<@ sustainability

Article

Estimation and Differential Analysis of the Carbon Sink Service
Radius of Urban Green Spaces in the Beijing Plain Area

Shurui Gao, Peiyuan Tao, Zhiming Zhao, Xinyue Dong, Jiayan Li and Peng Yao *

check for
updates

Citation: Gao, S.; Tao, P.; Zhao, Z.;
Dong, X.; Li, J.; Yao, P. Estimation and
Differential Analysis of the Carbon
Sink Service Radius of Urban Green
Spaces in the Beijing Plain Area.
Sustainability 2024, 16, 1406. https://
doi.org/10.3390/5u16041406

Academic Editor: Silvia Fiore

Received: 12 December 2023
Revised: 29 January 2024
Accepted: 6 February 2024
Published: 7 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Landscape Architecture, Beijing Forestry University, Beijing 100083, China
* Correspondence: chinayp@bjfu.edu.cn

Abstract: Enhancing the carbon sink capacity of urban green spaces is considered an effective means
of reducing carbon dioxide concentration. This study, employing xCO, as a key indicator and utilizing
buffer analysis, estimated the carbon sink service radius of urban green spaces. Using spatial zoning
and multifactor analysis, this research statistically analyzed 15 indicators, exploring the differences in
carbon sink service radius from both the dimensions of urban green spaces and urban zones. The
findings indicate that the carbon sink service radius is a result of the combined effect of urban green
spaces and adjacent urban areas. Urban green space area, the NPP (net primary productivity) of urban
zones, forest proportion, and grassland proportion are positively correlated with the carbon sink
service radius, and the correlation degree is 0.12, 0.095, 0.121, and 0.125, respectively. The proportion
of grassland and the proportion of impervious area in the city have a significant negative correlation
with the carbon sink service radius, and the correlation degree is —0.074 and —0.081, respectively.
This research holds significant implications for enhancing the carbon sink capacity of urban green
spaces, adjusting land use patterns, and promoting the sustainable development of cities.

Keywords: urban green space; carbon sink; spatial service radius; sustainable urban planning; Beijing
plain area

1. Introduction

The rapid development of cities and extensive energy consumption have led to a contin-
uous increase in carbon dioxide (CO,) emissions, causing global concerns about issues such
as air pollution and global warming [1]. Efforts to reduce the concentration of CO, in the
atmosphere mainly focus on decreasing CO; emissions. This involves various strategies, in-
cluding enhancing energy efficiency and transitioning to low-carbon or zero-carbon fuels [2—4].
Additionally, people utilize negative emission technologies (NETs) to extract carbon from
the atmosphere and safely store it, contributing to carbon emission reduction [5,6]. These
technologies encompass carbon capture and storage (BECCS), afforestation, reforestation, soil
carbon sequestration, and direct air carbon capture and storage (DACCS) [7-9]. Against this
backdrop, leveraging the carbon sink capacity of ecological spaces by harnessing plants’ ability
to absorb atmospheric CO, through photosynthesis becomes a crucial means of achieving
carbon peaking and carbon neutrality goals [10].

National and local policies emphasize the construction of urban green spaces and the
enhancement of their carbon sink capacity. In September 2021, the Chinese government
outlined requirements to strengthen ecosystem carbon sink capacity and increase ecosystem
carbon sink increments [11]. In October 2022, the Beijing municipal government proposed
a coordinated approach to promote spatial reduction and ecological space increment,
advancing carbon sequestration in forests and green spaces [12]. Urban and rural green
spaces, as essential spatial carriers for carbon sequestration, play a crucial role in carbon
fixation, oxygen release, temperature reduction, humidity increase, and the alleviation of
the urban heat island effect [13]. This holds practical significance for achieving dual carbon
goals. The Beijing plain area, as a major urban construction zone and a primary space for
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carbon emissions, has an urgent need for increased carbon sequestration and emission
reduction. Therefore, conducting relevant research on the carbon sink efficiency of green
spaces in the Beijing plain area can provide more in-depth and comprehensive support for
urban carbon reduction and ecosystem services.

Recently, many scholars have simulated and calculated the net primary productivity
(NPP) of vegetation in Beijing, exploring the spatiotemporal patterns of Beijing’s NPP [14]
and its response to climate change [15]. They have also simulated the impact of land use
changes on NPP under various scenarios [16], providing preliminary insights into Beijing’s
carbon sink capacity and influencing factors. Research indicates that the diversity and
comprehensive layout of urban land use alter the spatial relationship between carbon
emissions and sequestration concerning the location, form, and layout changes of green
spaces [17]. Therefore, conducting calculations of the carbon sink efficiency and studying
the impact range of green spaces in the highly urbanized Beijing plain area will help better
understand the significance of urban green space construction in terms of “increasing
carbon sink” and the effectiveness of “carbon reduction”.

Researchers have separately calculated carbon emissions and sequestration at the
administrative district [18], urban [19], and city-cluster scales [20], quantitatively assessing
the supply—demand relationship of carbon sequestration services. However, these studies
have generally overlooked the atmospheric flow and transformation of CO,, and have not
fully reflected the actual urban CO, concentration. Resorting to xCO, data measured by the
OCO-2 satellite is a commonly used method for spatially studying CO, concentration [21].
For example, scholars have utilized xCO, data to analyze the spatial distribution character-
istics of CO, concentration along urban—rural gradients in Chinese cities [22], and explore
the spatiotemporal variations, influencing factors, and driving effects of CO, concentration
in the study region [23]. Therefore, this study, using xCO; as a key dataset, analyzes the
spatial variation of CO; concentration and explores the actual effects of urban green spaces
on reducing the concentration of CO; in surrounding urban areas. This will contribute to
providing more specific scientific foundations for urban planning and green space design.

Current research indicates that terrestrial carbon sinks are collectively determined by
various processes in the carbon cycle of terrestrial ecosystems at different temporal and
spatial scales [24]. Due to regional conditions and different carbon sink source types, there
is considerable variation in carbon balances [25], making carbon sink services regionally
specific. Simultaneously, the supply levels of ecological and social services provided by
urban green spaces not only depend on the total green space quantity but are also closely
related to their spatial configuration [26]. The urban green space service radius is commonly
used as a measure of the rationality of green space spatial configuration in cities. Moreover,
an increasing number of scholars employ the buffer analysis method to investigate green
space accessibility [27], cooling effects [28], and associations with health and behavioral
outcomes [29]. Therefore, based on the fluidity of carbon, the regionality of carbon sink
services, and the service radius of urban green spaces, this study introduces the concept
of the “carbon sink service radius”: urban green spaces, through carbon sink processes,
induce changes in atmospheric CO, concentration. Taking urban green spaces as the center,
the maximum range within which the CO, concentration in the surrounding urban areas
can be reduced is defined as the carbon sink service radius of urban green spaces. This
concept emphasizes and quantifies the crucial role of urban green spaces in improving
atmospheric CO, concentration. The carbon sink service radius allows us to focus on
regional differences in carbon sink services and gain a more comprehensive understanding
of carbon sink characteristics in different urban areas.

Revealing the fundamental reasons for the differences in the carbon sink service
radius of urban green spaces can provide a deeper understanding of their role in reducing
atmospheric CO, concentration, thereby better harnessing the role of urban green spaces in
mitigating climate change and improving the ecological environment. Pearson correlation
analysis is a commonly used method for exploring driving factors. Previous scholars
have applied Pearson correlation analysis to the study of driving factors for carbon sinks
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and emissions. Research indicates that, due to the combined influence of carbon sinks
and emissions on urban CO, concentration, factors such as green space area, net primary
productivity (NPP), the normalized difference vegetation index (NDVI), and vegetation
cover type contribute to variations in the carbon sink capacity of urban green spaces [30-32].
Additionally, land use types and nighttime light indices are often studied as influencing
factors for carbon emissions [33,34].

This study combines these research methods, using CO, concentration as an indicator
and urban green spaces as the center. It employs the buffer analysis method to calculate the
carbon sink service radius of urban green spaces. Furthermore, factors related to carbon
sinks and emissions are selected, and Pearson correlation analysis is applied to analyze
their correlation with the carbon sink service radius. The specific objectives are (1) to
calculate the carbon sink service radius and quantify the actual effect of urban green spaces
on reducing CO; concentration in surrounding urban areas; (2) to determine the causes of
differences in the carbon sink service radius and reveal the carbon sink service mechanism
of urban green spaces; and (3) to provide recommendations for the planning, layout, and
construction of urban green spaces in the Beijing plain area.

2. Materials and Methods
2.1. Overview of the Study Area

The Beijing plain area covers an approximate area of 6338 km?, constituting 38.62%
of the total administrative area of Beijing [35]. According to the “Protection Plan for
the Shallow Mountainous Areas of Beijing” and related studies, the Beijing plain area
encompasses plains and plateaus with elevations ranging from 0 to 100 m within the
municipal boundaries [36]. Thus, the 100 m contour line is utilized as the boundary to
delineate the research scope of the Beijing plain area (Figure 1).
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Figure 1. Study area and urban green space of the Beijing plain.

Blessed with a favorable geographic location and abundant resources, the Beijing plain
area serves as the primary carrier for the core and urban functions of the capital, boasting a
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relatively high level of urbanization. This region is adorned with numerous green spaces
such as parks, forests, and wetlands, making it a vital system within the urban scope with
direct carbon sequestration and indirect emission reduction functions. It serves as a crucial
foundation for enhancing the carbon sink capacity of urban ecosystems [37]. The Beijing
plain area stands out as a representative region for studying urban carbon sinks.

2.2. Data Acquisition and Preprocessing
2.2.1. Urban Green Space Data

Using the ArcGIS 10.5 platform, the 100 m contour line was extracted from the Beijing
30 m DEM elevation data to define the boundary of the Beijing plain area. The 2020
Beijing urban green space vector data were downloaded from WeServer (www.rivermap.cn,
accessed on 2 March 2023), selecting 532 green spaces within the plain area, including
various urban parks, specialized parks, suburban parks, forest parks, and scenic areas.

2.2.2. Net Primary Productivity (NPP)

The study utilized the Beijing 30 m net primary productivity (NPP) data from the
GISRS platform (www.gisrs.cn, accessed on 2 March 2023). Widely applied in ecosystem
carbon sink studies, these data are based on the CASA model [38]. It estimates vegetation’s
net growth status by considering solar radiation absorption and utilization by vegetation.
The estimated NPP is expressed using two factors: absorbed photosynthetically active
radiation (APAR) and actual light use efficiency (¢). The formula is as follows:

NPP(x, t) = APAR(x, t) x e(x, t)

where x represents an individual pixel, t denotes the month, APAR(x, t) signifies the
absorbed photosynthetically active radiation in grams of carbon per square meter, and &(x,
t) indicates the actual light use efficiency in grams of carbon per megajoule.

2.2.3. Carbon Dioxide Concentration Data (xCO5)

The carbon dioxide concentration data used in the study were obtained from the
OCO-2_L2_Lite_SIF 10 r dataset provided by the EARTHDATA platform. After filtering the
raw data based on the study area and data quality, the global carbon dioxide concentration
data from 1 January 2020 to 31 December 2020 were selected. Subsequently, Python 3.7.8
software was employed to read the daily data, which were then imported into ArcGIS 10.5
for further processing. Monthly and annual CO, data were calculated, and the data were
clipped to the boundary of Beijing city. The final step involved visualization and obtained
raster data with a spatial resolution of 880 x 880 m.

2.2.4. Vegetation Cover Type

For the feasibility of data acquisition and the effectiveness of the study, 2019 satellite
imagery of Beijing with a resolution of 30 m was selected. Preprocessing in the ENVI platform
included cropping, mosaicking, atmospheric correction, and radiometric calibration. Unsuper-
vised classification was performed to categorize the imagery into six vegetation cover types:
impervious surface, water bodies, grassland, woodland, cultivated land, and unused land.
The resulting vegetation cover type map had a resolution of 30 m. Through data comparison
and validation, the Kappa coefficient was 0.91, meeting accuracy requirements.

2.2.5. Other Data

In the study of carbon sink service radius differences, factors related to carbon emis-
sion and sequestration, such as the normalized difference vegetation index (NDVI) and
nighttime light data, were considered in addition to NPP and vegetation cover type. NDVI
serves as an optimal indicator of vegetation growth and coverage, exhibiting sensitivity to
NPP dynamics and closely correlating with carbon sink capacity [39]. Nighttime light data
reflect human activity intensity and are commonly used in carbon emission estimation [40].
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In ArcGIS 10.5, all raster data considered as influencing factors were reconstructed to a
30 m resolution. Figure 2 shows the spatial distribution and distribution of each impact

factor. Table 1 summarizes the sources of all data.
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Figure 2. Spatial distribution of each impact factor.
Table 1. Various data categories, types, units of measurement, and data sources used in the study.
Data Type Unit Spatial Resolution Data Source
L . e www.tianditu.gov.cn
Scope of administrative divisions in Beijing / / accessed on 2 March 2023
. . www.gscloud.cn
30 m DEM elevation data in Beijing / 30 m accessed on 2 March 2023
www.rivermap.cn
Beijing green space vector data / / accessed on 2 March 2023
. . www.earthdata.nasa.gov
Carbon dioxide concentration data (xCO,) ppm 2.25km x 1.29 km accessed on 2 March 2023
. .. 5 WWW.gisrs.cn
Net primary productivity (NPP) data gC/m*/year 30m accessed on 2 March 2023
Normalized d‘fffﬁgsz)" egetation index / 30m https:/ /doi.org/10.1016/j.rse.2019.111395 [41]
. o www.gscloud.cn
Satellite remote sensing images / 30 m accessed on 2 March 2023
Night light (NL) data nanoWatts/cm? /sr 500 m www.ngde.noaa

accessed on 2 March 2023

2.3. Research Methods

This study employs ArcGIS 10.5 as its primary research platform. The initial steps
involve delineating the study area and defining the research objects. Subsequently, the
carbon sink service radius is quantified using the buffer analysis method. The zoning
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statistical method is then applied to calculate potential impact factors that may affect
the carbon sink service radius. Pearson correlation analysis is utilized to identify the
driving factors contributing to the determination of the carbon sink service radius. The
research results are analyzed to discern variations in the carbon sink service radius. The
methodology and the process of handling and analyzing data in this study are illustrated
in Figure 3. This approach ensures a comprehensive examination of the carbon sink service
radius within the specified study area.
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Figure 3. Research framework.

2.3.1. Calculation Method of the Carbon Sink Service Radius

Initially, considering the accuracy of CO, concentration data and the distribution of
urban green spaces, a multi-level buffer analysis is conducted with urban green spaces as the
center. The buffer zones start from the spatial boundaries of the green spaces, with a spacing of
1 km and a total length of 11 km, as illustrated in Figure 4. Average CO, concentrations within
each buffer zone are obtained through zoning statistics and exported to Excel 2019. In the
spreadsheet, the difference between the average CO, concentrations of adjacent buffer zones
is calculated. If urban green spaces can reduce the CO, concentration in the surrounding
urban areas, a trend of continuously rising CO, concentrations with increasing distance from
the green spaces should be observed. Once the CO, concentration reaches the first peak and
gradually decreases with distance, it is no longer considered within the range of the carbon
sink service provided by urban green spaces. In Excel 2019, the SIGN function is employed to
determine the trend of CO, concentration changes. The IF function is used to identify the first
peak in CO, concentration changes, and the corresponding distance is assigned to the urban
green space as its carbon sink service radius.

2.3.2. Calculation Method of Influencing Factors and Correlation Analysis

Due to variations in urban green spaces, including area, the composition of vegetation
cover types, and surrounding urban areas, the carbon sink service radius exhibits differ-
ences. Initially, using ArcGIS 10.5, the area of each urban green space is obtained through
geometric calculations. Zoning statistics are then applied to calculate NPP, NDVI, and the
proportion of different vegetation cover types within urban green spaces. Considering
that the carbon sink service radius is influenced not only by urban green spaces but also
by surrounding urban areas, this study chooses to analyze influencing factors at both
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spatial levels: urban green spaces and the urban areas within their carbon sink service
radius. This spatial zoning considers adjacent urban green spaces as part of the urban area,
incorporating their impact on the carbon sink service radius into the urban area’s indicators.
This approach mitigates potential interference from mutual influences between adjacent
urban green spaces. Given the diverse land-use types within urban areas, a multifactor
analysis method is employed. Multiple factors related to carbon emissions and carbon sink,
including average NPP, average NDVI, the proportion of different vegetation cover types,
nighttime light index, and xCO,, are selected.
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Figure 4. Spatial distribution of urban green space buffer zone.

To explore the causes of differences in the carbon sink service radius, this study uses
influencing factors as independent variables and the carbon sink service radius as the de-
pendent variable. Utilizing the SPSSPRO 1.1.13, Pearson correlation analysis and two-tailed
t-tests are performed on the relevant factors to assess the significance of the relationship
with the carbon sink service radius. The direction and degree of correlation coefficients
are analyzed, leading to an attribution analysis of differences, thereby identifying factors
influencing the size of the carbon sink service radius [42,43].

3. Results
3.1. Service Radius of Urban Green Space Carbon Sinks

In this study, 532 urban green spaces in the plain area were selected, and the carbon
sink service radius could be calculated for 498 of them within a 10 km range. Figure 5
illustrates the spatial locations of urban green spaces and their carbon sink service radii.
Figure 6 provides a breakdown of the quantity of urban green spaces with different carbon
sink service radii. Notably, urban green spaces with a 1 km carbon sink service radius are
the most numerous (110 in total), mainly concentrated in the central urban area along the
Second Ring Road and a green belt, including parks like Ritan Park, Wanfeng Park, and
Summer Palace. Urban green spaces with a 2 km carbon sink service radius are widely
distributed in both the central urban area and suburbs, including parks like Yuantai Park,
Guozhuang Park, and Grand Canal Forest Park. Those with a 3-5 km carbon sink service
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radius are concentrated in the southeast of Haidian District and the northwest of Chaoyang
District, with the 4 km radius being particularly concentrated in the northwest of Chaoyang
District, featuring parks like Yuanmingyuan, Olympic Forest Park (South), and Yuyuantan
Park. Urban green spaces with a 6-7 km carbon sink service radius are mainly located
in the eastern part of Chaoyang District, including parks such as Dongba Country Park,
Pingfang Park, Dongfeng Park, and Xinglong Park. Those with an 8 km carbon sink service
radius cover a significant portion of Haidian District, Dongcheng District, Xicheng District,
Chaoyang District, and Shunyi District, including areas like Zhongshan Park, the North
Garden of the National Botanical Garden, and Chaobai River Forest Park. Urban green
spaces with a 9 km carbon sink service radius are the least numerous, mostly situated along
green belts and in suburbs, like the South Garden of the National Botanical Garden. Finally,
urban green spaces with a 10 km carbon sink service radius are concentrated in the central
parts of Haidian District and Chaoyang District, featuring parks like Beiwu Park, Haidian
Park, and Chaoyang Park.
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Figure 5. Measurement results of carbon sink service radius of urban green space. (a—j) Spatial
distribution of urban green space and carbon sink service radius; (k) statistics of the carbon sink
service radius of urban green spaces.
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Figure 6. xCO, change trend around urban green space (typical cases).
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Figure 6 reflects the changing trend of CO, concentration around some urban green
spaces. In some cases, the xCO; concentration around urban green spaces continuously
increases or decreases with distance, without reaching a CO, concentration peak within the
10 km range (Figure 6a,b). Other urban green spaces exhibit the first peak in CO, concentra-
tion within the range of 1 km to 10 km, allowing for the determination of their carbon sink
service radius (Figure 6¢-i). The variation in CO, concentration around urban green spaces
may result from both the green spaces themselves and the surrounding urban areas. The
carbon sink service radius may include other urban green spaces within it, and the urban
areas within the radius may also contain spaces with carbon sink capabilities. These factors
contribute to the extension of the carbon reduction effect of urban green spaces over a
larger spatial range. When the CO, concentration shows a trend of initially increasing and
then decreasing, it indicates that the urban green space has the lowest CO, concentration,
and its effectiveness in reducing CO, concentration diminishes with increasing distance.
After the carbon source and sink reach equilibrium, the trend of CO, concentration change
reverses, forming the first peak (Figure 6¢c-h,j). When the CO, concentration first decreases
and then increases, it may suggest that the urban area or adjacent urban green space is more
effective in reducing CO; concentration (Figure 6d—£,i k,1). When the synergistic effect of
urban areas is too strong, the CO; concentration maintains its original trend over a larger
spatial range. This trend surpasses the carbon reduction capability of urban green spaces,
making it impossible to calculate the carbon sink service radius (Figure 6a,b).

3.2. Correlation Analysis between the Carbon Sink Service Radius and Influencing Factors

The correlation between each impact factor and the carbon sink service radius is
shown in Table 2. The results of the study indicate that, among the indicators describing
the characteristics of urban green spaces, the urban green space area exhibits a significant
correlation with the carbon sink service radius at the 1% significance level, with a correlation
index of 0.12. This suggests that increasing the area of urban green spaces effectively
enhances the carbon sink service radius. The average NPP and average NDVI of urban
green spaces do not show a significant correlation with the carbon sink service radius. This
implies that changes in the net primary productivity and vegetation cover of urban green
spaces are not the direct causes of changes in CO, concentration in the surrounding urban
areas. Among the vegetation cover types of urban green spaces, only the proportion of
grassland area exhibits a significant 10% correlation with the carbon sink service radius
and shows a negative correlation, with a correlation index of —0.074. This indicates that an
increase in the proportion of grassland area leads to a decrease in the carbon sink service
radius. The proportions of forestland, cropland, and impervious surface area do not seem
to be the causes of differences in the carbon sink service radius. In other words, regulating
the proportions of these three vegetation cover types within urban green spaces does not
have a direct impact on the size of the carbon sink service radius.

Regarding the indicators describing the characteristics of urban areas within the
carbon sink service radius, the average NPP exhibits a significant positive correlation at
the 1% significance level, with a correlation index of 0.095. The results suggest that an
increase in the net primary productivity of urban areas can reduce CO, concentration in the
atmosphere, leading to an expansion of the carbon sink service radius. The average NDVI
of urban areas does not show a significant correlation with the carbon sink service radius.
Thus, vegetation cover is not a direct cause of changes in CO, concentration and carbon sink
service radius in urban areas. Among the related indicators of vegetation cover types, the
proportions of forestland and grassland area exhibit significant positive correlations at the
1% significance level, with correlation indices of 0.121 and 0.125, respectively. This indicates
that changes in the proportions of forestland and grassland area in urban areas have a
significant impact on CO, concentration, causing variations in the carbon sink service
radius. The proportion of impervious surface area shows a negative correlation, with a
correlation index of —0.081, significant at the 10% level. Impervious surfaces typically
correspond to urban construction land and are major sources of carbon in cities. Higher
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proportions of impervious surfaces are associated with a continuous maintenance of CO,
concentration at relatively high levels in urban areas, leading to a decrease in the carbon
sink service radius. The proportion of cropland area does not show a significant correlation
with the carbon sink service radius, indicating that changes in its proportion do not directly
affect CO, concentration in the atmosphere. The average NL, which can characterize
human activity intensity, and average xCO, are not correlated with the size of the carbon
sink service radius and do not cause changes in the carbon sink service radius.

Table 2. Correlation between the impact factors and the service radius of carbon sinks.

Scope of Statistics Impact Factors Correlation (S,I}V%I;ﬁ:?lr; (:)
The area of urban green space 0.12 0.007 ***
Average NPP —0.019 0.678
Average NDVI 0.024 0.597
Urban green space Proportion of forestland 0.051 0.253
Proportion of grassland —0.074 0.099 *
Proportion of cultivated land 0.017 0.703
Proportion of impervious surface —0.021 0.645
Average NPP 0.095 0.033 **
Average NDVI 0.071 0.111
Average NL —0.031 0.484
Urban area within the Averagg xCO, 0.031 0.491
carbon sm.k Proportion of forestland 0.121 0.007 ***
service radius Proportion of grassland 0.125 0.005 ***
Proportion of cultivated land 0.053 0.241
Proportion of impervious surface —0.081 0.073 *

Note: *** indicates significant correlation at the 1% level (two-tailed); ** indicates significant correlation at the 5%
level (two-tailed); * indicates significant correlation at the 10% level (two-tailed).

4. Discussion

This study utilized xCO; as an indicator and applied the buffer zone method to
analyze the variation trends in CO, concentration around urban green spaces. The study
also calculated the carbon sink service radius of urban green spaces. Furthermore, from
both the spatial perspectives of urban green spaces and the urban areas within their
service radius, the study conducted a multifactor analysis of the correlation between factors
influencing CO; concentration and the carbon sink service radius.

4.1. Urban Green Space Construction

The results of the study reveal a significant positive correlation between the area of
urban green spaces and the carbon sink service radius. Previous research has indicated
significant correlations between area and edge indicators, such as CA and AREA_MN,
with NPP [44], aligning with our findings. Larger urban green spaces can provide more
vegetation area to absorb and sequester CO,, resulting in a larger carbon sink service radius.
In contrast, smaller green spaces have limited capacity to absorb and fix CO,, effectively
reducing CO, concentration only in their immediate vicinity. For instance, Chaoyang
Park, as the largest urban park within the Fourth Ring Road in Beijing, exhibits a carbon
sink service radius of 10 km, while Ritan Park, with a smaller area, has a radius of 1 km.
Additionally, studies suggest that while edge and shape metrics positively correlated with
NPP, the fragmentation metrics were inversely related [45]. This means that the increased
size and spatial continuity of urban green spaces enhance their carbon sink capacity. Human
activities leading to reduced and fragmented green areas diminish carbon sink capabilities,
impacting the ecological benefits of urban green spaces [46]. Hence, in urban planning and
design, preserving existing green spaces and expanding their area with increased continuity
is essential. The establishment of a comprehensive ecological network connecting different
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green spaces further contributes to enhancing overall carbon sink efficiency and promoting
ecosystem health.

4.2. Carbon Sink Capacity Disparities

The study results indicate that urban green space NPP is not significantly correlated
with the carbon sink service radius, whereas the carbon sink capacity of urban areas within
the service radius shows a significant positive correlation. Spatial zoning statistics help
distinguish the impact of different spatial units on the carbon sink service radius. For most
urban green spaces, the area of urban areas within their influence range is much larger than
the green space itself. The carbon sink service radius includes other urban green spaces
and land types with carbon sink capabilities, contributing significantly more to carbon
sink capacity than the green space alone. For example, Dongba Wild Park and the North
Garden of the National Botanical Garden exhibit high similarity in area and vegetation
cover type. However, due to the proximity of mountains near the North Garden of the
National Botanical Garden, it has more carbon-intensive forestland, resulting in a larger
carbon sink service radius than Dongba Wild Park.

Research also indicates that urban green space systems, through their rational arrange-
ment and function, can reduce overall urban energy consumption, indirectly leading to
emission reduction effects likely exceeding their carbon sink capabilities [47]. Therefore,
the strategic planning of urban green space systems to maximize carbon sink capacity
becomes a crucial issue in practice. Scholars have already predicted the green space struc-
ture of Beijing in 2035, reflecting future low-carbon development and ecological planning
needs [48]. In the future, it is essential to consider both urban carbon reduction demands
and the functional diversity of green spaces, setting reasonable green space construction
goals within different spatial units [49]. By strengthening land governance, optimizing
land use patterns, enhancing the quality and quantity of green space carbon sinks, and
optimizing landscape patterns [50], significant contributions can be made to balancing the
urban carbon system and mitigating climate change.

4.3. Influence of Vegetation Cover Types on the Carbon Sink Service Radius

Regarding the study of vegetation cover types, an increase in grassland area in urban
green spaces may negatively impact the carbon sink service radius, while an increase in
forest and grassland areas in urban areas contributes significantly to expanding the radius.
Research indicates that lawns have poor carbon sequestration capabilities and may generate
carbon emissions during maintenance processes [51]. This may explain the negative corre-
lation between the proportion of grassland area in urban green spaces and the carbon sink
service radius. In urban areas, forests play a crucial role as major regions with strong carbon
sink capabilities. Studies demonstrate that tree-dominated biological communities exhibit
high carbon sequestration efficiency and extensive carbon sequestration variability [52].
Moreover, some open green spaces with high tree coverage and planting density show
efficiency comparable to densely vegetated closed green spaces [53]. This finding partially
explains the positive impact of the proportion of grassland on the carbon sink service
radius within urban areas. Despite the relatively weak carbon sink capacity of grassland in
urban areas, it still plays a role in areas with concentrated carbon sources, contributing to
improved carbon sink capacity.

However, impermeable surfaces such as buildings, roads, and artificial hardened
surfaces are major carbon sources in urban areas. These surfaces usually lack vegetation
cover, preventing photosynthesis for CO, absorption and fixation. The increase in im-
permeable surfaces not only limits the expansion of vegetation cover but may also lead
to the urban heat island effect, influencing climate change [54]. When plant growth and
photosynthetic efficiency are negatively affected, the plants” ability to absorb COj is re-
duced [55], impacting the carbon sink service radius. Therefore, it is recommended to
control grassland area reasonably in urban green space planning. In urban planning and
construction, considerations should be given to vacating space, optimizing building density,
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improving land use efficiency, and reducing the increase of impermeable surfaces resulting
from urban expansion [56]. Priority should be given to increasing the proportion of forest
and grassland in urban areas, focusing on the planning and protection of forests to ensure
sufficient trees and vegetation within urban areas, thereby enhancing carbon sink efficiency
and expanding the carbon sink service radius.

5. Conclusions

Against the backdrop of carbon neutrality and the peak carbon target, China’s ecologi-
cal civilization construction has prioritized carbon reduction as a key strategic direction.
This aims to facilitate a comprehensive green transformation of economic and social de-
velopment, leading to a qualitative improvement in ecological environmental quality.
Elevating the carbon sink capacity of urban green spaces has become a focal point in the
new era of urban greening construction. This study employed the buffer zone analysis
method to examine the variation trend of CO, concentration around urban green spaces
with distance. It calculated the carbon sink service radius and quantified the actual impact
of urban green spaces on reducing urban CO, concentration. Through spatial zoning statis-
tics and multifactor analysis, this study investigated the disparities in carbon sink service
radius. Overall, increasing the area of urban green spaces and the proportion of forests
and grasslands within urban areas positively influences the carbon reduction efficacy of
expanding urban green spaces. However, an increase in the proportion of grassland in
urban green spaces and impermeable surfaces in urban areas negatively affects the carbon
sink service radius. Given the characteristics of rapid construction, variable land use,
and numerous construction indicators in the plains of Beijing, the research conclusions
and recommendations are highly implementable and offer practical guidance. While ac-
knowledging the potential limitations of employing buffer zone analysis and multifactor
analysis in studying the carbon sink service radius and its disparities for urban green
spaces, the research findings provide valuable insights from the perspective of carbon
reduction effectiveness. These insights contribute to recommendations for urban green
space construction in the plains of Beijing, holding significant implications for enhancing
carbon sink capacity and achieving carbon neutrality and peak carbon targets. Additionally,
future research could conduct quantitative analyses from the perspective of landscape
pattern optimization, further enhancing our understanding of carbon sink services in urban
green spaces. Exploring potential synergies with other ecosystem services, or integrating
urban green space construction with various carbon sequestration or emission reduction
measures could contribute to achieving sustainable green development in urban areas.
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