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Abstract: Quantifying the urban supply and demand of carbon sequestration services is an important
prerequisite for achieving global carbon neutrality goals. However, the spatiotemporal patterns
for balancing the supply and demand of carbon sequestration services in urban agglomerations
remain unclear. In this study, NPP/VIIRS nighttime light data were used to identify the carbon
sequestration service demand and were then combined with the carbon sequestration service supply
to analyze the spatiotemporal patterns of supply and demand for carbon sequestration services in
the Harbin-Changchun urban agglomeration (HCUA) in Northeast China. Our results indicate that
both the supply and demand of carbon sequestration services showed increasing trends from 2012
to 2020 in the HCUA. The regions with increasing supply and demand trends were mainly located
in the eastern mountainous and western urban areas, respectively. The total supply and demand of
carbon sequestration services in the HCUA were 2080.3 Mt-C yr~! and 433.6 Mt-C yr™
Carbon surpluses (supply > demand) were found in most areas (98%), although particularly in the

1, respectively.

southeastern mountainous region. However, with rapid urbanization, in most cities, the supply-
demand ratio decreased from 2012 to 2020, and the proportion of carbon deficit regions showed
a continuous increase, which was mainly distributed in newly developed urban areas. The low
supply-high demand (L-H) pattern showed significant spatial mismatching for supply and demand
in the HCUA. The proportion of regions with the L-H pattern also showed a rapidly increasing
trend from 2012 to 2020, indicating a more obvious carbon deficit trend in the future. This study
provides important guidelines for formulating effective policies for energy consumption and carbon
sequestration to combat global warming under China’s rapid urbanization.

Keywords: urbanization; net primary productivity; carbon sequestration services; supply-demand
index; carbon deficit

1. Introduction

Since the 21st century, large-scale energy consumption has led to a sharp increase
in carbon emissions, and the over-exploitation of land has affected ecosystem structures
and processes, which have had severe negative biological, environmental, and economic
impacts such as global warming, biodiversity loss, a decrease in agricultural productiv-
ity, etc. [1-4]. Carbon sequestration capacity is the most important terrestrial ecosystem
service for decreasing CO; [5]. The supply-demand pattern of carbon sequestration ser-
vices reflects the carbon balance of regional terrestrial ecosystems from the perspective
of carbon sources and sinks [6] and is closely related to the strategic goal of achieving
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carbon neutrality in China. Urban areas are hotspots for human—nature conflicts and
are also significant sources of carbon emissions. In addition, the increase in impervious
surfaces during rapid urbanization could weaken the carbon sequestration capacity of
ecosystems [7-9], which may worsen the gradual imbalance between the supply and de-
mand of carbon sequestration services [10]. Therefore, the scientific quantification of urban
supply and demand for carbon sequestration services can provide important support for
the dynamic changes in carbon balance [11,12]. Moreover, it can provide the government
with a scientific reference to optimize land-use patterns and develop energy-saving and
CO; emission reduction policies to achieve carbon neutrality.

Since the 1990s, most scholars have focused on the concept, structure, function, and
research framework of carbon supply [13]. Many studies on carbon supply have mainly
analyzed the spatiotemporal characteristics of carbon sequestration services and their
driving mechanisms based on net primary productivity (NPP) data from MODIS remote
sensing or CASA models [14-17]. Some studies have mapped the spatial distribution of
supply and demand for carbon sequestration services separately, but the time span of
their study was only one year [18,19], and few studies have combined carbon supply with
the demand of carbon sequestration services and detected the changes in spatiotemporal
patterns of the carbon supply—-demand, which could result in the inability to accurately
manage and restore ecosystems in areas where supply and demand are out of balance.

The scientific quantification of carbon demand is an important prerequisite to un-
derstanding the balance between supply and demand patterns of carbon sequestration
services. The demand of carbon sequestration services is mostly measured by the products
of population density and carbon emissions per capita [20-23], which considers carbon
emissions from the perspective of population. However, it does not comprehensively con-
sider various carbon emission sources, resulting in an underestimation of carbon emissions,
and it could cause the relationship between the supply and demand of carbon sequestration
services to deviate from reality. To accurately estimate carbon demand (CO, emissions)
at different spatial and temporal scales, many carbon emission products such as the Car-
bon Emission Accounting and Datasets (CEADs), Multi-resolution Emissions Inventory
for China, and Emissions Database for Global Atmospheric Research have been widely
introduced globally [24]. However, these statistical data can only provide values of CO,
emissions for large scales, such as national, provincial, or city administrative scales, and are
rarely used for studies on gridded scales because of their limited spatial resolutions [25,26].
With the development of satellite technology, nighttime light data have been widely used
for CO, emission estimation, but satellite data also have several limitations. For example,
NPP-VIIRS data have high gain settings that produce considerable background noise and
other problems that affect the accuracy of CO, emission estimation [27,28]. Therefore,
designing a scientific and accurate method for estimating carbon emissions using nighttime
light data is an important scientific issue for carbon supply—demand research.

In addition, China aims to achieve carbon neutrality before 2060, and information on
the supply and demand of carbon sequestration services is very important for achieving car-
bon neutrality [29,30]. Urban agglomeration is a core spatial morphology that continuously
promotes the concentrations of population and economy among neighboring cities and is
an important spatial form of current urbanization. However, under rapid urbanization, the
supply and demand pattern of carbon sequestration services in urban agglomerations is still
not well understood. Therefore, to promote high-quality and low-carbon city development,
exploring the spatial and temporal patterns of supply and demand for carbon sequestration
services at the urban agglomeration scale is of great scientific significance.

The Harbin-Changchun urban agglomeration (HCUA), located in the temperate re-
gion of northeastern China, is a typical industrial urban area and is experiencing rapid
urbanization. In this study, NPP data were obtained to present the carbon supply, and
spatiotemporal carbon emissions were calculated by using the NPP/VIIRS nighttime light
data and the city’s fuel-related energy statistical data. The objectives of this study were
to: (1) analyze the spatiotemporal characteristics of the carbon supply pattern, (2) develop
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a model for estimating the carbon demand using NPP/VIIRS nighttime light data and
investigate the changes in the carbon demand patterns of the urban agglomeration, and
(3) explore the dynamic patterns of supply and demand of carbon sequestration services to
answer the scientific question of “Could CO, emissions be offset by ecosystem CO, seques-
tration in the HCUA under China’s rapid urban expansion?”. In addition, we analyzed
the inner mechanisms that promote the spatial and temporal changes of this supply and
demand pattern in conjunction with land-use change trends, with the aim of providing
recommendations for the formulation of low-carbon development strategies under China’s
rapid urbanization.

2. Methods
2.1. Study Area

The HCUA is an important national and regional urban agglomeration in northeast
China and is an important industrial base and food production area in China [31]. The
HCUA consists of 10 prefecture-level cities and one autonomous prefecture, with a total
area of approximately 51,100 square kilometers (Figure 1a). Based on its elevation, the
HCUA has three landform types: plains (41.9%) in the southeast region, hills (39.1%) in the
central region, and mountains (19%) in the southeast region (Figure 1c). Previously, the
HCUA consisted mainly of farmlands in the northwest and woodlands in the southeast,
with proportions of approximately 55% and 36%, respectively. Grasslands were sparsely
distributed in several cities in the western part of the agglomeration, with a proportion
of approximately 2%. Impervious surfaces were mainly clustered in the developed urban
areas in the western part of the agglomeration, with a proportion of approximately 5%
(Figure 1b). By the end of 2018, the resident population in the HCUA was approximately
46 million, with an urbanization rate of 58.8% in 2018 [31]. With the rapid advancement
of urbanization in China, the regional economy and urban population in the HCUA have
continued to grow, with a population growth rate of approximately 15% and a total GDP
growth rate of approximately 48% from 2013 to 2020. This growth may cause a decline in
ecological services and an increasing imbalance between ecological supply and demand.
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Figure 1. (a) The land-use type and (b) distribution and (c) landforms of the study area.
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2.2. Carbon Sequestration Services Supply: Net Primary Productivity (NPP)

NPP is the amount of organic dry matter produced by green plants per unit of time
and area after deducting self-oxygenated respiration; it reflects the carbon sequestration
capacity of the ecosystem, which is a common indicator of carbon sequestration service
supply [32]. In this study, NPP data were obtained from MOD17A3 data (MODIS remote
sensing images) products with a spatial resolution of 500 m x 500 m (Table 1) from NASA’s
official website (https://search.earthdata.nasa.gov/ (accessed on 20 July 2022.)). The
data were synthesized by summing the net photosynthesis (PSN) data (MOD17A2) at
a temporal resolution of eight days, where the PSN data were the difference between
the gross primary productivity (GPP) and maintenance respiration (MR). The data were
preprocessed according to the synthesized NPP data, and the average daily NPP data were
calculated based on the number of MOD17A2 data products (47 frames) for each year,
because the starting date of the vegetation growing season (DOY) was distributed between
130-150 and the ending date between 260-280 in the Northeast Plain region [33]. A total
of 23 frames were selected between the vegetation growing season (4.7-10.7), spanning
182 days, and the product of the daily average NPP and the number of days in the growing
season in the Northeast Plains were used as the annual NPP data.

Table 1. The basic information of data.

Data Year Spatial Resolution Sources
NPP/VIIRS 2012,2017, 2020 500 m Corolla University of Mines
MOD17A3 2012, 2017, 2020 500 m NASA
CO, Emissions 2012-2017 / CEADs
Land Use 2012, 2017, 2020 30m Landsat SR
Administrative Division 2019 / China Bureau of Statistics

DEM

Geospatial Information

/ S0m Authority of Japan

2.3. Carbon Sequestration Services Demand: Estimation of Pixel-Based CO, Emissions

From the perspective of carbon neutrality, the carbon sequestration services demand
is affected by CO, emissions. An increase in carbon emissions results in an increase in
the demand of carbon sequestration services. Therefore, the spatial carbon emissions
data were adopted to quantify carbon demand in our study, and they were obtained
by fitting the nighttime light data to CO, emissions data from the energy consumption
of each city. Remote sensing images, with a spatial resolution of 500 m x 500 m, for
NPP/VIIRS nighttime light data [34] were obtained from the Colorado School of Mines
(http:/ /eogdata.mines.edu/products/vnl/ (accessed on 5 July 2022.)), and the annual data
chosen for the study were synthesized from monthly data. The CO, emissions from energy
consumption in each city were obtained from the CEADs (http://www.ceads.net.cn/
(accessed on 10 July 2022.)), which were estimated with high accuracy using the IPCC
inventory method [35,36].

The remote sensing image of the NPP/VIIRS nighttime light for carbon sequestration
services demand had problems that needed corrections, and these included background
noise [24], high value anomalies caused by transient light sources [37,38], and sharp fluctua-
tions in the brightness values of urban areas [39]. The images were preprocessed orderly by
background noise removal, brightness anomaly removal, and logarithmic transformation
to improve the fitting accuracy of the carbon emissions data [27,40]. The carbon emissions
estimation models were then established by using the total NPP/VIIRS Digital Number
(DN) and the CO, emissions from the energy consumption of 11 cities from 2012 to 2017.
The CO, emissions of each county (transformation of spatial scale to city level) were used
to compare with the CO; emissions from energy consumption fitted to verify the fitting
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accuracy. The CO; emissions from energy consumption were then multiplied by the mass
fraction of carbon in CO, molecules (0.273) to obtain the final carbon emission data.

2.4. The Supply-Demand Pattern of Carbon Sequestration Services
2.4.1. Supply-Demand Ratio (SDR)

The SDR of carbon sequestration services can quantitatively describe the balance
between regional supply and demand and reveal the distribution of carbon surplus and
deficit [41]. The calculation formula is as follows:

S-D

SDR = 1
(Smux + Dmax) +2 ( )

where SDR is the supply-demand ratio for ecosystem services; S and D are the supply and
demand for ecosystem services, respectively; Syx and Dy are the maximum values of
supply and demand, respectively. SDR > 0 indicates a supply surplus, SDR < 0 indicates a
supply deficit, and SDR = 0 indicates a balance between supply and demand.

2.4.2. Spatial Matching Patterns of Carbon Sequestration Services

The z-score standardization was used to standardize the supply and demand of ecosys-
tem services [42], with supply and demand plotted on the x-axis and y-axis, respectively,
and then divided into four spatial matching patterns based on 4 quadrants: high supply—
high demand (H-H), low supply-low demand (L-L), low supply-high demand (L-H), and
high supply-low demand (H-L). The calculation is expressed as follows:

f (x — %) )

xi—x_ 1
x="""x=-) xs=
s n

where x is the standardized supply and demand for each grid cell; x; is the supply and
demand for the i-th grid cell; X is the mean of the supply and demand for each grid cell; s is
the standard deviation of the supply and demand for each grid cell; # is the total number
of grid cells.

3. Results
3.1. Spatiotemporal Characteristics of Carbon Sequestration Services Supply and Demand

The supply of carbon sequestration services was equally divided into 5 levels based
on the distribution range of supply and demand (Table 2). Overall, the supply of carbon
sequestration services showed significant spatial heterogeneity, with a distribution pattern
of “high in the southeast and low in the northwest” (Figure 2). The distribution of supply
was closely related to the elevation and land-use types of the HCUA.

Table 2. Five levels of supply and demand.

Supply (g/m?) Demand (g/m?) Levels
<1500 <2000 Lowest supply/demand
1500-3000 20004000 Lower supply/demand
30004500 4000-6000 Medium supply/demand
4500-6000 6000-8000 Higher supply/demand

>6000 >8000 Highest supply/demand
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Figure 2. The spatial and temporal patterns of carbon sequestration service supply.

The total supply of carbon sequestration services in the HCUA was 2015.3 Mt-C yr—!
in 2012, 2105.4 Mt-C yr~! in 2017, and 2120.2 Mt-C yr~! in 2020. The supply increased,
with the average supply increasing from 3481.03 g-C/m? in 2012 to 3662.25 g-C/m? in
2020. The proportion of regions with lower supply decreased from 45.2% in 2012 to
39.7% in 2020. Meanwhile, the proportion of regions with higher and the highest supply
increased from 18% to 21.5% from 2012 to 2020, indicating that the supply capacity of
carbon sequestration services increased. The regions with a decreasing supply were mainly
distributed in the south agroforestry ecotone, whereas the areas with an increasing supply
were mainly distributed in the southeast mountainous area, indicating that the changes of
supply were influenced by a combination of elevation and land-use types (Figure 2). In
addition, the vegetation on mountains with higher elevation were less affected by human
activities, causing an increase in supply, whereas the lower elevation areas might have
been positively or negatively impacted by human activities, thus causing uncertainty in the
supply change trend.

A linear model was established between the NPP/VIIRS DN and the CO, emissions
from energy consumption, as shown in Figure 3a. In addition, a comparison of the CEADS
county CO, emissions and the fitted CO, emissions in the HCUA (Figure 3b) showed that
the model can be used for the spatial estimation of carbon emissions, with a high accuracy of
76%. The lower demand areas were widely distributed, accounting for approximately 97.2%
of the total area, indicating that the demand of carbon sequestration services was dominated
by lower demand. The demand areas of the other types were mainly concentrated as
patches within the western developed urban areas, with a total average proportion of
approximately 2.8% (Figure 4). The total demand of carbon sequestration services in the
HCUA was 308.9 Mt-C yr~! in 2012, 461.9 Mt-C yr~! in 2017, and 529.9 Mt-C yr~! in 2020.
Overall, the demand of carbon sequestration services increased, with an average pixel
value of 145.69 g-C/m? in 2012 to 249.88 g-C/m? in 2020. Regions with the highest demand
expanded in the western developed urban areas, with the proportion of regions increasing
by 0.2% (from 0.1% to 0.3%) from 2012 to 2020 (Figure 4). The regions with increasing
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demand were mainly located in city centers and their surrounding areas in the western
plain with low elevation (Figure 4).
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Figure 4. The spatial and temporal patterns of carbon sequestration service demand.

The lowest supply of carbon sequestration services was found in agricultural plains,
accounting for 44.8% of the total area. The regions with the highest supply were mainly in
the mountainous woodland areas, and the regions with medium supply were mainly in
hills bordered by woodlands and farmlands, the supply increased with increasing elevation
(Figure 5a). By contrast, we found that the demand decreased with increasing elevation
(Figure 5c). The proportion of regions with higher and highest demand decreased from
plains to hills to mountains (Figure 5d).
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in different landforms from 2012 to 2020.
3.2. Spatial and Temporal Characteristics of the Supply—Demand Pattern
Supply and demand were characterized by significant spatial heterogeneity among
the different cities (Figure 6a). In most cities, the supply was much higher than the demand.
The average annual supply ranged from 2550 g-C/m? in higher supply cities to 550 g-C/m?
in lower supply cities, whereas the average annual demand in higher and lower demand
cities was approximately 555 g-C/m? and 80 g-C/m?, respectively. From 2012 to 2020,
the supply either increased, decreased, or stabilized in each city, whereas the demand
increased in all cities, and the average annual rate of demand increase was approximately
14.8 g-C/m?-a~! (Figure 6b).
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Figure 6. Supply (a) and demand (b) and their annual rate of change in each city.
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Most regions in the HCUA had a carbon surplus, with an average proportion of 98.5%
(Figure 7). In the carbon surplus regions, the SDR in the southeast region was higher than
that in the northwest region. The areas with an SDR between 0 and 0.3 were mainly located
in the northwest plains of the HCUA, with an average proportion of 48.2%. Areas with an
SDR from 0.3 to 0.6 were mainly located in the hills and mountains in the southeast, with
an average of 41.6%, and areas with an SDR > 0.6 were mainly located in the mountains
in the southeast, with an average of 8.8%, indicating that most of the areas in the HCUA
had a low or medium carbon surplus, and the SDR increased as elevation increased. The
distribution of areas with a carbon deficit was consistent with the distribution of the higher
and highest demand, mainly concentrated as patches in developed urban areas, and a few
carbon deficit areas were distributed as points in each city, with a total proportion of 1.5%.
The SDR of carbon sequestration services decreased from 2012 to 2020, with the average
SDR decreasing from 0.36 in 2012 to 0.34 in 2020. The carbon surplus areas gradually
decreased, with the high SDR (SDR > 0.3) areas showing the most obvious decrease. In
contrast, the carbon deficit areas gradually increased. From 2012 to 2020, the proportion of
areas with an SDR of < 0 increased by 0.6% and those with an SDR of 0 to 0.3 increased by
1%, whereas those with an SDR of 0.3 to 0.6 decreased by 2%, indicating that the level of
carbon surplus in the HCUA decreased and tended to change to a carbon deficit.

}N\ 2012 2020

Minimum: -1.05
Maximum: 0.82

8.5%1.1% 8.7% L7%

o Was.70
44.9% G 4 155% N ey 12.9% W@ 47"

Minimum: -0.97
Maximum: 0.77

Average: 0.36 Average: 0.34
0 100 km
L1 SDR W < £10-03 =1 03-06 WW >0.6

Figure 7. The spatial and temporal patterns of the carbon sequestration service supply-demand ratio.

The SDR showed significant spatial heterogeneity among the different cities (Figure 8a).
The average SDR ranged from 0.23 to 0.44, indicating that the current carbon budgets in
the HCUA were sufficient. However, some regions still had carbon deficits (SDR < 0),
particularly those in the western urban areas. In addition, we found that the proportion
of carbon deficit areas decreased as elevation increased (Figure 8b) in the order of plains
(2.3%), hills (0.9%), and mountains (0.05%).
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The SDR of most cities decreased, indicating an increasing imbalance between the
supply and demand of carbon sequestration services in the HCUA. The carbon deficit areas
in the HCUA tended to increase, from 1.1% in 2012 to 1.8% in 2020, and the carbon deficit
areas of most cities increased annually, with the largest increase reaching 4.0% in Changchun
from 2012 to 2020, particularly for cities in the western plains. Changchun is an important
industrial base in northeast China, and has experienced rapid economic development in
recent years. However, the type of economic development was industrialized development,
which mainly relied on the traditional automotive industry, equipment manufacturing
industry, and other industries that require large amounts of energy consumption, but the
industrial structure has not been adjusted in time, leading to excessive emissions of carbon
dioxide and a significant expansion of carbon deficit areas. Moreover, the proportion of
regions with carbon deficit increased more in plains than in hills and mountains (Figure 8b).

The spatial matching pattern of supply and demand occurred mainly as the L-L
pattern, with a proportion of 52.7% and 50.4% in 2012 and 2020, respectively (Figure 9).
The L-L pattern was mainly distributed in the northwestern agricultural region and a
small proportion was distributed as patches or points in the southeast region. The pro-
portion of regions with H-H patterns were the smallest, with 1.1% and 1.2% in 2012 and
2020, respectively.

Supply and demand presented significant spatial mismatching with the L-H and H-L
patterns. The L-H pattern was mainly distributed as patches in the western developed
urban areas. The proportion of regions with the L-H pattern increased obviously from
6.2% in 2012 to 9.8% in 2020. The H-L pattern was mainly distributed in the southeast
mountainous regions. The proportion of regions with the H-L pattern decreased from
40.1% in 2012 to 38.7% in 2020. Overall, the areas with spatial mismatching between supply
and demand gradually increased from 2012 to 2020.
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Figure 9. The spatial matching pattern of supply and demand.

4. Discussion
4.1. The Spatial and Temporal Pattern of Supply and Demand

The land-use data for 2012, 2017, and 2020 were based on all the available Landsat SR
data on Google Earth Engine (GEE) and were obtained using a random forest classifier,
which was used to explore the intrinsic mechanism for the spatiotemporal formation of
the supply—demand pattern. The carbon supply and demand were most closely related to
land-use types such as farmlands, grasslands, woodlands, and impervious surfaces. The
area of farmland and woodland in the HCUA did not change significantly from 2012 to
2020; however, the grassland area decreased while the impervious surface area gradually
increased from 2012 to 2020 (Figure 10). Combined with the spatial and temporal patterns
of supply and demand for carbon sequestration services, the regions with a high supply
were consistent with the distribution characteristics of natural forests in our study area [43].
The land-use types in the northwest region were mainly farmlands and grasslands, and
land-use types in the southeast were mainly woodlands. Forests have a higher carbon
sequestration capacity than farmlands and grasslands, causing a “high southeast and low
northwest” distribution of carbon sequestration service supply. Some cities were affected
by the policy of returning farmland to woodland, which increased the area of forests in
some cities and restored the ecological functions of forests in ecologically fragile areas,
causing an increase in supply. In contrast, other cities were affected by urbanization, which
increased the area of impervious surfaces and reduced the area of grasslands or forests,
causing a decrease in the supply.

High demand mainly occurred in urban areas, and the land-use type was mainly
impervious surface. Low demand mainly occurred in suburban and rural areas, and the
land-use type was mainly farmland and woodland. This spatial pattern was consistent with
the spatial pattern of economic development [44]. The developed urban areas had higher
levels of population, economic development, and urbanization rates. In addition, the levels
of energy consumption and industrial activity were higher than other areas and were also
influenced by the agglomeration effect of industries, resulting in these areas having a high
demand of carbon sequestration services. In recent years, the population and GDP of the
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HCUA have continued to grow, and the energy consumption pattern cannot be adjusted
and optimized over a short time period. While impervious surfaces continued to expand,
farmlands and grasslands were continuously being transformed to accommodate urban
construction, which led to the growing demand of carbon sequestration services.
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Figure 10. (a) The temporal variations of farmlands, (b) woodlands, (c) grasslands, and (d) impervious
surfaces in each city from 2012 to 2020.

The spatial patterns and temporal variations of the carbon surplus and deficit areas
were mainly influenced by the spatial distribution patterns of supply and demand for
carbon sequestration services, with similar spatial patterns and temporal variations. With
the development of the urban economy and the expansion of urban impervious surfaces,
human activities resulted in a reduction of vegetation coverage, which in turn led to a
decrease in supply and an increase in demand. These results were consistent with a finding
that showed an inverse curve between the supply of carbon sequestration services and
the level of economic development under increasing urbanization [45], which led to a
decrease in the SDR and an increase in the proportion of carbon deficit areas. This condition
inevitably exacerbates the spatial imbalance between the supply and demand of carbon
sequestration services [46].

4.2. The Spatial Matching Pattern of Supply and Demand

The economic development level and carbon sequestration capacity of vegetation
in the northwest region of the HCUA were both low, resulting in the L-L pattern in
these regions. The developed urban areas had high levels of economic development,
industrialization, and population density, resulting in high carbon emissions. In addition,
the increase in concentrated impervious surfaces also caused encroaching on the area
of vegetation coverage, which was less effective in carbon sequestration. This resulted
in the L-H pattern in areas with low carbon sequestration and high carbon emissions.
The H-H pattern was mainly present in the developed urban areas with high vegetation
coverage and functioning ecosystems. The southeast region had high forest cover and well-
established natural ecological reserves. As ecological barriers in northeast China, forests are
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effective in absorbing carbon and play an important role in maintaining water and soil and
improving micro-climates [47]. In addition, the region had a low population density and
small-scale energy and industrial sectors; thus, the natural environment was less affected
by human activity, resulting in low carbon emissions, and thus, the southeastern region
was dominated by the H-L pattern.

The main types of land-use change in the HCUA were the conversion of woodland,
grassland, and farmland into each other. The proportion of land conversion to farmland
(50.5%) was higher than the conversion from farmland (33.1%). The conversion types
also included the conversion of farmland and grassland to impervious surfaces, with a
proportion of 15.1% (Figure 11a). The spatial matching pattern of supply and demand for
carbon sequestration services mainly showed negative changes, such as the L-L pattern
to the L-H pattern and the H-L pattern to the L-L pattern, with a proportion of 63.4%.
Positive changes such as the change in the L-L pattern to the H-L pattern and the L-H
pattern to the L-L pattern accounted for 25.2% (Figure 11b). The negative change in
the spatial pattern of the region mainly showed a decrease in the supply level and an
increase in the demand level. The decrease in the supply level was mainly attributed
to two reasons: first, the northeast region of China is the main grain production base.
To guarantee China’s food security and protect the red line of arable land, since 2008,
China suspended a large-scale project for returning arable land to forest, causing the
conversion of other land-use types to farmlands. Because the carbon sequestration capacity
of farmlands is not as good as woodlands, this conversion negatively affects vegetation
carbon sequestration and the ecological environment. Second, some studies have shown
that a CNY 4 trillion investment and large real estate development had a significant negative
impact on ecosystem conservation [48]. Although cities were the areas where CO, emissions
were most concentrated, urban impervious surfaces continuously encroached on urban
farmlands and forests, and this reduction in vegetation coverage weakened the ability to fix
carbon in these areas. In addition, similar results suggested that the significant degradation
of ecosystem functioning was occurring in areas with concentrated land development
and use [49]. The increase in demand levels was mainly due to increased urbanization,
the gradual increase in the consumption of fossil fuels in developed urban areas, and
the adoption of the traditional crude economic development model to meet continued
economic growth, which caused rapid growth in CO, emissions. The main reason for the
positive change was the increase in the supply level of the spatial pattern of the region.
The implementation of the “Wetland Reserve Construction Project” and the “Water into
Wetlands Project” in northeast China significantly improved wetland functioning and
significantly enhanced vegetation carbon sequestration in wetlands. In addition, in recent
years, China has vigorously called for the construction of an ecological civilization, and the
construction of urban ecosystems has been steadily promoted, causing an improvement in
the urban ecological network.
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Figure 11. (a) Types of change of land-use types and (b) spatial matching pattern of supply and
demand; W is for woodland, G is for grassland, F is for farmland, and I is for impervious surface.
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4.3. Policy Implications

The carbon sink areas (H-L) were mainly located in the southeastern part of the HCUA,
which had a large vegetation coverage but backward economy, such as Mudanjiang and
Yanbian, which should appropriately reduce sources and increase sinks while stabilizing
ecological benefits, establishing a series of low-carbon industrial chains, and promoting
green economic development. Specifically, these areas have abundant natural landscape
resources due to the high elevation, and tourism can be developed appropriately to promote
local economic development. The government should make full use of the advantages
of the local carbon surplus; for example, it can appropriately increase the construction
scale of energy-producing enterprises and factories to relieve the pressure of the carbon
deficit area. Impervious surface areas increased annually, whereas grassland and woodland
areas gradually decreased, indicating that urban construction land expanded in the HCUA,
which led to the expansion of carbon source areas (L-H) in the developing urban areas
(e.g., Songyuan, Jilin, Liaoyuan, and Siping). Coordination between economic development
and ecological environment protection is key to solving the imbalance between the supply
and demand of carbon sequestration services and to achieving sustainable urban devel-
opment. First, we recommend that urban greening construction should be strengthened
in these regions, especially in the industrially developed areas, which generally had the
highest economic activity, concentrated energy consumption, and carbon emissions; for
example, the government can increase land types with good carbon sink capacity, such
as woodland, and enhance carbon sink benefits by reorganizing ecological corridors and
carbon sink patches. Second, land-use planning should reduce the conversion of areas
with high carbon sequestration to construction land to curb the expansion of carbon deficit
areas; thus, we should strictly delineate the protection isolation line and buffer zone and
form a layout in which farmland, woodland, and grassland are mixed in a reasonable
proportion. Third, the government should consider promoting green and low-carbon
development policies when driving economic growth; for example, the structure of the
energy industry should be reformed and a low-carbon economy should be promoted. A
green economy with low energy consumption and low pollution is necessary for coping
with global warming. However, coal remains the dominant source of energy for most cities
in China [50]. Therefore, to significantly reduce CO, emissions, energy systems should be
optimized, and fossil fuels should be replaced with cleaner and more renewable energy
sources, such as natural gas, nuclear power, offshore wind, and hydroelectricity [51]. In
addition, we should reduce the proportion of traditional high-energy consumption and
high-emissions industries, such as iron and steel, cement, and chemical industries, and
vigorously develop clean energy to promote the low-carbon transformation of industries.
With the restructuring of energy consumption, the industrial structure should gradually
change from high-energy consumption industries to high-tech, knowledge-intensive, and
modern service industries. Finally, public consumer behavior, such as the use of high-tech
energy-saving products, conductive to a low-carbon and sustainable lifestyle needs to be
encouraged [51]. For the two types of mismatched areas (H-L, L-H), the government must
establish regional compensation mechanisms and policies based on carbon sequestration
services at the intra-city and inter-city levels; it is urgent to establish compensation policies
between the southeastern and northwestern cities of the HCUA to achieve the goal of
integrated development of the HCUA in the short term. Specifically, the establishment of a
CO;, emission market or CO; offset market could be considered to build in the middle of
HCUA to coordinate the carbon budgets among cities.

The L-L pattern was mainly present in the northwest region, such as Qiqgihar and
Suihua, which was dominated by farmlands that had weak carbon sequestration capacities
and fragile ecosystems. The carbon sequestration service demand was also low due to the
low level of economic development. For this area, the government should first develop its
advantageous industries such as agriculture and combine modern technology to upgrade
traditional agriculture that could promote its economic development. Moreover, the
government should enhance the construction and management of ecological protection
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due to its unconcentrated urban architecture to reduce human interference and damage
to the natural environment, and ecological protection areas could significantly improve
the local carbon sequestration capacity [52]. The H-H pattern was mainly present in
the developed urban areas (e.g., Changchun, Daqing, and Harbin). These areas had
high levels of economic development and population gathering, and land-use planning
and resource allocation were also reasonable. In these areas, the government should
control regional population, accelerate the green transformation of regional industries, and
design good carbon trading and carbon offsets to establish a demonstration area for the
coordinated development of human and land and a well-established carbon tax system, and
well-designed carbon trading and carbon offsetting will promote enterprises to innovate
technology and adopt cleaner energy to reduce CO; emissions [53]. The demonstration
area should incorporate ecosystem carbon sinks into the carbon trading market and set up
legal persons to manage woodlands, grasslands, wetlands, and farmlands to promote the
marketization and valorization of carbon sink benefits and enhance the financialization of
the carbon market, which could promote the simultaneous enhancement of ecological and
socio-economic benefits [54].

5. Conclusions

This study quantified the supply and demand of carbon sequestration services in
the HCUA from 2012 to 2020 using remote sensing images at a 500 m spatial resolution
scale. We applied the SDR to visualize the supply—demand pattern to further explore the
spatial matching pattern of supply and demand. Several conclusions may be derived from
our results:

(1) The supply of carbon sequestration services showed a distribution pattern of “high
in the southeast with high elevation and low in the northwest with low elevation”.
From 2012 to 2020, the supply of carbon sequestration services increased in eastern
mountainous areas and decreased in the regions with lower elevation.

(2) The demand of carbon sequestration services was low in the southeast with high
elevation and high in the northwest with low elevation. The demand of carbon
sequestration services increased, particularly in the western developed urban areas.

(3) Most of the areas had a carbon surplus, and areas in the HCUA with carbon surplus
decreased and tended to convert to carbon deficit areas. Under rapid urbanization,
the SDR decreased annually and the carbon deficit areas increased continuously,
which were mainly distributed as patches in the developed urban areas and its
surrounding areas.

(4) The spatial matching pattern of the carbon sequestration services was dominated by
the L-L pattern, occurring mainly in the northwest and southeast regions. The L-H
pattern showed significant spatial mismatching between supply and demand in the
HCUA. The proportion of regions with the L-H pattern increased obviously from 2012
to 2020, and the carbon deficit tended to be more obvious. The results of our study
provide important guidelines for the implementation of low-carbon development
strategies under China’s rapid urbanization.

Because of limited NPP-VIIRS light data for 2012 to 2020, this study was conducted as a
short-term study. A longer-term study of the supply and demand for carbon sequestration
services should be undertaken in future studies to explore the changes in spatial and
temporal patterns and its driving mechanisms over a longer period and larger area. In
addition, the MOD17A3 data product used in this study to reflect the spatial and temporal
patterns of NPP had a small range of null values in the built-up areas of the city. In addition,
the CO; emission fittings that were based on nighttime light data only reflected the CO,
emission in the lit areas, and the CO; in the few unlit areas, where industrial activities were
concentrated and population density was high, was ignored or could not be estimated [24].
However, when combined with the characteristics of the nighttime light data and the urban
agglomeration, the little CO; emission that may have existed in unlit areas had little impact
on the accuracy of the spatial pattern of demand for carbon sequestration services. If a
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more detailed analysis needs to be made for a smaller area, such as a city or county, a more
scientific and accurate quantification method of CO, emission should be devised, and NPP
in built-up areas should be considered to further improve the quantitative accuracy of the
supply and demand of carbon sequestration services in the future.

Carbon sequestration services are mobile and have complex flow processes. When the
supply of a region is greater than the demand, a spillover phenomenon often occurs, with
supply services for neighboring regions. From the results of this study, we observed that the
supply of the carbon sequestration services in the HCUA was significantly higher than the
demand, suggesting that there was a certain spillover of carbon sequestration services in
this region. The subsequent study should start from the mobility of carbon sequestration ser-
vices and accurately identify the boundary of supply and demand services; high-resolution
remote sensing images and the accurate model can be used to scientifically quantify the
flow, flow direction, and flow rate of the service flow and then clarify the specific operation
mode of the cascade effect for the flow of carbon sequestration services [55,56].

There are many factors that contribute to the temporal and spatial heterogeneity
of carbon sequestration services. From the supply side, meteorological factors such as
temperature, precipitation, humidity, etc.; soil factors such as soil organic matter content,
soil pH, soil water availability, etc.; and vegetation factors such as tree species and age and
the growth time of grassland [57-59] all affect the function and growth of vegetation and
the carbon sequestration capacity of vegetation. From the demand side, socio-economic
factors such as population density, GDP, urbanization rate, etc., and urban form factors [60]
such as building density and building height are closely related to carbon emissions from
energy consumption. Therefore, exploring the driving mechanisms of the spatial and
temporal heterogeneity of supply and demand for carbon sequestration services in urban
areas is one of the important aspects of future research, and combining various key factors
and their synergistic relationships will help urban areas to formulate effective policies to
achieve low-carbon development.
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