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Abstract: Accurate and reliable subnational and spatially explicit population projections under
shared socioeconomic pathways (SSPs) for China will be helpful for understanding long-term demo-
graphic changes and formulating targeted mitigation and adaptation policies under climate change.
In this study, national and provincial populations for China by age, sex, and education level to
2100 under five SSPs were estimated using the population-development-environment model. These
parameters include fertility, mortality, migration, and education and consider the most recent birth
policy in China. To quantify these projections spatially, the gridded population was provided at
1 km × 1 km by spatial downscaling. Results show the national population is highest under SSP3,
with 1.71 × 109 people in 2100. Guangdong, Henan, and Shandong are the most populous in SSP1,
2, 4, 5, while Guangxi is the most populous province in SSP3, reaching 1.54 × 108 people. The
differences in education level among scenarios are obvious, especially in 2100 where education level
for SSP1 and SSP5 is the highest. The spatial distribution of population varies across the country,
with the majority of the population concentrated in southern and eastern China, especially in the
coastal regions. Our results under different SSPs could provide a reference to project disaster risks,
formulate relevant policies and guide sustainable development from a long-term perspective.

Keywords: population projection; shared socioeconomic pathways (SSPs); climate change; population
structure; gridded population

1. Introduction

Increasing greenhouse gas emissions as a result of human activity are considered
the main cause of global warming [1]. The dramatic and rapid growth in population
and economic activities in the 20th century has brought unprecedented pressures to bear
on the climate and the environment [2–4]. Generally, the population directly influences
the challenges related to climate change, including, but not limited to, influencing social
development and economic growth, determining the amounts of resource consumption
and pollutant emissions, and affecting the number of residents exposed to natural disas-
ters [5–7]. Apart from total population size, the structure (age, sex, and education level)
and distribution of the population are important factors in climate and global environmen-
tal change research. These are important sources of population heterogeneity, and their
changing composition is directly relevant in the anticipation of socioeconomic challenges
to mitigate and adapt to climate change. For example, population aging is considered a
highly important socioeconomic challenge under climate change which will significantly
increase the cost of adaptation but can only be quantitatively addressed if the age structure
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of populations is considered in the projection model [8]. The rise in the educational compo-
sition of the population is beneficial to a broad range of social and economic development.
It lessens the pressure of adapting to climate change, which has seldom been included in
population projections [9]. Females, children, and elder people are more vulnerable and
susceptible to extreme climate events than males and young adults. The spatial distribution
in the population is perhaps even more important in determining the potential risk of the
population to natural disasters with climate change [10,11]. Thus, accurate and robust
predictions of population size, structure (age, sex, and education level), and spatial distri-
bution will help studies of the impact of climate change on social economy, human health,
resource demand and allocation, and provide a scientific basis for the design of strategies
to control greenhouse gas emissions and the formulation of mitigation and adaptation
policies [12–14]. Moreover, these three quantitatively modeled and projected dimensions
can be directly related with, and give reference to, many of the Sustainable Development
Goals (SDGs) such as SDG4 (quality education), SDG5 (gender equality), SDG13 (climate
actions), and to the main components of the human development index (HDI) [15,16].

Climate scenarios form the basis of climate change research, and the rational setting of
socioeconomic development scenarios is the core of climate change impact assessment [17].
The Intergovernmental Panel on Climate Change (IPCC) published Shared Socioeconomic
Pathways (SSPs) that describe future socioeconomic conditions under various scenarios
in 2014 [12]. SSPs are reference pathways that describe plausible alternative trends in the
evolution of society and ecosystems over the 21st century in the absence of climate change
or climatic policies [18]. Five such SSP scenarios (SSP1–5) have been developed. Specifically,
SSP1 is a sustainable development scenario, with rapid technological change that lessens
reliance on carbon energy sources; SSP2 describes a medium scenario that maintains the
current trend of development and gradually reduces dependence on carbon energy sources;
SSP3 is a regionalized scenario that leads to reduced trade flows, unfavorable institutional
development and low adaptive capacity to climate change; SSP4 is an inequality scenario
with relatively rapid technological development in low carbon energy sources in key
emitting regions, however, in other regions development proceeds slowly, leaving these
regions highly vulnerable to climate change with limited adaptive capacity; SSP5 describes
a scenario that focuses on mitigating challenges driven by high investments in human
capital, leading to a world that is less vulnerable to the adaptations required of climate
change [19]. Studies of population and economic changes in more than 150 countries have
already obtained preliminary results based on these SSPs. Previous studies have made
some progress in developing population and economic projections at global and national
scales in the various SSPs [20–22]. However, with the increasing demand for population
analysis in small areas related to climate change, the projected size, gender, age, education,
and other structures of the sub-local levels, as well as the spatial distribution of the future
population, have received less attention [23,24].

Currently, China is the most populous country in the world, although India is pro-
jected to overtake it within a decade. China has special policies and institutional constraints
regarding population growth, structural changes, and spatial characteristics. Despite the
growing demand for local population projections, relatively few local population forecasts
exist for China, and the spatial resolution of the projected data is not high [25,26]. More-
over, existing Chinese population projection studies using the SSPs are usually limited.
For example, in 2017 the International Institute for Applied Systems Analysis (IIASA)
developed a global population projection at the national scale from 2010 to 2100 using the
SSPs by dividing all countries into three groups (HiFert, LoFert, and Rich-OECD) [8,19].
The variation in population growth parameters among different country groups and SSP
scenarios were considered in the projection. However, the specific Chinese economic
development model, household registration policies, and migration laws were not taken
into account in the projection. Since the projection was developed at the national scale,
they were unable to combine targeted population changes with the localized economic
and social development at subnational scales such as provincial. However, the method
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for grouping different regions provided us with ideas for conducting research and setting
parameters at the provincial scale in China (See details in Materials and Methods). Further-
more, the population estimates under the existing SSP pathways have not yet taken into
account the impact of changes in population policy in China [27–29]. Lack of detailed and
accurate population projections as to size and structure at subnational scales and spatially
clear populations may hinder our understanding of the demographic changes in China’s
provinces and is not conducive to analyzing the impact of climate change on the population
of the country as a whole [30]. Therefore, there is an urgent need to make projections of
China’s population concerning age, sex, and education, as well as a high-resolution spatial
distribution of population size under the different SSPs.

To fill these knowledge gaps, a consistent and equitable population projection at
subnational and gridded scale under future diverse SSPs for China has been the subject
of scarce research. Taking into account the latest national population policies in China,
we estimated the annual provincial population in China using population structures for
sex (male, female), age (0–85+, divided into 18 age groups separated into cohorts of five
years), and education level (illiterate, primary school, junior high school, senior high school,
and college/university, consistent with the categories in the Chinese census) under SSPs
from 2011 to 2100. On this basis, gridded population data were provided by spatially
downscaling the total population in the SSPs to a spatial resolution of 1 km × 1 km. The
main target of this study is quantification of the trend and change of population for China
under different SSPs to characterize the variation of population among scenarios. This dis-
tinguishes the characteristics of age, sex, and education structure in the future. Furthermore,
it also identifies high-value population regions to support decision-makers in formulating
targeted population policies and climate change mitigation and adaptation strategies.

2. Materials and Methods
2.1. Materials

Population data in the base period 2010 were obtained from the sixth national census
of China conducted in 2010, which has high accuracy in population statistics. The data
used in this study include population by sex and 18 age groups (0–85+) on the total
population and death population, the fertility data of women of childbearing age as well
as the education level (illiterate, primary school, junior high school, senior high school,
and college/university) of 31 provinces in mainland China, excluding Hong Kong, Macao,
and Taiwan. Additionally, statistical population data by sex and age from 2011–2019
were obtained from national and provincial statistical yearbooks to compare to results of
population projections to examine the accuracy.

2.2. Population-Development-Environment (PDE) Model

A PDE model was proposed by the International Institute for Applied Systems Analy-
sis (IIASA), which involves many classic algorithms for population estimation, including
the composition estimation algorithm based on queue sorting and the extended life conti-
nuity algorithm under the multi-population state [31]. Over the past decades, the model
has been developed and improved by many scholars and been used in global and regional
population estimation in different development states [32].

The PDE model simulates the natural cascade movement of the newborn population
and population of different age structures by setting parameters such as fertility rate,
mortality rate, migration rate, and realizes the mutual conversion between multiple states.
The population of t + 1 years old in a certain year was calculated as follows:

Pt+1 = P′t ·(1− Dt+1) + Mt+1 (1)

where Pt+1 is the population of t + 1 years old in the current year; P′t is the population
of t years old in the previous year; Dt+1 is the mortality rate of t + 1 years old people in
the current year, and Mt+1 is the net migration population of t + 1 years old people in the
current year.
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Also, the number of new-born people in a certain year is calculated as follows:

Pc =
49

∑
t=15

Wt·Ft (2)

where Pc is the number of new-born people in the current year, Wt is the number of women
at childbearing age (15–49) in the t years old in the current year, and Ft is the fertility rate of
the t years old women in the current year.

2.3. Demographic Parameter Setting under Different SSPs

With reference to population projections conducted by IIASA for different classifi-
cations of 150 countries in the world, hypotheses of the low, medium, and high fertility,
mortality, migration rate, and educational attainment in the future were proposed [19,33].
The parameters were set in combination with the lately birth policy in China, which
replaced the one-child policy of 1979–2015 (Table 1).

Table 1. Assumptions of the population under the five SSPs in China.

Population Parameters SSP1 SSP2 SSP3 SSP4 SSP5

Fertility Low Medium High Low Low
Mortality Low Medium High Medium Low
Migration Medium Medium Low Medium High
Education High Medium Low Low/Middle/High High

Each SSP corresponds to a combination of fertility, mortality, migration rate, and edu-
cational attainment. SSP1 is a sustainable development scenario that attaches importance
to education, and has high medical and educational standards, resulting in low fertility
and mortality, and the migration rate is maintained at a medium level. SSP2 describes
the business-as-usual scenario and maintains the current development trend of fertility,
mortality, migration rate, and education attainment. SSP3 is a global regional rivalry
scenario, the education level only maintains the current enrollment rate, low education
level brings higher fertility and mortality and the migration rate is considered as low.
SSP4 is an unbalanced development scenario, and the educational progress varies from
province to province. The well-developed provinces will experience higher progression
rate development while the poor province in the economy will remain at the current level
of progression rate. In this case, the fertility and mortality rates are low, which is consistent
with the global assumption and the migration rate is considered to be moderate. SSP5
describes a fossil-fueled development scenario, with similar fertility, mortality, and educa-
tion development conditions to SSP1, but a high degree of marketization and globalization
makes migration rates higher than SSP1 in this scenario.

2.3.1. Fertility

Among the three hypotheses about fertility, the medium hypothesis maintains the
current fertility rate. According to previous studies of the fertility intentions of Chinese
women following the most recent more-than-one-child policy, the average number of
children that Chinese women aged 15–49 are willing to have is 1.8–1.9 [34–36]. Following
the introduction of the new birth policy in 2015, the new birth rate of women in China
was expected to increase slightly [37], reaching a peak of 1.9 in 2019 and then gradually
decreasing and stabilizing at 1.8 [38,39].

Under the assumption of high/low fertility rate, the fertility value was set based on
the prediction scheme proposed by the Vienna Institute of Demography according to an
analysis of the population input model of 41 low-fertility countries and finally evaluated
by more than 170 experts [40,41]. It is predicted that, from 2010, the fertility rate was
likely to gradually increase/decrease compared with the medium hypothesis, with 20%
higher/lower fertility in 2030, 25% higher/lower in 2050, and maintaining the previous
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level after 2050. The total fertility rate of women in China in the period 2010–2050 was
obtained by refining the rate using equal growth every five years [42]. Accordingly, the
total fertility of each province was converted based on the fertility data in 2010, with the
proportion of fertility of all age groups remaining unchanged in 2010. Furthermore, the
gender ratio of men to women in China fluctuated 1.0219–1.0674 between 1995 and 2010
according to data from the China Statistical Yearbook in 2011. Therefore, the gender ratio
of the new population was set in the range from 1.02 to 1.07. The total fertility rate and by
age groups at three assumptions are shown in Supplementary Tables S1–S4.

2.3.2. Mortality

We calculated the basic mortality rate and life expectancy of each province in China
in 2010 using the death toll of different age groups. According to the output data from
the global conditional convergence model obtained from IIASA and the evaluation of the
expert group, under the medium hypothesis, the life expectancy per capita will increase
by 2 years every 10 years before 2050, and by 1 year every 10 years after 2050 [43,44]. That
is, life expectancy will increase by 0.2/a before 2050 and by 0.1/a after 2050. Under the
high/low hypothesis, life expectancy per capita is lower/higher than that of the medium
hypothesis, that is, 0.1/a lower/higher than the medium hypothesis. The gap between the
low/high hypothesis and the medium hypothesis remains unchanged.

2.3.3. Migration

The immigration rate is based on previous studies of global immigration and the
immigrant population. The current level remains at the medium assumption, and the net
immigration of each province remains unchanged [45]. The migration population under
the high assumption gradually increases to twice that of the level in 2010 within 15 years,
and then remains unchanged. The migration population under the low assumption will
gradually decrease to zero and then remain unchanged. The total net migration population
of each province was calculated according to the floating population of each province
within five years in the long census table. The average value was taken as the initial
migration rate datum for each province, and then the corresponding conversion was made
according to the population of each age group calculated every year.

2.3.4. Education

The education level of Chinese residents is evaluated into five levels: illiterate, primary
school, junior high school, senior high school, and college/university according to the
actual situation of the Chinese population and the results of the census. The assumption of
educational attainment has been divided into three levels: low, medium, and high. The
educational attainment under low assumption supposes the education of each will not
be developed or developed at a slow speed, and only maintaining the current level of
progression rates of each province of China in 2010. High-level educational attainment
assumes that each province develops rapidly and gradually approaches the level of the
most developed countries in the world (i.e., South Korea), which would take 30–40 years
according to statistics of UN [40]. The current progression rates for primary school, primary
school to junior high school, junior high school to senior high school, and senior high school
to college/university are 100%, 99.9%, 98.7%, and 78.0%, respectively [46]. Therefore, the
progression rate of each province in China under the high assumption increases year by
year, before reaching this level in 2050 and remaining unchanged thereon. The medium
assumption is a secondary education hypothesis between high and low levels. Thus,
the progression rate of each province in this assumption is the average of the above two
assumptions in this study. In SSP4, assumptions of educational attainment for different
provinces depend on the economic development level, and the grouping of provinces is
shown in Supplementary Table S5.
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2.4. Population Spatialization

We used a multi-factor weighting-based approach to downscale the projected provin-
cial population to a gridded level referring to a previous study [47]. The gridded population
in 2010 was spatialized based on the comprehensive consideration of factors closely related
to the population, such as land use, night-time light, residential density, etc. The weight
was calculated and standardized to obtain the total weight of the three factors for the
provincial level. On this basis, the gridded population was computed by the proportion of
weight as follow:

Pi
g = P× Wi

W
(3)

where Pi
g is grid unit value of population after spatialization. P is the provincial population

where the grid is located; Wi the total weight of land use, night-time light, and residential
density where the grid is located; W is the total weight of the province.

P =
popi

pop2010
× t (4)

where P is the predicted grid pixel value of a province in that year, pop2010 is the population
of a province in 2010, popi is the predicted population of a province in that year, and t is
the grid pixel value of the province in 2010.

2.5. Error Verification

To verify the accuracy of the population predictions, the relative error (RE), determi-
nation coefficient (R2), root mean square error (RMSE), Nash–Sutcliffe efficiency (NSE),
RMSE-observations standard deviation ratio (RSR), and percent bias (PBIAS) were used to
evaluate the predicted results of the model according to traditional demographics [48,49],
which are computed as follows:

RE =
|U − X|

U
(5)

R2 =

(
∑n

i=1
(
Xi − X

)(
Ui −U

))2

∑n
i=1
(
Xi − X

)2
∑n

i=1
(
Ui −U

)2 (6)

RMSE =

√
1
n

n

∑
i=1

(Ui − Xi)
2 (7)

NSE = 1− ∑n
i=1(Ui − Xi)

2

∑n
i=1
(
Ui −U

)2 (8)

RSR =

√
∑n

i=1(Ui − Xi)
2√

∑n
i=1
(
Ui −U

)2
(9)

PBIAS =
∑n

i=1(Ui − Xi) ∗ 100
∑n

i=1 Ui
(10)

where X is the predicted value, U is the real value of the statistical data, i represents
the different provinces, X is the mean of the predicted values, and U is the mean of
the statistics. Among the indicators, the value of RE approaching 0 and the value of R2

approaching 1 indicate that the model is performing better. It is commonly accepted that
the lower the value of RMSE, the better the performance of the model and the accuracy
of prediction. For RSR and NSE, the accuracy of prediction is rated as “Very Good”
(0.00 ≤ RSR ≤ 0.50, 0.75 ≤ NSE ≤ 1.00), “Good” (0.50 < RSR ≤ 0.60, 0.65 < NSE ≤ 0.75),
“Satisfactory” (0.60 < RSR ≤ 0.70, 0.50 < NSE ≤ 0.65), or “Unsatisfactory” (RSR > 0.70,
NSE ≤ 0.5). The optimal value of PBIAS is 0.0, with low-magnitude values indicating
accurate model simulation [48].
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3. Results
3.1. National Population Projections in SSPs from 2011–2100

Figure 1 shows the estimated results of the total population and for males and fe-
males in China under five SSPs. The population under SSP1, SSP2, SSP4, and SSP5 all
increased firstly and then decreased and reached their peaks around 2030, which were
1.44 × 109 (2032), 1.46 × 109 (2037), 1.42 × 109 (2027), and 1.44 × 109 (2032) people, re-
spectively. While the population change under the SSP3 path is different from other paths,
the populations increased before the middle of the century and decreased around the
2060s and then continued to increase till the end of this century, which reached its peak
in 2100 with 1.71 × 109 people. The population in 2100 under SSP3 is 3.68 times that of
SSP4. The changing trend of the population for males and females is similar to the total
population of each SSP, while the number of males is larger than that of females in all SSPs.
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Figure 1. The total population in China from 2010 to 2100 under five shared socioeconomic path-
ways (SSPs).

The comparison between the predicted population in SSP2 and statistical population
during 2011–2019 is shown in Table S6, and the results of error analysis are shown in
Table S7. The mean value of RE was 0.39% during 2011–2019, a value of 0.59% in 2019 is the
highest, and the value of 0.10% in 2016 is the lowest. Considering the huge population base
in China, the RE of the total population is relatively low, and the predicted values are quite
accurate. Results of error analysis show that R2 between the predicted and statistical values
reached 0.99, which was almost 1. Besides, other evaluation indicators, such as RMSE and
PBIAS, were also at quite low values. Moreover, NSE and RSR also showed the model
performs “Very Good”. All results indicate that the predicted value of the total population
is quite accurate.

3.2. Provincial Population Projections in SSPs from 2011–2100

Projections of the provincial population in 2100 under SSP1–5 are shown in Figure 2.
Among the 31 provinces, Guangdong, Henan, and Shandong were the most populous in
SSP1, SSP2, SSP4, and SSP5, and presently have the larger populations. While in SSP3,
Guangxi was projected to be the most populous province, reaching 1.54 × 108 people,
followed by Henan, Guizhou, Anhui, and Hunan. These provinces are located in central
and western China, with relatively low economic development, high fertility rate, and
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main emigration. Under SSP3, with high GHG emissions and low living conditions, these
provinces magnified the originally high fertility rate and caused a sharp increase in the
newborn population. In addition, most of the provinces have the highest population
estimation under SSP3 among five SSPs due to the high fertility rate. While for some
provinces, such as Beijing, Shanghai, Tianjin, and Zhejiang, where the economic level is
high and population migration is dominated by immigration, their largest population
was likely to appear in SSP5, which emphasizes economic development as the orientation.
Although the economically developed provinces have lower fertility rates, they can attract
more people to migrate from provinces with lower levels of economic development, thereby
realizing their own labor force growth.
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Figure S1 shows the statistical values of the population for 31 provinces in 2011,
2015, and 2018 and the projections for the same years in SSP2. The result shows that the
predicted values were nearly equal to the statistical value in each of the three years in most
of the provinces. Table S8 presents the values of error analysis between the predicted and
counted provincial populations. The R2 values were all close to 1 in 2011, 2015, and 2018,
which shows there was a strong correlation between the predicted and statistical provincial
populations. Moreover, the absolute values of RMSE, NSE, RSR, and PBIAS were projected
to increase over time, but the overall RMSE values were not more than 1.00, the PBIAS
values were not more than 0.3, and both the NSE and NSR values indicated “Very Good.”
All indicators proved the accuracy of predicting the population of the province.

3.3. Provincial Population Projections by Age, Sex, and Education in SSPs from 2011–2100

The population age structure in 2050 under SSP1–5 was projected to be relatively
similar, the differences were manifested in the number of newborn populations (Figure 3).
The newborn population in SSP2 and SSP3 was higher than the other three SSPs. While
for the age structure in 2100, there were obvious differences among five SSPs (Figure 4).
For SSP1 and SSP5, which adopted a population development model with low fertility
and low mortality. The age structure was likely to show an “inverted triangle” in 2100,
which indicated the living standard of residents was relatively high, but they were facing
serious population aging and labor shortage. The age structure under SSP4 also shows
an “inverted triangle”, however, the elderly population in SSP4 was less than that of SSP1
and SSP5 as a result of the adaptation challenges it faces, and life expectancy is limited.
SSP2 maintains the current level of socioeconomic development, the distribution of all
age groups is balanced, and the labor force is sufficient. Age structure in SSP3 shows a
“pyramid” shape, which means the labor force was sufficient, and the aging problem was
slightly lighter than other scenarios.
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socioeconomic pathways (SSPs) in 2100.

For population sex structure, there was some similarity under the five SSPs. For
example, in 2050 (Figure 3), the number of male populations ranging from 0 to 59 years
old was larger than that of the female populations. The reason is that the sex ratio of the
newborn population is over 1, and the mortality rate for both males and females is almost
equal. While for the population over 60 years old, the number of females was higher than
that of males due to females having a longer life expectancy than males.

The differences in education level among different scenarios were obvious, especially
in 2100 (Figure 4). SSP1 and SSP5 adopted a model with high education level, so the
education level of most adults was senior high school or college or university. For education
level for SSP2 and SSP4, the proportion at senior high school or college or university was
lower than under SSP1 and SSP5, but it still took up nearly 50% of each age group for adults
over 20 years old. For SSP3, which maintains the current education level, the proportion of
education level lower than senior high school was projected to take up nearly 80% of each
age group for adults over 20 years old.

A comparison of the population projections by sex and age groups in 2015 under the
SSP2 scenario and the statistical population in 2015 is shown in Figure S2. Results show that
the predicted population was higher than the statistical population for ages above 75 years
and was lower than the statistical population in the other age groups, but the differences
between the predicted and statistical populations for different age groups were not obvious.
Table S9 shows the results of various error analysis indicators between the predicted and
statistical values for 18 different age groups and sex. The R2 values for both men and
women were nearly equal to 1. The values of RMSE and PBIAS for males were higher than
those for females, but all of the values for both genders were quite low. Moreover, the
values of NSE and NSR indicated “Very Good” performance. The results show that the
accuracy of the prediction of population by gender and age groups was quite high.
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3.4. Spatialization of Provincial Population Projections in SSPs

The spatialized population projections for China in 2050 and 2100 under the five
SSPs are shown in Figures S3 and S5, respectively. The spatial distribution of population
varied across the country, with the majority of the population concentrated in southern
and eastern China, especially in the coastal regions, while the distribution in the northwest
of the country was sparse. The variation is quite clear when comparing the two sides
of the Hu line [50], an imaginary line that diagonally divides the area of China into two
parts, stretching from the city of Heihe in Heilongjiang Province to Tengchong in Yunnan
Province. It is also called the “geo-demographic demarcation line”; the west of the line
occupies 56.2% of the area of China, but only 5.9% of the population, while the east of the
line occupies 43.8% of the area, but 94.1% of the population. The difference in the spatial
distribution of the population in these five scenarios in 2050 was not obvious. For the
population distribution in 2100 (Figure 5), the population of Guangxi, Henan, Guizhou,
and Hunan were much higher than the other four SSPs.
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socioeconomic pathways (SSPs): (a) SSP1; (b) SSP2; (c) SSP3; (d) SSP4; (e) SSP5 (blue line is the Hu
Line, an imaginary line that diagonally divides the area of China into two parts, stretching from the
city of Heihe in Heilongjiang Province to Tengchong in Yunnan Province, which is also called the
“geo-demographic demarcation line”).
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Figure 6 shows the RE values between the statistical population in 2015 at the county
level and the predicted spatialized population in 2015 under SSP2, which has been summed
up to the county level. Results show that the RE values of most counties (85%) were lower
than 0.1, and those of a few counties (10%) were between 0.1 and 0.3, which indicate the
accuracy in predicting the spatial distribution of the population. However, there were
several areas with relatively high errors, such as Nima County in Tibet and Tengchong
County in Yunnan, which may be attributed to the small statistical populations in these
areas, a few absolute errors in predicting values may result in a relative high RE. The results
of error analysis for different statistical indicators shown in Table S10 also indicate that the
accuracy of spatialization is high.
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4. Discussion

Forecasting population growth based on age, sex, and education as well as mapping
the spatial distribution of projected populations, is essential for China to formulate effective
planning and resource allocation measures. Using population data from the sixth national
census of China in 2010, we provide detailed population projections according to age,
sex, and education in 31 provinces as well as the spatially estimated population at a
resolution of 1 km × 1 km of China annually during the period 2011–2100 under five
different SSP scenarios. The trend of total population change under the five SSPs is similar
to the projections from IIASA, which also indicate the highest value of population occurring
around 2030 [8]. However, the peak value of each scenario in our study is higher than theirs,
which may be attributed to the fact that the IIASA did not consider the latest two-child and
third-child policies implemented in China. Therefore, the fertility rate set in our research is
higher than IIASA. In addition, 2010 was selected as our research benchmark because the
quality of life and medical standards of Chinese residents have rapidly improved, so it can
better reflect the current increase in average life expectancy of residents, and therefore have
a certain impact on population forecasts.

In this study, we have produced a set of high-quality, detailed forecasts at higher
temporal and spatial resolution because the mean value of RE in national and provincial
population projections is smaller and the RMSE for the spatialized population is more
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acceptable in our study compared with the previous research results in Chinese population
projections [25,51]. Besides, to avoid accidental verification results, much statistical data
for different years was used to verify the projection accuracy. More quantitative statistics,
such as NSE, PBIAS, and RSR, which have been proved to be good indicators of the model
evaluation, were also selected in our study [48]. The results of all error index statistics
indicate our projections are reasonable and accurate.

There are also some limitations in our study. First, even though we have improved
the accuracy of population forecasts in taking into account the impact of the most recent
birth policy in China, there are still subjective factors in the population parameter settings,
and the possible changes in population parameters during the 21st century are likely to
lead to uncertainty in projection, which needs to be improved in further research. The
base period 2010 was obtained from the sixth national census of China but it is well
known that China conducted the seventh national census of China in 2020. However,
the data for this have not yet been fully disclosed and so are currently insufficient to
support our detailed projections. It is meaningful to adjust the base year and update
the population projections when the latest data are available. Second, in the process of
spatialization, the potential population migration which may be caused by the impact of
climate change in the future has not been taken into consideration. It has been proved that
climate change and extreme climate events have reduced the livability of some densely
populated areas and are leading to potential immigrants in the future. A potential way
to get a more nuanced understanding of population migration caused by the impact
of climate change may be to develop a framework by integrating “bottom-up” insights
related to place-based physical systems and social contexts, including potential adaptive
responses [52]. Furthermore, the changing climate was projected, when including effects
on immigration, to result in the displacement of human populations and lead to huge
economic cost. A cost which would be different under different SSPs and therefore hard
to currently quantify due to a lack of detailed data and mature methods. Future work
can be conducted based on our localized and spatially explicit population projections,
combined with probabilistic models and large empirical datasets to assess the social and
economic cost of displacement from mere response to disaster displacement to proactively
addressing vulnerability and exposure, thereby reducing displacement risk and lessening
economic risk [53]. Overall, based on our existing research, more comprehensive and in-
depth assessments of future population change, the driving factors of spatial demographic
changes across multiple scales in different SSPs, and population risks can be conducted
in further studies. Also, potential refinement and/or alternative downscaling methods
could be attempted and applied in future population spatialization, such as the gravity-
based downscaling model, the modified dasymetric mapping model, which may be helpful
in decreasing the uncertainty in the results [29,54]. Despite the limitations discussed
above, our projections represent a major step forward in precise structure and spatially
explicit population under different scenarios. Our results can be used to support the
identification and modeling of at-risk populations in environmental, epidemiological,
climate or disaster management applications; in determining variables that favor future
sustainability and resiliency including the drivers of climate change, the determinants of
exposure and vulnerability to hazards, the inputs to spatial projections of land use, energy
use, and emissions; and in assessing the impacts of extreme events, sea-level rise, and other
climate-related outcomes.

5. Conclusions

This study described new national and provincial populations for China in the 21st
century under five SSPs and by three dimensions: size, structure (age, sex, and education),
and spatial distribution (1 km × 1 km). The results present a major step forward as
compared with the earlier scenarios that only considered total population size and were
insufficient in describing the spatial variation of the population at the subnational scale.
Our spatially explicit projections of the population with dynamic change structures provide
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a much richer picture to capture the socioeconomic challenges to both climate change
mitigation and adaptation. For example, spatial projections of the population could be
used as one determinant of future projections of land cover, land use, food security, and
spatial distributions of air pollutions. Furthermore, the population structure projections
are useful in quantifying future vulnerability and risk to the population of being affected
by diverse extreme climate events. Moreover, we set localized parameters according to
the actual social and economic situation of different provinces in China, which could give
reference for other countries in developing subnational population projections.

This study produces four key findings. Firstly, the change of population in China is
various under different SSPs. The population under the SSP1, SSP2, SSP4, and SSP5 will
reach their peaks around 2030 and range from 1.42 × 109 to 1.46 × 109 people. While the
population in SSP3 will reach its peak in 2100 with 1.71 × 109 people, which is 3.68 times
that of 2100 under SSP4. The number of males is larger than that of females in all SSPs and
their changing trends are similar to the total population of each SSP. Secondly, Guangdong,
Henan, and Shandong are projected to be the most populous provinces in SSP1, SSP2,
SSP4, and SSP5 among the 31 provinces in China, while in SSP3, Guangxi is the most
populous province, reaching 1.54 × 108 people, followed by Henan, Guizhou, Anhui,
and Hunan. Most provinces have the highest population estimation under SSP3 due to
the high fertility rate except for Beijing, Shanghai, Tianjin, and Zhejiang, whose largest
population is projected to appear in SSP5. Thirdly, sex structure was similar under the
five SSPs with the passage of time, while the difference of age structure and education
level among the five SSPs in 2100 is much more obvious than that in 2050, educational
attainment is highest in SSP1 and SSP5 and lowest in SSP3. In 2100, the age structure for
SSP1, SSP4, and SSP5 show an “Inverted triangle”, SSP3 showed “pyramid-shaped”, while
SSP2 maintains the current level of socioeconomic development, and the distribution of
all age groups is balanced. Fourthly, the spatial variation for the Chinese population is
quite clear, with the majority of the population concentrated in southern and eastern China,
especially in the coastal regions, while the distribution in the northwest is sparse. For
population distribution in 2100, the population of Guangxi, Henan, Guizhou, and Hunan
are much higher than the other four SSPs. Our results may strengthen the assessment of
demographic, socioeconomic, and environmental outcomes, especially those related to
climate change mitigation and adaptation.

There are also some uncertainty and limitations that exist in this study. For example,
the selection of base period and data source, the setting of population parameters, and the
usage of the spatial downscaling model. These subjective factors could not be completely
eliminated in future population projections. However, more efforts could be taken to
overcome them in future studies, such as by applying the latest available statistical data as
the base year, reflecting the new birth policy change in the setting of population parameters,
and incorporating more spatial downscaling models, which will be helpful to further
decrease uncertainty and improve the credibility of projections.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su14042442/s1, Figure S1: Comparison of the popula-
tion projections for China in the SSP2 scenario and the statistical values of the total population:
(a) 2011; (b) 2015; (c) 2018; Figure S2: Comparison of population projections of 18 age groups in China
in 2015 in the SSP2 scenario and in the statistical data: (a) men; (b) women. Figure S3: Spatial distribu-
tion of population projections for China in 2050 under the five shared socioeconomic pathways (SSPs):
(a) SSP1; (b) SSP2; (c) SSP3; (d) SSP4; (e) SSP5; Table S1: Total fertility rate of China under different
assumptions during 2011–2050. Table S2:Low assumption: Fertility rate of women of childbearing
age by age group (
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