8 20 30
Sichuan, Hubei, Chongqing
9 Jinan Middle section of Jinghu Railway, Northern section of Jingjiu 15 35 70
Railway, Eastern end of Longhai Railway
10 Shanghai Anhui, Jiangsu, Zhejiang Provinces and Shanghai 25 40 65
11 Nanchang East to Taiwan Strait, West to Hunan-Jiangxi border, North to 16 55 60
Hubei- Anhui border, South to Jiangxi-Guangdong border
12 Guangzhou Railways within Guangdong, Hunan, Hainan Provinces 10 45 45
13 Nanning Guangxi and parts of Guangdong, Guizhou, Hunan Provinces 25 35 45
14 Chengdu Sichuan Province, Guizhou Province, Parts of Yunnan Province, 8 18 30
Chonggqing
15 Kunming Yunnan, Sichuan, Guizhou Provinces 15 20 40
16 Lanzhou Gansu, Ningxia 12 20 35
17 Urumgi Lanxin and Nanjiang Trunk Lines 8 18 25
18 Qinghai-Tibet Gansu, Qinghai, Tibet Autonomous Region Provinces, East to 6 14 22
Group Haishiwan Station on Langing Line and Lanzhou Bureau
Boundary, West/South to Lhasa
19 National _ 10 20 40

The management scope of railway bureaus are shown in Figure 1
and Table 2.

closures is used to represent the risk of precipitation for railway
operations, referred to as railway precipitation alert risk. The
hours during which precipitation exceeds the alert thresholds

(2) Risk Hours for Railway Precipitation Alert . K o
for inspection tours, speed restrictions, and closures are termed

The number of hours during which hourly precipitation exceeds
the alert thresholds for inspection tours, speed restrictions, and

Frontiers in Earth Science

inspection tour risk hours, speed restriction risk hours, and closure
risk hours, respectively.
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FIGURE 1
Management scope and location of railway bureaus.

P (mm)

FIGURE 2
Spatial Distribution of Annual Precipitation and Changes (Unit: mm) (A) the Mean Precipitation in 2012-2021 (B) the Change in Precipitation between
2017-2021 and 2012-2016.

3 Changes in precipitation and their of the Northwest China. Among the railway bureaus, Shanghai,
im paCt on railway Safety Nanchang, Guangzhou, Nanning, Wuhan, and Chengdu have

annual precipitation exceeding 1,000 mm and precipitation hours
3.1 Historical observations exceeding 2000 h. Guangzhou Bureau has the highest number of

inspection tour risk hours, while Chengdu Bureau has the highest

Chinas annual precipitation exhibits a pattern of more  number of speed restriction and closure risk hours (Table 3). Based

precipitation in the east and less in the west, and more in the  on historical observations, Guangzhou and Chengdu Bureaus face
south and less in the north, gradually decreasing from the southeast  significant precipitation-related risks to railway safety.

coastal areas to the northwest inland regions (Figure 2A). Annual During the 2017-2021 compared to the 2012-2016, there

precipitation in regions such as the south of Yangtze River and  has been a significant decrease (exceeding 120 mm) in annual

South China exceeds 1800 mm, while it is less than 50 mm in parts  precipitation in the regions south of the Yangtze River and South
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TABLE 3 Railway Bureau Historical Precipitation and it is Risk Hours for Railway Alert (2012—-2021).

RETIVVE)Y Precipitation Precipitation| Precipitation| Inspection Speed Closure
bureau (mm) change hours (h) hours (h) restriction hours (h)
(mm/a) Hours(h)

1 Harbin 578.6 14.4 * 1,159 20.6 2.9 0.6

2 Shenyang 550.6 9.1 % 978 67.2 4.5 1.2

3 Beijing 537.4 13.4 * 863 41.1 42 1.6

4 Taiyuan 499.0 13.4 % 1,009 24.0 1.4 1.5

5 Hohhot 278.1 -1.3 578 7.9 3.0 0.2

6 Zhengzhou 719.9 29.6 * 1,317 46.4 4.7 1.0

7 ‘Wuhan 1230.7 18.8 2235 75.3 10.8 32

8 Xi'an 650.3 24.5 % 1,407 38.9 4.3 1.8

9 Jinan 672.6 27.4 * 1,033 30.2 4.5 0.2

10 Shanghai 1353.1 16.9 2411 11.9 3.0 0.3

11 Nanchang 1,643.2 -15.3 2746 55.3 0.3 0.6

12 Guangzhou 1809.5 —33.7 % 2180 201.7 4.7 1.7

13 Nanning 1532.5 -9.6 2151 17.5 6.6 4.2

14 Chengdu 1078.3 10.6 * 2034 76.9 18.6 6.9

15 Kunming 1026.2 -0.8 1801 16.4 14.8 1.3

16 Lanzhou 404.4 7.6 % 984 6.5 19 0.4

17 Urumgqi 174.3 -2.0 505 4.2 0.3 0.1

18 Qinghai-Tibet 431.0 7.2 % 1,172 22.2 1.4 0.6
Group

19 National 842.8 7.2% 1,476 42.5 5.1 1.5

20 Maximum Guangzhou Zhengzhou Nanchang Guangzhou Chengdu Chengdu

21 Minimum Urumgqi Guangzhou Urumqi Urumgqi Urumgqi Urumgqi

Note: = indicates significance at 90% confidence level.

China, while there has been a significant increase (exceeding
60 mm) in annual precipitation in the regions from the eastern of
Northwest China to the middle and lower reaches of Yangtze River
(Figure 2B); Bureaus in Nanchang, Guangzhou, and Nanning have
shown a clear decreasing trend in precipitation (over 9.6 mm/year),
while those in Xian, Zhengzhou, Wuhan, Jinan, and Shanghai
Bureau have exhibited a clear increasing trend in precipitation (over
15.0 mm/year). In recent years, the intensity of the East Asian
summer monsoon has been stronger, and the northward shift of
the extent of the subtropical high (Zhu et al., 2011; 2015) leading
to more precipitation in the northern periphery region to the
subtropical high and less precipitation in the southern periphery
region the subtropical high, which is the main reason for changes
in precipitation in China.

Frontiers in Earth Science 06

From the perspective of precipitation intensity distribution,
all Bureaus exhibit a high frequency of light precipitation and a
low frequency of heavy precipitation; as precipitation intensity
increases, the frequency of occurrence decreases rapidly. There
are significant differences in the distribution of precipitation
intensity levels among Bureaus (Figure 3), with Wuhan, Chengdu,
Kunming, and Nanning Bureaus having the highest frequency
of heavy precipitation, and their speed restriction and closure
risk hours are noticeably higher than those of other Bureaus
(Table 3). During the 2017-2021 compared to the 2012-2016,
there has been a decrease in the frequency of occurrence of heavy
precipitation in Bureaus such as Urumgqi, Lanzhou, Qinghai-
Tibet Group, Xian, and Wuhan, whereas there has been an
increase in the frequency of occurrence of heavy precipitation
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Precipitation intensity level distributions for shenyang, guangzhou, chengdu and lanzhou railway bureaus.

Guangzhou

Chengdu Lanzhou

in Bureaus such as Nanchang, Chengdu, Zhengzhou, Shanghai,
and Shenyang. Interestingly, Lanzhou and Xian Bureaus have
experienced an increase in annual precipitation (7.6 mm/year and
24.5 mm/year, respectively), but the frequency of occurrence of
heavy precipitation has decreased, while Nanchang Bureau has
experienced a decrease in annual precipitation (15.3 mm/year),
but the frequency of occurrence of heavy precipitation
has increased.

3.2 Future projections
3.2.1 Changes in precipitation

(1) 21% Century (2025-2100)

Compared to the historical period, all projections under
high (SSP5-8.5), medium (SSP2-4.5), and low (SSP1-2.6) forcing
scenarios indicate that most of the China will experience an
increasing trend in annual precipitation. Significant increases in
precipitation are projected in regions such as the south of the
Yangtze River, South China, and the southern of Southwest China
(exceeding 100 mm). Among the scenarios, SSP5-8.5 shows the
largest and strongest increase in precipitation (Figure omitted). On
a national average, SSP1-2.6, SSP2-4.5, and SSP5-8.5 all project an
increasing trend in annual precipitation during the 21% century,
and the increasing trend becomes more pronounced with higher
emission scenarios (Table 4).

For railway bureaus, SSP1-2.6, SSP2-4.5, and SSP5-8.5 all
project an increasing trend in annual precipitation during the
21" century (Table 4; Figure 4). The most significant increase in
precipitation is projected for Nanning, Chengdu, Kunming, Wuhan,
and Guangzhou Bureaus (exceeding 23.0 mm/year). Except for
the Nanchang Bureau, all other Bureaus show a more significant
increasing trend in precipitation under SSP5-8.5 compared to SSP1-
2.6, and, except for most Bureaus in the south of Yangtze River

Frontiers in Earth Science 07

and South China (Wuhan, Shanghai, Nanchang, Nanning, and
Guangzhou), all other Bureaus show a more significant increasing
trend in precipitation under SSP5-8.5 compared to SSP2-4.5
(Table 4). The largest increase in precipitation is observed for the
Nanchang (189.6 mm), Wuhan (158.3 mm), Chengdu (133.8 mm),
and Shanghai (128.8 mm) Bureaus, while the smallest increase is for
the Qinghai-Tibet Group (18.8 mm). Bureaus with higher annual
precipitation also exhibit larger inter-annual variations and greater
differences in projected precipitation among the models, and vice
versa (Table 4).

(2) Early, Middle, and Late Periods

Under the SSP1-2.6 scenario, during the early 21 century, most
regions in China show an increasing trend in annual precipitation,
with significant increases observed in the eastern Northwest to the
south of Yangtze River, while the eastern and southern parts of
Southwest and southern South China show a decreasing trend, like
historical observations (Figures 5B). In the middle 21 century, the
range of areas with an increasing trend in precipitation expands, and
the centric intensity increases (Figure 5C). In the late 21*" century,
the area with an increasing trend in precipitation expands and
centric intensity increases further, with increases exceeding 250 mm
in the regions from the eastern of Southwest China to the south
of Yangtze River and South China (Figure 5D). Similar projections
are observed under SSP2-4.5 and SSP5-8.5, with the range of areas
with an increasing trend in precipitation gradually expanding and
the centric intensity increasing over time. SSP5-8.5 shows a wider
range and stronger intensity of increasing precipitation compared
to SSP2-4.5.

For Bureaus, all three forcing scenarios project an increase
in precipitation for most Bureaus during the early 21% century,
except for Kunming, Nanning, Guangzhou, and Shenyang
Bureaus, which show a slightly lower precipitation than
the 20" century. The remaining Bureaus all project higher
precipitation than the 20™ century, with the most significant
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TABLE 4 21 century (2025-2100) precipitation changes for Chinese railway bureaus under different scenarios.

SSP1-2.6 SSP2-4.5 SSP5-8.5
Ezirl:;iy Trend _ Change Trend ' Change Trend . Change
(mm/a)/Bias (mm) [range (I VEVIEN (mm) [range (mm/a)/Bias | (mm) [range
(mm) (mm)] (mm) (mm)] (mm) (mm)]
1 Harbin 7.9 % /46.7 85.1[37,134] 11.8 % /56.4 65.6 [29,108] 18.0 % /63.9 86.4 [44,126]
2 Shenyang 11.3 % /50.9 61.7 [28,108] 17.6 * /68.4 46.2 [23,84] 22.8 % /74.1 76.9 [17,105]
3 Beijing 7.9 %/77.5 59.1[23,102] 14.0 % /80.8 54.0 [10,99] 23.1%/92.9 75.9 [-18,127]
4 Taiyuan 5.6-/66.3 63.5[16,110] 10.9 % /80.9 62.7 [28,121] 19.6 % /82.3 90.0 [2,174]
5 Hohhot 42%/25.0 29.3 [1,69] 4.0 % /24.7 34.8 [13,81] 9.2%/31.0 47.6 [-1,104]
6 Zhengzhou 13.8 %/78.3 95.0 [-5,167] 22.6 % /98.9 78.8 [9,116] 24.8 % /96.5 105.5 [55,162]
7 Wuhan 23.4%/108.5 158.3 [82,233] 28.4 /1153 106.4 [22,160] 28.0 % /116.3 146.7 [67,215]
8 Xian 9.8 %/63.6 80.3 [51,111] 16.5 % /80.3 66.8 [40,81] 20.2%/79.2 98.1 [46,165]
9 Jinan 6.6-/74.3 53.8 [25,97] 18.7  /96.3 54.3 [5,97] 22.4%/91.4 68.7 [18,113]
10 Shanghai 14.7 % /101.5 128.8 [47,213] 23.6 % /111.5 103.5 [52,132] 18.9 % /96.4 122.3 [23,159]
11 Nanchang 29.7 % /139.6 189.6 [15,309] 26.7 * /140.3 159.3 [65,226] 23.5%/127.7 176.0 [88,281]
12 Guangzhou 19.1%/119.3 74.6 [-54,168] 25.6 % /133.8 51.5 [4,86] 24.6 % /130.1 71.5[23,129]
13 Nanning 30.2%/12.0 135.7 [-9,269] 252 %/112.3 80.6 [-10,203] 30.3 %/121.3 130.2 [37,253]
14 Chengdu 28.6 % /82.2 133.8 [79,204] 32.0 % /98.1 107.6 [18,160] 34.5%/103.4 150.4 [26,254]
15 Kunming 25.7 % /133.6 97.7 [18,198] 253 %/118.9 65.5 [-22,157] 429 % /161.7 142.3 [-27,228]
16 Lanzhou 5.3 % /36.2 52.0 [40,86] 8.2 % /36.5 53.6 [19,105] 12.1 # /45.1 69.4 [27,140]
17 Urumgi 10.0 % /33.3 57.7 [22,73] 12.5 % /39.0 56.1[22,79] 19.0 % /52.5 75.2 [42,112]
18 Qinghai- 44%/233 18.8 [14,29] 3.7%/19.2 20.4 [11,30] 3.9%/22.3 24.4 [10,46]
Tibet Group
19 National 11.9 % /37.6 71.9 [41,97] 15.2 % /45.6 63.6 [37,101] 21.3%/57.4 90.8 [38,134]
20 Maximum Nanning/Nanchang Nanchang/Nanchang ~Chengdu/Nanchang = Nanchang/Nanning | Kuming/Kuming Nanchang/Kuming
21 Minimum Hohhot/Qinghai-Tibet Qinghai-Tibet Qinghai-Tibet Qinghai-Tibet Qinghai-Tibet Qinghai-Tibet
Group Group/Qinghai- Group/Qinghai- Group/Qinghai- Group/Qinghai- Group/Qinghai-
Tibet Group Tibet Group Tibet Group Tibet Group Tibet Group

Note: Change in precipitation is difference between 2025-2100 average and 2005-2014 average; * indicates 90% confidence.

increase observed for Nanchang Bureau. In the middle and late
21% century, the magnitude of precipitation increase further
intensifies for all Bureaus, with the most significant increases
observed for Wuhan (early SSP1-2.6), Kunming (late SSP5-
8.5), and Nanchang (late SSP1-2.6, mid and late SSP2-4.5,
mid SSP5-8.5) Bureaus.

3.2.2 Changes in precipitation intensity
distribution

For railway operation safety, the risk and inspection strategies
are influenced not only by the annual precipitation and extreme
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precipitation intensity but also by the changes in the frequency
of different intensity levels of precipitation (e.g., greater than
30 mm/hour). Additionally, to present the changes in the intensity
distribution of precipitation for each Bureau more clearly, we
used the hourly precipitation data for each Bureau and plotted
their I' distribution on a logarithmic scale with a base of 10
(Figure 6). From the figure, it can be observed that the intensity
distribution of precipitation for various Bureaus during the 21
century resembles the historical measurements, showing a higher
frequency of small-intensity precipitation and a lower frequency
of high-intensity precipitation that as the precipitation intensity
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Precipitation Anomaly Evolution under Different Scenarios in 215 Century (Relative to 2005-2014 Average, Unit: mm).
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increases, the frequency of occurrence decreases rapidly. The
difference is that, except for the Shenyang Bureau (in SSP2-4.5 and
SSP5-8.5 scenarios), all three forcing scenarios project an increase
in the frequency of high-intensity precipitation events for most
railway Bureaus across China during the 21% century compared to
the 20" century.

3.2.3 Impacts on railway operation safety

From a national perspective (Table 5), under SSP1-2.6, SSP2-
4.5, and SSP5-8.5 scenarios, all projections indicate an increase
in the total annual precipitation hours and the risk hours for
railway operation (inspection, speed limit, and closure) during
the 21% century compared to the 20" century. Furthermore, the
increase in risk hours is observed to decrease in magnitude with
increasing alert levels (precipitation < inspection < risk < speed
limit < closure). However, the proportion of risk hour changes
compared to the 20" century increases for each alert threshold.
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Under higher forcing scenarios (SSP2-4.5 and SSP5-8.5), the risk
hours for speed limit and closure show significant increases
(over 30%) compared to the 20™ century, while under the lower
forcing scenario (SSP1-2.6), they also show increases, although
less pronounced. Across all three forcing scenarios, consistent
projections indicate that the precipitation hours, inspection, speed
limit, and closure risk hours gradually increase over time (early,
middle, and late 21%" century). Additionally, as greenhouse gas
emissions increase, the increasing trend in risk hours for each
alert threshold becomes more pronounced. The increase in risk
hours is more evident for higher railway alert levels (precipitation
< inspection < speed limit < closure). By the late 21%" century,
the risk hours for inspection, speed limit, and closure have
increased by 175%, 463%, and 647%, respectively, compared to the
20" century (Table 5).

The changes in risk hours for each Bureau do not entirely
match the national average characteristics (Table 6). Compared
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to the 20" century, under the SSP1-2.6 scenario, projections  northward shift of the subtropical high are identified as the main
indicate an increase or no significant change in the risk hours  reasons for precipitation changes in China. For the railway bureaus,
for inspection, speed limit, and closure for all Bureaus during  the operational precipitation risk has decreased for Urumgqi,
the 21° century, with the most significant increase observed in  Lanzhou, Qinghai-Tibet Group, Xian, and Wuhan Bureaus during
the closure risk hours for the Harbin and Chengdu Bureaus.  the2017-2021 compared to the 2012-2016, while it has increased for
Under the SSP2-4.5 and SSP5-8.5 scenarios, projections indicate ~ Nanchang, Chengdu, Zhengzhou, Shanghai, and Shenyang Bureaus.
an increase or no significant change in the risk hours for speed  Particularly noteworthy is that despite an increase in annual
limit and closure for most Bureaus across the country during the  precipitation, the operational precipitation risk has decreased for
21% century, with the Chengdu Bureau showing the largest increase ~ Lanzhou and Xian Bureaus, while for Nanchang Bureau, despite a
in risk hours. decrease in annual precipitation, the operational precipitation risk
has increased.
During the 21*' century, under high (SSP5-8.5), medium (SSP2-
4 Discussion and conclusion 4.5), and low (SSP1-2.6) forcing scenarios, all projections indicate
that a significant portion of China will experience an increasing
Historical measurements indicate a significant decrease in  trend inannual precipitation. The regions south of the Yangtze River,
precipitation in the regions of southern Yangtze River and South ~ South China, and the southern of Southwest China are projected to
China during the 2017-2021 compared to the 2012-2016, while  experience a significant increase in precipitation, with Nanning,
precipitation in the regions from the eastern Northwest Chinato the ~ Chengdu, Kunming, Wuhan, and Guangzhou Bureaus showing
middle and lower reaches of Yangtze River has shown a significant ~ more pronounced increasing trends (exceeding 23.0 mm/year).
increase. The intensified East Asian summer monsoon and the =~ On a national average scale, the higher the greenhouse gas
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FIGURE 6
Precipitation intensity level distributions for chengdu and shenyang
railway bureaus under different scenarios in 215 century (2025-2100)

emissions, the more pronounced the increasing trend in
precipitation.

Compared to the 20"

century, under high (SSP5-8.5), medium
(SSP2-4.5), and low (SSP1-2.6) forcing scenarios, all projections
indicate that during the 21" century, the total annual precipitation
hours, railway inspection, speed limit, and closure risk hours have
all increased. The increase in risk hours decreases with increasing
alert levels (precipitation < inspection < speed limit < closure),
but the proportion of risk hours compared to the 20" century
increases. Over the course of the 21° century, there is a clear
increasing trend in precipitation, inspection risk, speed limit risk,
and closure risk hours, with the increasing trend becoming more
pronounced with higher greenhouse gas emissions. By the late 21*
century, the railway inspection, speed limit, and closure risk hours
have increased by 175%, 463%, and 647%, respectively, compared
to the 20" century.

It is worth noting that in this study, we have used the
optimal (China Railway Corp, 2017) models, employed dynamic
downscaling, optimal integration methods, and data correction
based on observed measurements to ensure the objectivity and
reliability of the projections as much as possible. Uncertainties
still exists largely due to (1) the choice of models; (2) the
limited understanding of the climate systems and models’
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insufficient capability in reproducing them, especially for
the natural decadal climate variability; (3) There are still
uncertainties due to limitations in forecasting methods and
human understanding of future scenarios, such as uncertainties
in projected (Transportation Research Board and National Research
Council, 2008) scenarios and model simulations. The uncertainty
in quantitative climate projections using climate models is inherent,
but their (Zhang and Dai, 2016) trend projections (Zahumensky,
2004) and broad-scale averages still carry high confidence

(IPCC, 2007).
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