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Abstract: Recent decades have witnessed accelerated climate changes across the Qinghai-Tibet
Plateau (QTP) and elevated socioeconomic exposure to meteorological hazards. The QTP is called the
“the third pole”, exerting remarkable impact on environmental changes in its surrounding regions.
While few reports are available for addressing multi-hazard risks over the QTP, we develop an
integrated indicator system involving multiple meteorological hazards, i.e., droughts, rainstorms,
snowstorms and hailstorms, investigating the spatiotemporal patterns of major hazards over the QTP.
The hazard zones of droughts and rainstorms are identified in the southern Gangdise Mountains,
the South Tibet Valley, the eastern Nyenchen-Tanglha Mountains, the Hengduan Mountains and
West Sichuan Basin. Snowstorm hazard zones distribute in the Himalayas, the Bayan Har Mountains
and the central Nyenchen-Tanglha Mountains, while hailstorm hazard zones cluster in central part
of the QTP. Since the 21st century, intensified rainstorms are detectable in the densely populated
cities of Xining and Lhasa and their adjacent areas, while amplified droughts are observed in grain
production areas of the South Tibet Valley and the Hengduan Mountains. Snowstorm hazards show
large interannual variations and an increase in pastoral areas, although the overall trend is declining
slightly. The frequency of hailstorms gradually decreases in human settlements due to thermal and
landscape effects. Mapping meteorological hazards regionalization could help to understand climate
risks in the QTP, and provide scientific reference for human adaptation to climate changes in highly
sensitive areas.

Keywords: meteorological hazards; risk assessment; spatial pattern; population exposure; Qinghai-
Tibet Plateau

1. Introduction

Due to drastic climate change and the expansion of socioeconomic exposure, the
disaster-related losses due to meteorological hazards have been increasing rapidly in recent
decades [1,2]. The Qinghai-Tibet Plateau (QTP) is known as the “third pole”, a region highly
sensitive to global warming. Over the past 50 years, warming magnitude of the QTP is twice
as high as the global average [3,4]. A warming climate has changed the thermodynamic
and kinetic conditions of the QTP [5], triggering an increase in the intensity, frequency and
duration of meteorological hazards [6-8]. Snowstorms, along with low temperatures and
strong winds, become one of the major hazards in the QTP that could have serious negative
impacts on animal husbandry, industry, agriculture and transportation [9-12]. Climate
projections indicate that snowstorms will continue to intensify with uncertainties and
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fluctuations throughout the decades to come [13,14]. Meteorological droughts directly affect
the growth of plants, forests and crops in the QTP [15,16], causing decreased productivity
and environmental degradation [17-19]. Rainstorms, as well as relevant geological hazards,
pose a serious threat to human life, transportation and infrastructure, leading to serious
casualties and traffic disruptions. Hailstorms are common disastrous hazards in the plateau
and cause serious damages to buildings and crops [20]. Although the occurrence frequency
of hailstorms decreases in the QTP [21,22], the overall intensity and economic losses are
still increasing remarkably [23-25].

Previous studies indicate that single hazard assessment tends to underestimate the
actual hazard intensity [26], which confirms the necessity and significance for multi-hazard
risk assessment. In order to quantify the combined effects of the compound meteorological
hazards in both space and time, a range of assessment methods have been developed, such
as Bayesian networks and information diffusion theory [27,28], as well as some numerical
and statistical analysis methods [29]. It should be noted that the standing studies about
natural hazards over the QTP mainly focus on the mechanisms behind an individual
hazard [30-33]. Therefore, an integrated assessment of multiple hazards and their potential
risks are of great significance for disaster reduction and climate risk management in the
coming decades.

In this study, we focus on the spatial patterns of major meteorological hazards in the
QTP i.e., droughts, rainstorms, snowstorms and hailstorms. By identifying the changes in
the spatial extent of hazard zones, we analyze the historical evolution of the population
exposure, and further estimate the potential trends of climate risks across the QTP. We
attempt to address the following three scientific issues: (1) What is the spatial pattern of
the major meteorological hazards across the QTP? (2) How do we evaluate the integrated
intensity and socioeconomic impacts of meteorological hazards? (3) Where will be the
hotspots of climate risks in the QTP?

2. Data and Methods
2.1. The Study Region

The QTP is known as the “third pole” and the highest plateau of the world, spanning
31 longitudes and 13 latitudes with a total area of 2.6 million km2. The QTP could be
subdivided into six geomorphic regions, i.e., the Northern Tibet Plateau, the South Tibet
Valley, the Qaidam Basin, the Qilian Mountains, the Qinghai Plateau and the West Sichuan
Basin, covering the entire Tibet province and parts of Qinghai, Xinjiang, Gansu, Sichuan
and Yunnan Provinces (Figure 1). The population of the QTP is mainly distributed in the
South Tibet Valley, the West Sichuan Plateau, and Xining city as well as its surrounding
areas. With an average elevation of more than 4000 m, the QTP has a low population density
and an undeveloped regional economy. Human activities are mainly in the valley areas and
are highly sensitive to meteorological hazards. In the backdrop of climate warming, the
frequency and intensity of meteorological hazards are rising over the QTP, posing serious
threats to local people, primary industries and vulnerable infrastructures.

The historical disaster database covering the period from 2001 to 2019 is sourced from
the China Meteorological Administration. The dataset contains about 4000 disaster records
in the QTP at county level. These meteorological disasters have significant negative impacts
on human well-being, causing a total of 36.8 million victims and direct economic losses
of RMB 36.1 billion yuan. Droughts cause the largest affected population with an annual
average of 783,000 people, accounting for 40.5% of the total victims. The population affected
by hailstorms, rainstorms and snowstorms accounts for 21.2%, 19.4% and 18.9% of the
total, respectively. In terms of direct economic losses, rainstorms cause the largest number,
accounting for 38.7% of the total. The economic losses caused by droughts, snowstorms
and hailstorms account for 29.4%, 16.2% and 15.7% of the total, respectively.
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Figure 1. Topographic characteristics and meteorological station distribution in the QTP.

2.2. Data

The data applied in the research include meteorological observation data, geographic
information data, meteorological disaster records and socioeconomic data. Meteorological
data include daily temperature, precipitation, weather phenomena, snow depth, wind
speed, and evaporation at 246 meteorological stations in QTP, covering the period from
2001-2019. The meteorological data are sourced from the China Meteorological Adminis-
tration (CMA), available online: http://data.cma.cn/ (accessed on 21 August 2021).

Geographic information data of the QTP is sourced from the National Geomatics
Center of China (NGCC). The dataset contains the basic geographic information of the QTP,
including administrative boundaries, hydrographic network, land cover, and topographic
data. Available online: http:/ /www.ngcc.cn/ (accessed on 21 August 2021).

The meteorological disaster records are extracted from the China Meteorological Disas-
ter Yearbook from 2001 to 2019 released by CMA, containing the records of droughts, rain-
storms and floods, typhoon, hailstorms, chilling damage and their socioeconomic impacts.

The gridded datasets of population and GDP of China are released by the Institute of
Geographic Sciences and Natural Resources Research, CAS, with a spatial resolution of
1 km. Available online: https://www.resdc.cn/ (accessed on 21 August 2021).

2.3. Methods
2.3.1. Indicator System of Hazard Assessments

Hazard assessments refer to a comprehensive analysis of the natural characteristics
such as intensity, frequency and duration of each hazard. The evaluation steps include indi-
cator system development, data normalization, weight coefficient determination, integrated
assessment modeling, and geographic mapping.

An indicator system for hazard assessment in the QTP is designed based on the annual
expected value of various indices (Table 1). The classification criteria of specific indicators
are listed in Table 1. The assessment of meteorological droughts selects drought days,
the longest duration of drought, and the accumulated intensity as indices. Rainstorm
assessment selects rainstorm days (daily rainfall >20 mm), accumulated rainfall, and
maximum 24-h rainfall as indices. Snowstorm assessment selects accumulated snowfall,
snow days, and maximum snow depth as indices. Hailstorm assessment selects gale days
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and hail days as indices. The hazard levels are designated by referring to the spatial
average and standard deviation of each index in QTP.

Table 1. The indicator system of meteorological hazards assessment over the QTP.

Hazard Level

Hazard Index
High  Moderate Low Very Low
Drought Days (d) >60 50~60 40~50 <40
Maximum Consecutive
> ~ ~
Drought Drought Days (d) >35 30~35 25~30 <25
Accumulated Intensity of >70 60~70 5060 <50
Drought

Rainstorm Days (d) >4 2~4 1~2 <1
Rainstorm Accumulated Rainfall (mm) >100 75~100 50~75 <50
Maximum 24-h Rainfall (mm) >35 25~35 15~25 <15
Accumulated Snowfall (mm) >120 70~120 20~70 <20
Snowstorm Snow Cover Days (d) >30 20~30 10~20 <10
Maximum Snow Depth (cm) >8 5~8 2~5 <2
Hail Gale Days (d) >80 40~80 10~40 <10
atlstorm Hail Days (d) >8 4-8 1~4 <1

For meteorological droughts, we apply a sliding 30-day SPI to identify drought days
as well as its intensity in the growing season, as detailed in Section 2.3.2. For rainstorms,
these indices are commonly applied in the daily operations of hazard monitoring. The
reason why the threshold of a rainstorm day is defined as 20 mm is that daily precipitation
of 20 mm could trigger geological hazards in mountain areas, according to the historical
disaster records of the QTP. For snowstorms, the indices selected are major contributors to
socioeconomic impacts, in which the snow cover days and maximum snow depth seriously
threaten local transportation, livestock and infrastructures. For hailstorms, due to the lack
of hailstone and lightning observation, the number of gale days and hail days are selected
as two simple indicators to identify hazard zones.

2.3.2. Calculation of Meteorological Droughts

The precipitation in the QTP is subject to significant spatial heterogeneity. The annual
precipitation in the northern part of the Kunlun Mountains is less than 100 mm, while in the
Hengduan Mountains region is more than 800 mm. According to the climatic characteristics
of the QTP, the region with annual precipitation less than 200 mm is defined as permanent
arid region, which lacks the possibility of meteorological droughts. Additionally, the
QTP has distinct dry and wet seasons, and the growing period of crops, forage grass
and vegetation are concentrated in the rainy season. Hence, the hazard assessment of
meteorological droughts mainly focuses on the period from April to October, and the
annual expected drought days and other indices specifically refer to the rainy season.

The daily drought index is defined as the standardized precipitation index (SPI) of
the last 30 days, which is calculated based on a sliding 30-day window of historical daily
precipitation data. Daily SPI < —0.5 has been set as the threshold of meteorological drought,
and the indices of drought days, the longest consecutive drought days and accumulated
drought intensity are calculated accordingly.
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2.3.3. Calculation of Single Hazard Index

An assessment model of hazard index is designed based on the deviation of each
index, so as to evaluate the intensity level of a meteorological hazard. The formula is
shown in Equation (1).

A=Y Xi
i=1
o= |1y (A-A)> (1)
j=1
H=54+ 44

wherein, A stands for hazard value, Xi is the normalized value of each index. ¢ is the
standard deviation of A. H stands for hazard index whose initial value is set as 5, and take
the multiple of standard deviation (STD) as steps. For instance, H = 6.0 denotes 1 STD
above the mean, while H = 4.5 denotes 0.5 STD less than the mean.

A hazard index above 6.0 is set to represent a high hazard level, a hazard index between
5.0 to 6 represents a moderate hazard level, a hazard index between 4.0 to 5.0 represents a
low hazard level, and a hazard index below 4.0 represents a very low hazard level. In this
way, the hazard level of rainstorms, droughts, snowstorms and hailstorms across the QTP
are evaluated, respectively.

2.3.4. Calculation of Multi-Hazard Index

The historical affected population and economic losses of meteorological hazards are
applied to determine the weight coefficients, then a multi-hazard index is developed on
each hazard index and its weight coefficients, shown in Equation (2). The index indicates
the integrated hazard level of four major meteorological hazards across the QTP. I H denotes
multi-hazard index, Hp denotes drought hazard index, Hg denotes rainstorm hazard index,
Hg denotes snowstorm hazard index, and Hy denotes hailstorm hazard index. The weight
coefficients of a, b, c and d are determined by the percentage of total affected population
and economic losses of each hazard in the QTP from 2001 to 2019 (shown in Section 2.1).
For example, the total population affected by droughts accounts for 40.5% of all hazards,
while the total economic losses accounts for 29.4% of all hazards. Then the average value
of 35% is taken as the weight coefficient of drought hazard index. According to this rule,
the weight coefficients of drought, rainstorm, snowstorm and hailstorm are 0.35, 0.29, 0.18
and 0.18, respectively.

IH:ﬂXHD+bXHR+CXH5+dXHW (2)

3. Results
3.1. Meteorological Droughts

Historical observations suggest that the drought hazard zones are mainly distributed
in the South Tibet Valley, the Nianging-Tanggula Mountains, the Hengduan Mountains,
Western Sichuan Plateau and Songpan Plateau, among which the prefectures of Xigaze,
Nyingchi, Diging, Nujiang and Aba are expected to have drought days >60 d per year
(Figure 2a). In terms of the longest consecutive drought days, the observations indicate
consecutive drought days >30 d in the South Tibet Valley, Hengduan Mountain Area and
Songpan Plateau at annual expected (Figure 2b). The accumulated drought intensity is the
sum of the absolute value of the daily SPI index during drought days, and represents the
total intensity of meteorological droughts. The areas with high drought intensity mainly
distribute in the Nianging-Tanggula Mountains, the Hengduan Mountains and SongPan
Plateau (Figure 2c). Drought hazard index (DHI) is an integrated index based on the above
three indices. The areas with DHI > 6 (1 STD above the average) are identified as hazard
zones, and totally account for 17.9% of the QTP and specifically include western Xigaze,
eastern Nyingchi, southern Qamdo, Diqing, Nujiang and Aba (Figure 2d).
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Figure 2. The spatial patterns of meteorological drought hazard across the QTP. (a) annual drought days; (b) the longest

consecutive drought days; (¢) annual accumulated drought intensity; (d) drought hazard index.

3.2. Rainstorms

The criterion for rainstorm events in China is generally defined by the China Mete-
orological Administration as a daily precipitation amount >50 mm. Due to the special
geographic and climatic conditions in the QTP, a rainstorm with daily precipitation >20 mm
could trigger natural disasters like flash floods and debris flows. Hence, a daily precipita-
tion amount >20 mm is taken as the threshold to identify rainstorms in the QTP. A hazard
assessment system of rainstorms in the QTP contains three indices, i.e., rainstorm days, ac-
cumulated rainstorm rainfall, and maximum daily precipitation, at annual expected value.
Historical observations indicate that the spatial pattern of rainstorm days and accumulated
rainstorm rainfall show a gradual decrease from southeastern to northwestern QTP. The
Nyenchen-Tanglha Mountains and Western Sichuan Plateau are observed with rainstorm
days >4 d and an accumulated rainstorm rainfall >100 mm at annual expected (Figure 3a,b).
The spatial average of annual maximum daily precipitation in the QTP is 25 mm, and
the areas above the average include the north Tibet plateau, the Gangdise Mountains, the
South Tibet Valley, the Nyenchen-Tanglha Mountains, Hengduan mountains and western
Sichuan plateau (Figure 3c). Therein, the maximum daily precipitation in the South Tibet
Valley and the Hengduan Mountains exceeds 35 mm. Hazard assessment indicates that
hazard zones (HI > 6) cover the prefectures of western Xigaze, Lhasa, Nyingchi, Nujiang,
Diqing, Ganzi, Aba, Gannan, Huangnan and Xining (Figure 3d), totally accounting for
20.1% of the QTP.

3.3. Snowstorms

The QTP is an important livestock husbandry base in China, and also the largest region
with snow cover in China. Snowstorms usually occur in autumn and winter, which are the
most widespread and disastrous hazards in pastoral areas of the QTP and pose a serious
threat to the production of local herders. The snowstorm hazard index is developed with
three indices of accumulated snowfall, snow cover days, and maximum snow depth, at the
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annual expected value. The average of annual accumulated snowfall in the QTP is 67.3 mm,
and the areas with heavy snowfall are mainly distributed in the Himalayas, Tanggula
Mountains and Qinghai Plateau (Figure 4a). Therein, annual snowfall >120 mm is observed
in the central Xigaze, southern Shannan, eastern Naqu, western Haixi, Yushu, Guoluo and
southern Huangnan. The spatial average of annual snow cover days is 18.4 d in the QTP,
and reaches more than 30 d in the Himalayas and Qinghai Plateau regions (Figure 4b).
The spatial average of maximum snow depth in QTP is 6.5 mm, therein the snow depth
reaches 6-10 cm in Bayankela and the Nyenchen-Tanglha Mountains, and exceeds 10 cm in
the Himalayas (Figure 4c). The hazard assessment of snowstorms indicates that hazard
zone (HI > 6) cover the prefectures of southern Ali, western Xigaze, southern Shannan,
eastern Naqu, Yushu, Guoluo, southern Huangshan and northern Aba, totally accounting
for 13.5% of the QTP (Figure 4d).
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Figure 3. The spatial patterns of rainstorm hazard across the QTP. (a) annual rainstorm days; (b) annual accumulated

rainstorm precipitation; (¢) maximum daily precipitation; (d) rainstorm hazard index.

3.4. Hailstorms

Hailstorm refers to mesoscale or microscale catastrophic weather caused by the strong
atmospheric convection, which mostly occurs in the mid-latitude mountainous areas
and fragile ecological environment. Under the special thermal conditions induced by
plateau topography, hailstorms become common hazards on the QTP in summer. The
hailstorm hazard index is composed of annual expected gale days and annual expected
hail days. Historical observations indicate that the average of annual gale days over the
QTP is 43.1 d, and the areas above average are concentrated in the north Tibetan Plateau,
Tanggula Mountains, Qinghai Plateau and the Gangdese Mountains. Wherein, the number
of gale days in the prefectures of central Xigaze, Naqu, Haixi, and western Yushu exceeds
80 d (Figure 5a). Annual expected hail days in the QTP is 4.1 d at spatial average and
show similar distribution as gale days. The prefectures of eastern Naqu, western Hernia,
western Yushu and southern Guoluo have annual hail days > 8 d, as expected (Figure 5b).
According to hailstorm hazard assessment, the hazard zones (HI > 6) account for 14.4% and
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are concentrated in the central part of the QTP, including the prefectures of Naqu, Haixi
and western Yushu (Figure 5c¢).
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Figure 4. The spatial patterns of snowstorm hazard across the QTP. (a) annual accumulated snowfall; (b) annual snow cover
days; (c) maximum snow depth; (d) snowstorm hazard index.
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Figure 5. The spatial patterns of hailstorm hazard across the QTP. (a) annual gale days; (b) annual hail days; (c) hailstorm
hazard index.
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3.5. Multi-Hazard Assessments and Mapping

A multi-hazard index is developed to integrate the intensity of multiple meteorologi-
cal hazards in the QTP, and the spatial pattern of multi-hazard levels is shown in Figure 6a,
namely very low, low, moderate and high levels. The areas with high hazard level (HI > 6)
account for 19.2% of the QTP and cover the prefectures of central Xigaze, southern Shan-
nan, eastern Naqu, Nyingchi, Diging, Nujiang, Liangshan, northwestern Aba, southern
Huangnan, central Goluo, northern Ganzi and eastern Yushu (Figure 6a). Wherein, central
Xigaze and southern Huangnan are severely affected by compound hazards of snowstorms,
droughts and rainstorms. The Hengduan Mountains and Aba are affected by droughts
and rainstorms, eastern Naqu is affected by snowstorms and hailstorms, central Guoluo
and western Yushu are affected by snowstorms. All the areas mentioned above have been
affected by high-level hazards in the past decades. The multi-hazard intensities in the
northern and northwestern parts of QTP, including the Kunlun Mountains, Qaidam Basin,
western Tibet Plateau and Ngari Plateau are relatively low (HI < 5). Most of these places
belong to the classification of permanent arid region with no possibility of meteorological
droughts, and have relatively low frequency of rainstorms, snowstorms and hailstorms
as well.
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Figure 6. Mapping of (a) multi-hazard index and (b) meteorological hazards regionalization in the QTP.

Based on the identified hazard zones (HI > 6) of droughts, rainstorms, snowstorms and
hailstorms in the QTP, the meteorological hazards regionalization in the QTP is mapped
(Figure 6b). Drought hazard zones tend to overlay those of rainstorms due to the fact
that rainstorm hazard zone is dominated by remarkable precipitation fluctuations and,
hence, frequent occurrence of meteorological droughts. Three snowstorm hazard zones are
identified in the map: the Himalayas Mountains, the Nyenchen-Tanglha Mountains and
Qinghai Plateau. The snowfall amount, snow cover days and maximum snow depth in the
hazard zones are significantly higher than the rest parts of the QTP. Hailstorm hazard zones
distribute in the eastern Qiangtang Plateau and the Tanglha Mountains, and characterized
by notable frequencies of gale and hail in the QTP.

4. Evolution of Population Exposure to Meteorological Hazards

Recent decades witness accelerated changes in global climate, and the spatial extent
of meteorological hazards in the QTP also shows interannual variations. According to the
indicator system for meteorological hazards assessment (Table 1), the hazard zones are
identified when the grids in them meet the high-level criterion of all indices for a certain
hazard. In this way, the spatial evolution of hazard zones for the period of 2001-2019 is
analyzed. The population exposure to meteorological hazards is further adopted to reveal
the historical changes in potential population risks of the QTP.

The maximum extent of drought hazard zones reaches 1.24 million km? in 2015,
approximately half of the QTP, and the exposed population is estimated at 10.9 million
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people (Figure 7). The minimum extent of drought hazard zones is 0.23 million km? in
2018, accounting for 8.9% of the QTP, with 1.3 million people as the exposed population.
Comparing the 2010s with the 2000s, it is found that the hazard zones expand by 5.4%,
whereas the exposed population fell by 10%. The main reason is that the ascending trend of
precipitation in the QTP weakens the frequency and intensity of meteorological droughts,
especially in the densely populated areas of Western Sichuan Plateau, Songpan Plateau
and the Bayan Har Mountains, and hence reduces the total affected population (Figure 8a).
However, it is notable that the hazard zones are expanding in the South Tibet Valley and
the Hengduan Mountains, posing a great threat to local agricultural and livestock industry.
Hence, it is necessary to further improve the drought risk prevention in these areas.
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Figure 7. Temporal evolution in the spatial extent of hazard zones and exposed population of
droughts, rainstorms, snowstorms and hailstorms for 2001-2019 in the QTP.
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In terms of rainstorms, the maximum extent of hazard zones reaches 0.81 million km?
in 2003, whereas the largest exposed population is 8.5 million people in 2013 (Figure 7).
The minimum hazard zones of rainstorms appears in 2006, at 0.26 million km?, and the
exposed population is about 2.0 million people. Comparing the second half to the first
half period, we find that the hazard zones expands by 28.4% in 2010s, and the exposed
population also increases by 13.1%. The spatial pattern indicates a notable increment of
the rainstorms hazard index in the Qilian Mountains, the western Sichuan plateau and the
northern Shannan (Figure 8b), resulting in the expansion of hazard zones. A particular
concern is that rainstorm risk in Xining and Lhasa, two densely populated cities in the
QTP, has increased significantly due to the combined effect of aggravated hazard and
elevated exposure.

Snowstorms have always been one of the dominant meteorological hazards in the
QTP. The maximum extent of snowstorm hazard zones reaches 0.83 million km? in 2013,
whereas the maximum exposed population is nominated at 3.2 million people in 2008
(Figure 7). The minimum extent of hazard zones appears in 2016 at 0.20 million km?, and
the minimum exposed population is 0.8 million people in 2014. Comparing the second
half to the first half period, we find that the hazard intensity reduces by 14.5% in 2010s,
and the exposed population decreases by 26.0% as well. The spatial pattern indicates
larger areas with intensified hazard in the QTP but are mainly distributed in low-hazard
areas (Figure 8c). Moreover, two of the three snowstorm hazard zones, i.e., the Tanglha
Mountains and Qinghai Plateau, decrease significantly in snowstorm hazard, resulting
in an overall declining trend in exposed population. Nevertheless, from 2016 to 2019,
the hazard zones of snowstorms are constantly expanding, suggesting the possibility of
extreme events within the general trend. It is still necessary to strengthen the ability of
monitoring and forecasting snow cover in pasturing areas, and improve the measures of
forage storage and management, so as to reduce the impact of extreme snowstorms on
livestock production in the future.

The maximum extent of hailstorm hazard zones reaches 0.81 million km? in 2001,
whereas the maximum exposed population is nominated as 1.3 million people in 2002
(Figure 7). The minimum extent of hazard zones appears in 2019, at 0.34 million km?,
and the exposed population is about 0.4 million people. Comparing the second half
to the first half period, we find that the hazard zones reduces by 26.1% in 2010s, and
the exposed population decreases by 27.3% as well. The spatial pattern indicates that
hailstorm hazard decreases in the Nyenchen-Tanglha Mountains, the Hengduan Mountains,
western Sichuan plateau and the Bayan Har Mountains, whereas increases in Qaidam Basin,
western Qinghai plateau and the Gangdise Mountains (Figure 8d). As for the climatological
hazard zones of hailstorms, the hazard intensifies in western Qinghai plateau, whereas it
weakens in the other parts, thus the exposed population of hailstorms in the QTP shows
a downward trend.

5. Discussion and Conclusions
5.1. Discussion

Meteorological hazard research is highly dependent on long-term historical observa-
tions. At present, studies on meteorological hazards in the QTP are very limited due to the
lack of observation data. Herein, we collect data from 246 meteorological stations in the
QTP and attempt to carry out a multi-hazard assessment. It should be noted that the spatial
distribution of meteorological stations is uneven, especially the limitation of observations
in the northern Tibetan Plateau and the Kunlun Mountains increases uncertainty in hazard
analysis. Future studies could study the applicability of remote sensing datasets in the
QTP to improve the accuracy of hazard assessments.

The period from 2001 to 2019 is selected to analyze climate hazards over the QTP
under the following two considerations. Firstly, climate variables such as temperature,
precipitation and wind speed in the QTP are changing dramatically in recent decades due to
accelerated global warming, thus the observations in the recent two decades are more likely
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to describe the current situation. Secondly, the weight coefficients in the assessment model
are determined by historical disaster records. With the rapid growth of social wealth, the
exposure decades ago is definitely different from the present, leading to low comparability
of disaster losses over a long-time series. Therefore, the period of 2001-2019 is selected as
a compromise between the robustness of climate conditions and the comparability in the
disaster losses.

Current warning signals for meteorological hazard implemented by the China Meteo-
rological Administration specifies the graded thresholds of multiple kinds of hazardous
weather, which is applicable to the whole country. However, due to the special geographi-
cal conditions in the QTP, these thresholds could not be directly applied to the QTP. Hence,
the relative thresholds are determined by standard deviation method in order to identify
hazard zones in which the hazard intensity is at least 1 STD higher than the spatial mean
of the QTP.

In comparison with previous studies on meteorological hazards, the hazard zone
of droughts shows a similar pattern with existing works in the Tibet region [19,34]. Per-
manent arid zone is proposed for the first time in this paper to present the necessary
conditions of meteorological droughts, which could provide reference for future research.
The identification of rainstorm hazard zone has made certain progress in spatial resolution
compared with previous studies [6]. We have also tried to use precipitation remote sensing
datasets, but found many errors in plateau areas. This problem is expected to be solved
as technology improves in the future. Studies on the snowfall over the QTP have been
investigated by scholars in recent years [35]. On their basis, we further identify three
hazard zones of snowstorms in the QTP, and reveal a downward trend in hazard intensity.
As for hailstorms, there are few works that could be referenced in the QTP. However, a
declining trend in hail days is also detected in another work by Zou et al. [23], thus we
tend to believe that hailstorm risks would be moderated in a warming climate.

Monitoring changes in meteorological hazards and their effect on population in the
QTP is exploratory work; it is an attempt aimed to reveal the evolutionary trends of socioe-
conomic exposure. Future studies may adopt climate models to simulate hazard intensities
under radiative-forcing scenarios, and the population exposure could be estimated under
socioeconomic scenarios. In this way, we could quantitatively assess the population risks of
meteorological hazards in the future, and establish a solid scientific basis for meteorological
risk management of the QTP.

5.2. Conclusions

Since the 21st century, the hazard intensity of meteorological droughts has been
increasing in the South Tibet Valley and the Hengduan Mountains, leading to the expansion
of drought hazard zone in the QTP. It is suggested that meteorological monitoring and
early warning systems should be further improved in these areas, meanwhile the drought
prevention capacity in grain producing areas and pastoral areas should be strengthened.

Rainstorm hazard zone has expanded by 28.4% and the exposed population has
increased by 13.1% in the last 20 years. Intensified rainstorm hazard is detectable in the
densely populated prefectures of Xining and Lhasa; hence, the technical standard of urban
infrastructures should be improved to address climate risks. Rainstorm-induced geological
hazards such as landslides, collapses and debris flows should also be taken precautions in
mountain areas.

Due to the reduction in snowstorm intensity in the Tanglha Mountains and Qinghai
Plateau, snowstorm hazard zone has reduced by 14.5% in the last two decades but the area
fluctuates greatly on an inter-annual scale. Therefore, it is still necessary to improve the
management of livestock industry in snow seasons of the QTP.

Hailstorm hazard zone distributes in the central part of the QTP, including the pre-
fectures of Nagqu, Haixi and the western part of Yushu. Hailstorms show an overall
descending trend since the 21st century but ascend in the western part of Qinghai Plateau.
Improvements in weather forecast capacity is the key to mitigate losses of hailstorms.
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Based on an integrated assessment model, we quantified the integrated intensity
of multiple meteorological hazards, and further developed a multi-hazard regionaliza-
tion map that could be referenced for territorial planning and disaster risk management
in the QTP.
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