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The Qinghai–Tibet Plateau is a region sensitive to climate change with significant changes
in topography, and the increase in extreme precipitation in the region easily leads to
landslides and debris flows. To mitigate the effects of climate change, the Chinese
government has pledged to an emission reduction target that achieves a “carbon
peak’” in 2030 and being “carbon neutral” in 2060 at a huge cost. In order to explore
the quantitative flood risk at the county level in Qinghai province (the core province of the
Qinghai–Tibet Plateau) and the contribution of emission reduction efforts to risk mitigation,
this article constructs a loss rate curve based on the data of more than 1,000 single flood
disasters from 2009 to 2019 through government cooperation and the data of observed
cumulative precipitation. Combined with the latest CMIP6 climate model data, the
temporal and spatial variation characteristics of the flood loss ratio in Qinghai province
from 2020 to 2060 are quantitatively characterized. The results show the following: 1) the
curve of the flood loss rate in Qinghai province from 2020 to 2060 may present a trend of
“rising in the early stage, stable in the middle stage, and declining in the late stage” under
low (SSP126) and medium (SSP245) emission scenarios and presents a trend of rising
fluctuation under the high-emission (SSP585) scenario. The flood loss ratio under SSP585
is 10 times higher than that under SSP126; 2) the flood risk of 44 counties from 2020 to
2060 in Qinghai province may be concentrated in the southeast region, with Jiuzhi county,
Banma county, Nangqian county, Gande county, and Dari county being the most
prominent; (3) compared with SSP585, the Qinghai province in SSP126 may
cumulatively avoid about 24 billion CNY in economic losses from 2020 to 2060 and
avoid nearly 600 million CNY in losses per year, which is equivalent to 93% of Qinghai
province’s special funds for ecological and environmental protection in 2019. The research
aims to provide theoretical and data support for flood disaster risk prevention and
management in China’s high-altitude areas and to promote the initiative of emission
reduction in China and even the world.
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1 INTRODUCTION

The regional extreme precipitation intensity and global warming
degree represent an approximate linear relationship (high
confidence) (IPCC, 2021). According to the CMIP5 scenarios,
the relevant meteorological indices of the Qinghai–Tibet Plateau
have a greater range of variation than the global meteorological
indices, and its response to climate change is more obvious
(Supplementary Table S1) (Wu and You, 2019). Also, the
Tibetan Plateau in China is a region sensitive to climate
change due to its unique and complex high-altitude
geographical conditions (Duan al., 2016). The risk of regional
extreme precipitation may be further amplified in this region (Ma
et al., 2021) and more vulnerable to induce mass movement
disasters such as landslides and debris flow (Ma et al., 2021; Liu
et al., 2022; Yang et al., 2022). This change will threaten the lives
and property of people on the Qinghai–Tibet Plateau and even
downstream regions (Zhou et al., 2022).

In order to further reduce the impact of climate change, the
Chinese government has set the carbon emission reduction target
of “carbon peak by 2030 and carbon neutral by 2060” and
formulated strong emission reduction measures. Due to the
Tibetan Plateau’s high sensitivity to climate change response
and the positive relationship between regional extreme
precipitation and climate change, the assessment of future
flood risk changes in the region can reflect the effectiveness of
emission reduction in China and even the world to a certain
extent. The current risk assessment of extreme flood has
experienced a process from qualitative methods to semi-
qualitative and semi-quantitative methods and then to
quantitative methods. The qualitative methods mainly used
questionnaire survey, data analysis, and other methods
combined with expert experience to determine the relative risk
degree (Meihua et al., 2008; Zeleňáková, 2009; Wang et al., 2018).
With the maturity of the disaster risk theory, the research on
disaster risk assessment mostly adopts the method of multi-factor
weighted syntheses of categories like hazards, exposure, and
fragility (Guo et al., 2021; Lv et al., 2021). However, as all
relevant indicators need to be uniform in dimension, the
result is a “relative” risk level of “low/medium/high.” In order
to meet the evaluation needs of the “absolute” degree of disaster
risk, the loss function or expected loss function based on disaster
statistics and the intensity of hazard to calculate the loss rate curve
is built to evaluate the results measured by the monetary value of
economic losses or the number of affected populations (Delalay
et al., 2020; Su et al., 2021), but this method also puts high
requirements for the reliability, timing, and comprehensiveness
of basic data (Li et al., 2016).

Qinghai province is the core province of the Qinghai–Tibet
Plateau in China, and it is urgent to carry out a risk assessment for
flood disasters. Due to the relatively low social and economic
development of Qinghai province and the backward construction
of disaster management departments, there is a lack of sufficient
public historical disaster data in this area. Therefore, the

qualitative and semi-quantitative methods are mostly used for
disaster risk assessment (Jinhu et al., 2007; Dou and Yan, 2013;
Zou et al., 2013; Chen et al., 2021;Weidong et al., 2021). However,
with the government’s increasing demand for the assessment of
the “absolute” degree of flood risk in Qinghai province and also
with the exploration of the contribution of emission reduction
efforts to the risk reduction degree, the quantitative method for
the Qinghai flood disaster becomes an urgent work. Some
research studies use information diffusion methods such as the
Monte Carlo method to supplement missing historical disaster
data, but this brings large uncertainty compared to actual
information (Kalyanapu et al., 2012; Peng et al., 2017; Koc
and Işık, 2021).

In this article, the disaster data composed of more than 1,000
single flood disasters in the flood season (May–October) in
Qinghai province from 2009 to 2019 were obtained by
cooperating with the disaster management departments of
Qinghai province, and the accumulated precipitation during a
flood disaster process was obtained by combining the observed
daily precipitation data. Based on the aforementioned data, the
expected loss function is constructed by the regression prediction
model and probability density analysis method. In addition, daily
precipitation grid data of 22 climate models (CMIP6) and future
GDP grid data (SSP database) were used to evaluate the flood
disaster loss rate curves of 44 counties in Qinghai province from
2020 to 2060 under three scenarios. This study takes the low-
emission scenario SSP126 as the “carbon neutral” target scenario,
medium-emission scenario SSP245, and high-emission scenario
SSP585, which were used as comparative reference scenarios to
evaluate the temporal and spatial variation characteristics of flood
risk at provincial and county scales in Qinghai province from
2020 to 2060 (O’Neill et al., 2016; Ridder et al., 2022). The
purpose was to analyze the contribution of emission reduction
to reducing flood disaster risk in Qinghai province and identify
the potential “positive impact” brought by China’s emission
reduction efforts, providing data and method support for
formulating sustainable disaster prevention and mitigation
policies and social-economic development policies in Qinghai
province, and also promoting China and the global initiative to
reduce emissions.

2 METHODOLOGY

2.1 Study Area
Qinghai, a province in western China located in the northeast of
the Qinghai–Tibet Plateau, is 1200 km long from east to west and
more than 800 km wide from north to south, accounting for 1/
13th of China’s total area. The average altitude of the province is
over 3000 m above sea level. Its topography shows downward
elevation from west to east and a saddle shape from north to
south (Figure 1A). The annual precipitation in Qinghai province
is 15.4–732.5 mmwith a general distribution landscape of gradual
decrease from southeast to northwest. In most areas of the
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province, the annual precipitation is below 400 mm and features
sharp seasonal fluctuations that the precipitation in the flood
season accounts for more than 70% of its annual total. The
topography makes it easy for heavy rain to develop into flash
floods, and even geological disasters, such as debris flow and
landslides.

The precipitation distribution in Qinghai province from 2009
to 2019 shows that the east is rainier than the west, while the south
is rainier than the north (Figure 1B). Jiuzhi county in the southeast
of Qinghai province has the highest annual average precipitation in
the province. The precipitation of counties in Qinghai province is
mainly in the flood season (June to September), accounting for
more than 65% of the annual precipitation. The spatial and
temporal distribution of landslide and debris flow disasters
coincides with that of rainstorm and flood disasters caused by
precipitation in the eastern part of the Qinghai–Tibet Plateau (Lin
et al., 2020). As the risks of flood hazards are high in the east and
low in the west, those in Chengduo county, Nangqian county,
Zeku county, and Xunhua county possess high-risk curves.
According to the GDP distribution in 2019 (Figure 1C), except

Golmud county, we can see that the economically developed areas
in Qinghai are mainly in Xining city and its surrounding regions.
The high direct losses (DEL) all happened in the northeast of
Qinghai province, and Xining city and its surrounding areas are
the most severely affected, showing an ascending trend from
southwest to northeast. A total of 11 counties in Qinghai
province suffered direct economic losses of over 100 million
CNY each from 2009 to 2019, with Xunhua county suffering
the highest DEL of 593 million CNY.

2.2 Data
From 2009 to 2019, Qinghai province counted 1,512 county-level
flood and secondary disasters, such as landslides and debris flow
data, including the direct economic losses, affected population,
dead population, and damaged farmland. The meteorological
data include daily precipitation and daily mean temperature data
of 41 meteorological stations in Qinghai province from 2009 to
2019. The social statistical data are the annual GDP data of 44
counties in Qinghai province from 2009 to 2019. The specific
information is shown in Table 1:

FIGURE 1 | Distribution landscape of natural and economic characteristics of Qinghai province. (A) Geographical location of Qinghai province and the
Qinghai–Tibet Plateau, and the terrain of Qinghai province; (B) average precipitation distribution in Qinghai province from 2009 to 2019; (C) GDP distribution of Qinghai
province in 2019.
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Future flood disaster risk assessment uses CMIP6 (https://
esgf-node.llnl.gov/search/cmip6/) future climate scenarios data
from 2020 to 2060, including daily scale precipitation data of 22
GCM models (Supplementary Table S2) under different
scenarios with different spatial resolutions. Future emission
scenarios include CMIP6’s latest SSPs (Shared Socioeconomic
Pathways and the Representative Concentration Pathways):
SSP126, SSP245, and SSP585. The SSPs are the updated RCP
(Representative Concentration Pathway) scenarios SSP126,
SSP245, and SSP585, representing the low social vulnerability
and low-emission scenario, medium social vulnerability and
medium-emission scenario, and high social vulnerability and
high-emission scenario, respectively. The future economic
forecast data adopt the future GDP grid data of three emission
scenarios under the SSP database during the period 2020–2060.
Detailed information is listed in Table 2:

2.3 MATERIALS AND METHODS

This article mainly includes three parts: 1) construction of an
expected loss model based on historical data; 2) future climate
model data extraction; 3) future risk assessment of flood disaster
in Qinghai province.

In this study, the single-process precipitation of 377 flood
disasters in Qinghai province from 2009 to 2019 was fitted with
the corresponding loss rate of flood by polynomial fitting, and the
expected loss curve of rainstorm flood disasters in Qinghai
province is determined as follows:

R Curvehis → V

− Best
⎧⎨⎩fx

⎛⎝QRlosshisi,j ,∑n
d�1

prhisi,j
⎞⎠(x � 1, 2, 3/)⎫⎬⎭

� α + ln(Accprhis + γ), (1)

where x is the function fitting mode, and this formula selects the
best fitting function through linear fit and nonlinear curve fit (e.g.,
convolution, exponential, growth/sigmoidal, logarithm,
polynomial, power, and rational); i is the ith county; j is the
jth flood precipitation process; d is the accumulated days of flood
disaster; Accprhis is the single rainstorm flood disaster-
accumulated precipitation; α = −0.08092 [−0.17124, 0.0094]; β
= -0.12987 [−0.15164, −0.1081]; γ = 5.38928 [2.13541, 8.64315];
and QRloss is the loss rate of flood disaster:

QRlosshisi,j �
log10(DLyear

i,j · GDPyear
i

Defyear�2015
i

)
log10( GDP

year
i

Defyear�2015
i

) , (2)

where DLyear is the direct economic loss of a single flood disaster,
GDPyear is the current GDP (Gross domestic product), and
Def i

year=2015 is the GDP deflator set 2015 = 100.
Figure 2 shows the trend that the loss rate of flood disaster

changes with the change of precipitation during the disaster
process. It can be seen from the expected loss curve in
Figure 2 that with the increase of the process precipitation,
the loss rate increases rapidly in the range of 0–20 mm
process precipitation and increases more slowly after 20 mm
process precipitation, showing a “logarithmic” shape as a whole.

The precipitation data of the future CMIP climate model were
interpolated by quadratic spline interpolation with a uniform
accuracy of 0.0083° × 0.0083° (1 km). The formula for future
precipitation data and GDP data is as follows:

TABLE 1 | History data.

Data type Disaster data Meteorological data

Direct economic loss Death population The affected population Precipitation Air temperature

Number 1512 - - 41 × 11×365 41 × 11 × 365
Unit CNY - - mm °C
Spatial scale County County County County County
Time scale Day Day Day Day Day

TABLE 2 | Future data.

Data type Meteorological data Social-economic
statistic data

Precipitation GDP

Scenario SSP126/245/585 SSP126/245/585
Unit mm USD
Spatial-scale resolution 100–500 km 1 km
Time-scale resolution Day Year

FIGURE 2 | Expected loss curve.
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GDPfuture
i � ∑m

g�1
GDPfuture

i,g , (3)

Accprfuturei �
∑n
d�1

∑m
g�1

prfuturei,g

m
, (4)

where g is the number of grid points in a region, GDPfuture is the
projected future GDP, Accprfuture is the projected future process
precipitation.

DLi
future (direct economic losses of future flood disasters) can

be obtained by Eqs. 2, 3, 4:

DLfuture
i � f(GDPfuture

i · GDPfuture
i

Defyear�2015
i

, QRlossfuturei ). (5)

The ratio of direct economic loss (P) is calculated as the
“absolute” value of the future flood disaster risk assessment in
Qinghai province through the formula in Eq (6):

Pfuture
i � DLfuture

i

GDP
year
i

Defyear�2015
i

. (6)

The quantiles of 90%, 98%, and 99% of precipitation in the
historical flood disaster process are selected as the threshold
values of flood disasters that occur once in 10 years, once in
50 years, and once in 100 years, respectively, and the threshold
values are used to evaluate the risk of extreme flood disasters in
the future. Taking the 10-year flood risk as an example:

Pfuture
10 � Pi{Accprfuturei ≥Accprhis90 }. (7)

Take 5% and 95% of the multi-model data set under each
scenario as the error range of precipitation for future flood
disasters. Under the high-emission scenario (SSP585), the
GDP loss ratio in 2055 is 0.7%, and the uncertainty caused
by the multi-model 95% and 5% data is in the range of
(0.00003%, 70%), that is, it causes the loss of 29,400 CNY
to 205.8 billion CNY. The reason for such a large error is that
the multi-mode data of CMIP6 vary greatly in the high-altitude
area of the Qinghai–Tibet Plateau. Therefore, only the mean
value data of 22 models are used to calculate the future flood
disaster loss ratio.

3 EVALUATION RESULTS AND ANALYSIS
OF RAINSTORM AND FLOOD DISASTER IN
QINGHAI PROVINCE

3.1 The Loss Rate Assessment in Qinghai
Province From 2009 to 2019
Figure 2 shows the changing trend of the loss rate of flood in the
context of precipitation fluctuations during the disaster. As can be
seen from the expected loss curve in the figure, with the increase
of precipitation, the loss rate rises rapidly in the precipitation
range of 0–20 mm and then more and more slowly after 20 mm,
presenting a “logarithmic” change trend as a whole.

Due to the large vertical elevation difference in Qinghai
province, small precipitation can quickly give rise to runoffs
and confluences to form flash floods, but more precipitation is
needed in plain areas to cause regional floods. Combined with the
loss rate of Y-axis, “small and frequent” flood disasters are more
likely to occur in Qinghai province, but the losses caused by the
accumulation of those disasters cannot be ignored. According to
the distribution of precipitation and loss rate of the flood, the
disaster with the highest loss rate in history is not the one with the
heaviest precipitation. Due to the underdeveloped economy in
some areas in Qinghai province, the number of hazard-affected
bodies is small. With the continuous growth of precipitation,
most of those bodies exposed to the affected area of the disaster
are damaged, so the losses reach the peak value. In addition, for
relatively developed areas with insufficient disaster protection
capacity, rainstorms and floods often lead to landslides, debris
flows, and other geological disasters, resulting in a high loss rate
with low precipitation.

3.2 The Temporal Variation Features of the
Loss Ratio Changes From 2020 to 2060
1) Annual trend analysis of the loss ratio in Qinghai province

from 2020 to 2060

Figure 3 shows the annual change curve of the loss ratio of
flood in Qinghai province from 2020 to 2060 under the scenarios
SSP126, SSP245, and SSP585, calculated based on the historically
expected loss curve, the future precipitation, and the forecast data
of GDP. The shaded part is the error range caused by the 95%
confidence interval of the expected loss curve. On the whole, the
scenarios SSP126 and SSP245 show a trend of “rising in the early
stage, stable in the middle stage, and declining in the late stage,”
while scenario SSP585 shows a rising trend of fluctuation, which
is becoming wilder. From 2050 to 2060, the fluctuation degree will
reach its peak. The average annual loss ratios under the three
scenarios are 0.231%, 0.249%, and 0.429%, respectively. The
higher the emission force is, the higher the overall loss rate will be.

In scenario SSP126, the year with the highest loss ratio will be
around 2040 and the highest loss ratio (0.499%) will be found in
2037 while the lowest loss ratio (0.075%) in 2058. In the figure, the
most obvious increase and decrease changes will be found from
2037 to 2038 and from 2055 to 2058, with the loss ratio increasing
by 0.3560% and decreasing by 0.290%, respectively. From 2020 to
2060, the total loss ratio will reach 9.4808%.

In scenario SSP245, the highest loss ratio (0.522%) will be
found in 2048, while the lowest loss ratio (0.121%) in 2020. From
2047 to 2048, the most obvious loss ratio increase will be 0.3688%,
while from 2048 to 2049, the most obvious loss ratio decrease will
be 0.2193%. The total loss ratio through the period from 2020 to
2060 is expected to reach 10.1938%.

In scenario SSP585, the loss ratio will reach a peak (0.8063%)
in 2058, while the lowest loss ratio (0.125%) was seen in 2020. The
most obvious increase and decrease changes will be found during
the periods 2055–2058 and 2058–2060, with the loss ratio
increasing by 0.364% and decreasing by 0.371%, respectively.
The cumulative loss ratio from 2020 to 2060 will be 17.6011%.
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With the time going on, the maximum loss ratio in the SSP585
scenario will be constantly refreshed, and its fluctuation range will
become larger and larger.

Based on the aforementioned variation trends of the loss ratio
and precipitation in the three scenarios, the lowest value (0.075%)
of the flood risk loss ratio in Qinghai province is found in scenario
SSP126 and the highest value (0.8063%) in scenario SSP585. The
increasing trend and fluctuation range of the loss ratio of SSP585
are significantly larger than those of SSP126 and SSP245.

2) Comparative analysis of the difference in losses under three
scenarios in Qinghai province from 2020 to 2060

Based on the assessment results of flood disaster loss ratios
through the period of 2020–2060 under the scenario SSP126/245/
585 in Qinghai province, Figure 4 further analyzes the disparity
of future flood loss ratios among the three scenarios.

The ratio of actual loss to GDP in 2019 under the future
scenarios SSP126/245/585 shows significant differences in
maximum value, minimum value, and inter-annual
fluctuation. The difference between SSP585 and SSP126 is
greater than that between SSP585 and SSP245, and that
between SSP245 and SSP126 is the smallest.

Compared with that under the scenario SSP126 with low
emission, the change extent of annual flood disaster loss under
scenario SSP245 with medium emission (Figure 4A) shows that
the loss ratio under SSP245 during 2020–2060 is 0.017% high. In
most of the years, the loss of SSP245 is higher than that of SSP126,
and the widest discrepancy between them will be 186.745% in
2024. In the next 41 years, the cumulative loss ratio of SSP245 will
be 0.713% higher than that of SSP126. Given the GDP, 294 billion
CNY, of Qinghai province in 2019, the DEL of flooding in the
province will increase by about 2.1 billion CNY. Figure 4B shows
that under SSP585, the annual average loss ratio is 0.1807%
higher than that of SSP245, and the loss caused by flood will
increase by 436.566% to the peak (2057), with an average annual
increase of 97.777%. From 2020 to 2060, the difference of
cumulative disaster loss ratios will be 7.4073%. Given the GDP
of Qinghai province in 2019, the loss of flood in the province
under the SSP585 scenario will increase by about 21.777 billion
CNY compared with that under the SSP245 scenario.

From 2020 to 2060, the annual average loss ratio under the
SSP585 scenario is 0.198% higher than that under scenario
SSP126. In 41 years, the loss ratio of flood disasters under the
SSP585 scenario was less than that under the SSP126 scenario
only by 4 years. At the same time, the difference in the GDP loss

FIGURE 3 | Annual loss ratio curves under three scenarios in Qinghai province from 2020 to 2060. (A) Loss ratio curves under SSP126 scenario;. (B) loss ratio
curves under the SSP245 scenario; and (C) loss ratio curves under the SSP585 scenario.

FIGURE 4 | Comparison chart of loss ratios under three scenarios in Qinghai province from 2020 to 2060. (A) Change range of the flood disaster loss ratio under
SSP245 scenario with medium carbon emission compared with SSP126 scenario with low-carbon emission; (B) change range of the flood disaster loss ratio of SSP585
scenario with high-carbon emission compared with SSP245 scenario with medium carbon emission; (C) change range of the flood disaster loss ratio under SSP585
scenario with high-carbon emissions compared with SSP126 scenario with low-carbon emission.
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ratio between the two scenarios varies greatly from year to year,
and the loss of scenario SSP585 is 126% higher than that of
scenario SSP126 a year on average. The loss caused by the flood
disaster will increase by nearly 10 times than that in 2058
(980.733%). This is mainly because under scenario SSP585, the
loss ratio of flood will fluctuate greatly during 2050–2060, and its
extreme value will also be seen in 2058.

The aforementioned results show that from 2020 to 2060,
compared with scenario SSP585, the loss ratio of flood in Qinghai
province will decrease by 8.12% under scenario SSP126, which is
to achieve carbon emission reduction targets. With the emission
reduction action of China’s “carbon neutrality and carbon peak”
target, only the loss caused by the flood in Qinghai can drop by
23.874 billion CNY (based on the GDP of Qinghai province of
294 billion CNY in 2019) from 2020 to 2060, about saving 600
million CNY per year on average, equivalent to 93% of Qinghai’s
2019 provincial special fund for ecological and environmental
protection (626 million CNY). From the perspective of disaster
risk, the results can quantitatively reveal the hidden “benefits”
behind the costs for China to achieve the “carbon neutrality and
carbon peak” target.

3) Analysis of the frequency of flood return period in Qinghai
province from 2020 to 2060

During 2020–2060 in Qinghai province, the occurrences of
extreme floods within a 10-, 50-, and 100-year return period
(Figure 5) show that the frequency of those extreme disasters
occurring within the 10-year return period is greater than that
occurring within the 50-year return period and 100-year return
period under scenario SSP126/245/585, and all of them show a
fluctuant-rising trend. In particular, around 2058, there has been
a significant increasing trend.

Under scenario SSP126, the average annual occurrences of 10-,
50-, and 100-year return period flooding in Qinghai province
from 2020 to 2060 will amount to 53, 19, and 9, respectively. In
2057, the number of extreme floods occurring within the 10-year
return period will increase sharply and will reach 176 in 2060. In
2060, the number of the 50-year return period flood will be 91 and

the number of 100-year return period floods will rise to its peak of
25 in 2055.

Under the scenario SSP245, the average number of 10-, 50-,
and 100-year return period floods in Qinghai province in the
future will be 52, 19, and 10 per year, respectively. The frequency
of occurrences of these three types of flood return periods shows a
slow-rising trend and will increase significantly in 2056. In 2059,
the number of extreme floods during the 10-year return period
will increase to a peak of 143. Both that number of 50-year return
period and 100-year return period flood will reach peaks of 56
and 40 in 2058, respectively.

Under scenario SSP585, the average number of 10-, 50-, and
100-year return period floods in Qinghai province in the future
will be 58, 21, and 10 per year, respectively. In 2060, the number
of these three types of extreme floods will reach their peaks of 265,
90, and 26, respectively.

By comparing the total number of extreme disasters of
different return periods, the frequency of flood of diverse
return periods under scenario SSP585 is significantly higher
than that under SSP126 and SSP245. From 2020 to 2060, the
smaller the emission reduction, the higher the frequencies of
extreme rainstorms and flood disasters and their peaks.

In conclusion, under three scenarios in Qinghai province from
2020 to 2060, the occurrence frequencies of the extreme flood
occurring within a 10-, 50-, and 100-year return period all show
an increasing trend. However, compared with scenario SSP126,
under scenario SSP585 with high emission, extreme flood
disasters occurring within the 100-year return period may
have 37 extra cases, those within the 50-year return period
may have 94 extra cases, and those within the 10-year return
period may have 167 extra cases.

According to casualties caused by diverse return periods of
flood from historical disaster data, if the emission reduction target
(SSP126 scenario) could be achieved, it might lower the casualties
by the numbers of 58, 77, and 88, respectively, due to minimizing
the occurrence of 10-year return period/50-year return period/
100-year return period flood (compared with SSP585 scenario).
Therefore, measures to reduce emissions may significantly cut the
potential loss of life caused by floods.

FIGURE 5 | Extreme flood frequency in Qinghai province from 2020 to 2060. (A) 10/50/100-year return period flood frequency under the SSP126 scenario; (B) 10/
50/100-year return period flood frequency under the SSP245 scenario; and (C) 10/50/100-year return period flood frequency under the SSP585 scenario.
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3.3 The Spatial Distribution Characteristics
of the Loss Ratio in Typical Years and
Typical Countries
1) Analysis of the characteristics of a county loss ratio of

rainstorm and flood disasters in Qinghai province in
typical years

Figure 6 shows the distribution of the loss ratio of rainstorm
and flood disasters in each county of Qinghai province in 2030,
2050, and 2060 under three scenarios. The disaster loss ratio in
Qinghai province will be in a descending pattern from southeast
to northwest in three typical years. The southeast of Qinghai
province suffers a bigger loss than other regions of the province,
while the west and north suffer less. In Qinghai province, the
counties of Banma, Dari, Gande, Jiuzhi, and Nangqian will all
have high or mid-high loss ratios under scenarios SSP126,
SSP245, and SSP585, and the eastern part of Qinghai will
suffer mid-high loss ratios, the central and southwestern parts

will have medium loss ratios, and the western part will be
subjected to low or very low loss ratios.

According to the figure for 2030, the distribution pattern of the
high and low values of the loss ratio in each county under the
three emission scenarios is similar. Under scenario SSP126, the
areas with the highest loss ratios are Jiuzhi, Banma, Gande, Dari,
and Nangqian counties successively. The loss ratios of Jiuzhi,
Banma, and Gande counties are all higher than 1%, and the sum
of that is 3.17%, accounting for more than half of the total loss
ratio of rainstorm and flood disasters in 2030. Under scenario
SSP245, the loss ratios of Banma, Nangqian, and Gande counties
are the highest, with a sum of 3.67%. Under scenario SSP585, the
loss ratios of Jiuzhi, Banma, Dari, and Gande counties are
significantly higher than those of other regions, and the sum
of that is 4.56%, accounting for nearly 60% of the province. In
2050, the counties of Banma, Jiuzhi, Dari, Gande, and Nangqian
will be the five counties with the highest loss ratios of rainstorm
and flood disasters in Qinghai under the three scenarios, and the
sum of their loss ratios will be 5.784%, 14.830%, and 27.611%,

FIGURE 6 | Spatial distribution of the loss ratio in Qinghai province in 2030/2050/2060. (A–C) Countries’ flood loss ratios under three scenarios in 2030; (D–F)
countries’ flood loss ratios under three scenarios in 2050; and (G–I) countries’ flood loss ratios under three scenarios in 2060.
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respectively, under the low-, medium- and high-emission
scenarios, accounting for 48.5%, 72.0%, and 79.0% of the
province, respectively. In 2060, the counties of Banma, Jiuzhi,
Dari, Gande, and Nangqian still suffer higher loss ratios, but the
sum of their loss ratios is 2.40%, 2.82%, and 3.10%, respectively,
under the low-, medium-, and high-emission scenarios,
accounting for 36.9%, 42.4%, 42.9% of the province, respectively.

Under the three scenarios of SSP126, SSP245, and SSP585, the
loss ratios of each county in Qinghai province will reach the peak
in 2050 and drop to a trough in 2060, which is consistent with the
results. Before China achieves a carbon peak in 2030, fossil fuels
will stay as its main energy. So, carbon dioxide emissions may
reach a peak, which may increase the frequency and intensity of
flood disasters to some extent, leading to the reduction of the
disaster loss ratio later than carbon peaking. China plans to
achieve carbon neutrality by 2060, and the reduction of the
disaster loss ratio caused by social and economic
transformation will be earlier than achieving that goal and
reaching its lowest point in 2060. With the growth of carbon
emissions, more regions will suffer high losses in the province,
causing more extreme and concentrated flood disasters.

2) The distribution of extreme flood loss ratios in Qinghai
province in 2050

In 2050, by adding and counting the loss ratios of the extreme
flood of different return periods for each county in Qinghai
province, the spatial loss distribution characteristics of extreme
floods with different intensities in specific years in Qinghai
province are shown in Figure 7.

Under the same scenario, 10-, 50-, and 100-year return
period flood disasters all have the greatest losses in the counties
of Banma, Jiuzhi, Gande, Dari, and Nangqian. The spatial
impact of the extreme flood is similar to the distribution of the
high and low values of flood loss ratios in typical years in
Qinghai. With the growing rate of emissions, the area affected
by the extreme flood (especially the 10-year return period
flood) decreases, but the cumulative loss ratio of the key
disaster areas affected by the extreme flood will rise.
Therefore, the higher the emission scenario is, the stronger
the extreme of flood will be, and the disaster-prone areas such
as Banma, Jiuzhi, Gande, Dari, and Nangqian counties will
suffer higher risks.

FIGURE 7 | Spatial distribution of the cumulative loss ratio of extreme rainstorms and flood disasters in Qinghai province in 2050. (A–C) countries’ cumulative flood
loss ratios of the 10-year return period under three scenarios; (D–F) countries’ cumulative flood loss ratios of the 50-year return period under three scenarios; and (G–I)
countries’ cumulative flood loss ratios of 100-year return period under three scenarios.
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Among the 44 counties in Qinghai province, the three counties
with the highest frequencies (1–2 times) of 100-year return period
flood in 2050 are Banma county, Jiuzhi county, and Yushu City.
The losses caused by floods to these three areas account for
0.042%–1.187% of their GDP, respectively. The ranges of their
total loss ratio are from 0.26% to 1.187%, 0.176%–0.625%, and
0.048%–0.185%, respectively. In addition, the spatial distribution
of cumulative loss ratios of flood in 2050 also has significant
unevenness in Qinghai province, and the counties with higher
cumulative loss ratios are mainly concentrated in the southern
part such as Banma county, Gande county, Dari county, Jiuzhi
county, and Yushu City.

4 DISCUSSION AND CONCLUSION

4.1 Discussion
1) In the past, due to the improvement of China’s disaster

statistics system (mostly after the Wenchuan earthquake in
2008) (Guo et al., 2016) and the strength of the actual disaster
statistics department in Qinghai province, data before 2009
are difficult to obtain. However, in this article, there are still
1,512 disaster data from 2009 to 2019 and more than 100,000
daily precipitation data. In addition, climate change and
economic development in Qinghai province start to
increase during the period 2009–2019. Therefore, the
historical disaster data from 2009 to 2019 can represent the
future trend to a certain extent.

2) This study only analyzed the difference of future
precipitation change dominated by the single
precipitation factor, without integrating temperature and
precipitation calculation to synthesize the loss rate. This
may result in insufficient consideration of flood disasters
caused by temperature changes in the plateau region.
However, some studies (Ping et al., 2014; Ji et al., 2015)
on the risk of flood disaster in plateau areas also show that
the flood disaster is more related to extreme precipitation.
In addition, the influence of pressure and temperature on
precipitation is taken into account in future precipitation
dates in the CMIP6 climate model. Still, a comprehensive
temperature and precipitation assessment of floods in
Qinghai province will be the focus of future research.

3) The future meteorological data used in this study are from the
CMIP6 global climate model (GCM). Although this model is
the most authoritative future climate prediction data at
present, its simulation accuracy is still limited for county-
level areas (Kim et al., 2020) and also for high-altitude areas
(Zhu et al., 2020; Zhu and Yang, 2020; Lun et al., 2021), which
may bring some uncertainties to the results. For example,
there may be errors in the accuracy of the simulation effect for
the relatively developed areas in the northeast of Qinghai
province, such as Xining, the capital city of Qinghai province.
If smaller scale meteorology model data are available,
historical model data can be corrected from historical site
data to obtain more accurate future model data. The ideal data
may take a regional climate model (RCM) to simulate the
precipitation for Qinghai province in the future, but the RCM

parameter setting needs field experiment and experience
estimation (Weigel et al., 2021), and this could also bring
the subjective experience of error and uncertainty. In order to
reduce the uncertainty, this study uses 22 models of collection
and data processing methods.

4) This study demonstrates the contribution of emission
reduction through the assessment of regional flood disaster
risk. But the direct correlation between the risk reduction of
flood disasters and the intensity of emission reduction is not
shown. Although many studies have shown that floods are
closely related to extreme precipitation and the positive
relationship between regional extreme precipitation and
climate change, the assessment of future flood risk changes
in the region can reflect the effectiveness of emission
reduction only to a certain extent. Therefore, the
quantitative calculation of the relationship between disaster
risk and emission reduction in the direction of future research
and the further demand of government disaster reduction
departments.

4.2 CONCLUSION

Based on the disaster data of more than 1,000 flood disasters from
2009 to 2019, observed precipitation data, and future precipitation and
GDP data, this study constructed the loss rate curve of cumulative
precipitation and disaster loss, evaluated the quantitative risk of flood
disasters at the district- and county-scale in Qinghai province from
2020 to 2060, and compared the temporal and spatial distribution
characteristics of loss rate differences under different scenarios and
return periods. The main conclusions are as follows:

1) The flood disaster loss ratios of Qinghai province in
2020–2060 present a trend of “rising in the early stage,
stable in the middle stage, and declining in the late stage,”
under low- (SSP126) and medium- (SSP245) emission
scenarios, and presenting a trend of rising fluctuation
under the high-emission (SSP585) scenario, respectively,
are (0.075%, 0.499%), (0.121%, 0.522%), and (0.125%,
0.806%). The results show that the future flood disaster
risk of Qinghai province under the high-emission SSP585
scenario is significantly higher than that under the low-
emission SSP126 scenario, and the maximum risk
difference may reach up to10 times.

(2) Compared with the high-emission SSP585 scenario, the
cumulative loss of Qinghai province in 2020–2060 under
the emission reduction target scenario SSP126 will be
reduced by 8.1203%. Based on Qinghai’s 2019 GDP of 294
billion CNY, the emission reduction target will avoid a
potential economic loss of nearly 24 billion CNY in the
future and an average of 582 million CNY per year, which
is equivalent to 93% of Qinghai’s 2019 provincial special fund
for ecological and environmental protection of 626 million
CNY. In addition, the frequency of extreme flood disasters
over a 100-year return period, 50-year return period, and 10-
year return period may also be reduced by 37 times, 94 times,
and 167 times, respectively, avoiding in total 223 casualties.
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3) Without considering the impact of climate model accuracy
and resolution on the assessment accuracy of northeastern
Qinghai province, the high-value areas of the flood disaster
loss ratio caused by 44 counties in Qinghai province in the
future are mainly located in Banma county, Gande county,
Dari county, Jiuzhi county, and Nangqian county in
southeastern Qinghai province. Under SSP585, Jiuzhi
county, Banma county, and Nangqian county may suffer
the most severe losses from the flood disaster.

This study quantitatively reveals the spatial and temporal
variation characteristics of flood risk and makes an application
contribution to the improvement of flood risk assessment from
“relative” risk degree to “absolute” risk degree in high-altitude
regions. Therefore, this study provides data and method support
for flood risk prevention and management in China’s high-
altitude regions. More importantly, from the perspective of
casualties and economic losses caused by flood disasters, this
study evaluates the potential “positive impact” brought by
multiple costs of emission reduction, providing theoretical and
practical evidence for promoting the enthusiasm for emission
reduction in China and even worldwide.
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