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Abstract

Urban ecosystems exhibit complex metabolic dynamics in regional carbon cycles, yet high-resolution quantification
of urban carbon metabolism remains challenging in rapidly urbanizing regions. This study addresses this limitation
by developing an unprecedented 250 m resolution modeling framework that combines the ecological CASA model
with a soil respiration model, applied to the Pearl River Delta region of China. Using remote sensing data and ERA5-
Land meteorological inputs, we quantified monthly net ecosystem productivity (NEP) for 2021-2022 across all
cities, revealing significant spatiotemporal heterogeneity (-40 to 638 gC-m™a™). Our findings indicate that forest
ecosystems contribute 55.1% of regional net carbon absorption, while core cities like Dongguan and Zhongshan
become net carbon sources when soil respiration exceeds vegetation productivity. The model outperforms
traditional MODIS products in terms of resolution and spatial variability details (R> = 0.79) and provides valuable
insights for urban carbon neutrality strategies. The findings highlight the importance of maintaining green
infrastructure and implementing targeted carbon management policies in megacity regions.

Keywords: CASA model, net primary productivity, net ecosystem productivity, urban carbon metabolism,
spatiotemporal heterogeneity, carbon neutrality

INTRODUCTION

Urban ecosystems play a complex dual role in regional carbon cycles, with their metabolic processes serving
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as both significant carbon sources and potential carbon sinks"’. China has pledged to peak carbon emissions
before 2030 and achieve carbon neutrality by 2060, a commitment that aligns with the European Union’s
2050 net-zero target and similar mid-century goals in the United States and Japan”*. Against the backdrop
of global carbon neutrality commitments, high-precision quantification of urban carbon metabolism is
crucial for developing effective carbon reduction strategies. Current assessment frameworks primarily rely
on coarse-resolution datasets (e.g., MODIS annual NPP data") or static inventory methods', which have
limitations in capturing the fine-scale spatiotemporal dynamics of urban carbon fluxes. This limitation is
particularly pronounced in rapidly urbanizing regions such as the Pearl River Delta in China, where
complex land cover conditions and intensive human activities create heterogeneous metabolic patterns
across urban-rural gradients. Therefore, high-spatiotemporal resolution estimates of urban carbon
metabolism are essential for supporting precise urban ecological management and localized carbon
neutrality policies. Such an approach can reveal previously overlooked complex carbon sink patterns in
megacity clusters.

Urban ecosystem carbon metabolism encompasses the dynamic processes of CO, absorption through
photosynthesis and release via respiration, forming the basis of urban carbon cycling”. This metabolic
system can be quantified through net primary productivity (NPP), which represents the net carbon
assimilation by vegetation after accounting for autotrophic respiration. Remote sensing has emerged as a
commonly used method for assessing these metabolic processes, particularly when integrated with
ecological modeling frameworks. Current models combine multi-source remote sensing data with
meteorological inputs to capture the spatiotemporal dynamics of urban carbon fluxes”'”. The existing
commonly used models include the CASA model, 3-PG model, CENTURY model, InVEST model, CMIP6
model, efc. Different models have their own applicable conditions and are influenced by the uniqueness and
complexity of vegetation in different areas.

Among these ecological models, the CASA (Carnegie- Ames-Stanford Approach) model has been widely
used by scholars due to its advantages of fewer parameters involved, simple calculation process, and high
accuracy of results""”). The CASA model is a terrestrial vegetation NPP estimation model based on solar
energy utilization rate, which is widely used in global carbon cycle analysis and multi-scale vegetation NPP
research"*”. Liu et al. analyzed the spatiotemporal variations of forest NPP in Yichun City, Heilongjiang
Province, China, from 2000 to 2019 based on MODIS data and CASA model, revealing an overall increasing
trend in NPP"", Potter et al. used the CASA model to analyze changes in vegetation NPP across Western
Europe from 2015 to 2022, and found that most Western European countries experienced the lowest NPP in
2022, which was closely associated with the concurrent weakening of precipitation in the region"”. Overall,
most existing studies on NPP estimation focus on annual results and long-term sequence changes, while
monthly and seasonal analyses remain lacking. The spatial resolution varies from 8 km to 500 m, and the
processing of parameters related to vegetation types is often simplified. Specifically, parameters that vary
across vegetation types (such as the maximum solar energy utilization rate) have not been differentially
processed using high-resolution vegetation classification data, which limits the ability to accurately reflect
the carbon sequestration status in urban areas.

In addition, current research frequently overlooks the role of soil heterotrophic respiration (Ry) in shaping
carbon sinks within urban ecosystems. For accurate assessment of ecosystem carbon sinks, R;; should be
incorporated into the calculation of net ecosystem productivity (NEP)". Several studies have developed Ry
estimation models using remote sensing data and validated their applicability across diverse vegetation
conditions">**". Nevertheless, existing research often fails to integrate NPP with R, or to examine their
relative ratio under varying environmental and urban contexts. This gap limits the utility of current findings
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for informing carbon neutrality policies. The R;;-to-NPP ratio is a critical determinant of NEP, which differs
across levels of urban development and land cover types, and thus warrants further investigation.

Here, we developed a 250 m-resolution modeling framework that combines the CASA model with a R,
accounting model driven by temperature and precipitation to derive accurate monthly NEP for the urban
area. Taking the Pearl River Delta region of China as an example, we systematically analyzed urban carbon
metabolism characteristics at the city level and across different land cover types. Our high-resolution
method can identify small-scale carbon sink patterns that were previously overlooked in coarse-grained
urban area assessments, providing valuable insights for understanding the carbon cycle mechanisms in
rapidly developing megacity regions.

METHODS

Study area and workflow

In this study, we selected the Pearl River Delta (PRD) urban agglomeration in Guangdong Province,
southern China (21°30'-24°30" N, 112°40'-115°30" E), as a representative case study. The PRD is among the
world’s most dynamic and densely populated metropolitan regions, encompassing nine major cities -
including Guangzhou, Shenzhen, and Zhuhai - across approximately 56,000 km**". The region is
characterized by a humid subtropical climate (mean annual temperature 21-23 °C; annual precipitation
1,600-2,000 mm), which supports high vegetation productivity while exhibiting strong seasonal variability
that directly influences carbon sequestration. With a population exceeding 70 million and an urbanization
rate above 85%, the PRD epitomizes the challenges and opportunities of carbon management under rapid
socioeconomic development. Moreover, as one of China’s leading megacity clusters, its metabolic patterns
provide valuable insights into the broader trajectories of urban ecosystems in both China and other rapidly
urbanizing regions worldwide.

The workflow of our model is shown in Figure 1. The model first collects multi-source remote sensing data
and meteorological datasets (ERA5-Land reanalysis data) and performs preprocessing. These input data are
calculated using the CASA model to estimate monthly NPP at a resolution of 250 m; the results are
validated with MODIS products to ensure reliability. Then, Ry is calculated based on temperature and
precipitation conditions. Finally, NEP is derived by subtracting R;; from NPP, and spatial aggregation and
statistical analysis are performed at different scales. The specific methods are discussed in the subsequent
section.

Data sources

The data sources for this study are shown in Table 1. The meteorological data were obtained from the
ERA5-Land reanalysis dataset™, which contains globally gridded monthly averages of surface temperature,
total solar radiation, soil evapotranspiration, precipitation, and other variables at a spatial resolution of
0.1° x 0.1°. The Normalized Difference Vegetation Index (NDVI) data were derived from the MOD13Q1
vo61 product provided by NASA LP DAAC™/, with a spatial resolution of 250 m. We clipped the data based
on the vector boundary of PRD, and obtained monthly data from 2021 to 2022. We also performed Kriging
interpolation on the meteorological data to obtain a spatial resolution that matched the NDVI images for
model calculation. Vegetation type data are reclassified from the GLC_FCS30-2020 land cover dataset of the
Chinese Academy of Sciences”, including five vegetation types: grassland, cropland, deciduous forest,
evergreen forest, and others. Land use and land cover (LULC) classification data come from the 10 m
classification dataset of China (AIEC) provided by the DAMO AI Earth team™.
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Table 1. Description and sources of the data used in this study

Data Description Spat|al_ Source
resolution

SOL Total solar radiation 0.1°x0.1° ERAS5-Land monthly averaged data from Copernicus Climate Data Store
T Temperature of air at 2 m above (https://cds.climate.copernicus.eu/cdsapp)

the surface of the land
E Soil evapotranspiration
PR Precipitation
NDVI Normalized Difference Vegetation 250 m x 250 m MOD13Q1v061 from NASA Land Processes Distributed Active Archive

Index Center (LP DAAC) (https://Ipdaac.usgs.gov/products/mod13q1v061/)
Vegetation  Vegetation type classificationmap 30 m x30m GLC_FCS30-2020 land cover dataset (https://data.casearth.cn/thematic/
type glc_fcs30/)
LULC LULC classification map 10Omx10m Al Earth in China (AIEC) (https://engine-aiearth.aliyun.com/#/dataset/

DAMO_AIE_CHINA_LC)

Model calculation and analysis
CASA model for calculating NPP
The process of calculating NPP using the CASA model is as follows!

26,27]

NPP(x, t) = APAR(x, t) x &(x, t) (1)

where APAR(x, t) is the photosynthetic active radiation (MJ-m™month™) absorbed by pixel x in month ¢,
and ¢(x, t) is the actual solar energy utilization rate (gC-MJ™") of pixel x in month f. APAR is calculated as
follows:

APAR(x, t) = SOL(x, t) x r x FPAR(x, t) (2)

where SOL(x, t) is the total solar radiation at pixel x in month #, and r is the proportion of incident
photosynthetic active radiation (IPAR) utilized by plants (wavelengths 0.4~0.7 um) to total solar radiation.
Research has shown that this parameter can be taken as a constant of 0.5, FPAR(x, t) is the absorption
ratio of the vegetation layer to IPAR, which has a linear relationship with NDVI. It is calculated as follows,
with specific algorithms detailed in Supplementary Text 1.

_ (NDVI(x,t) = NDVI; in)

FPAR(x,t) = X (FPARax — FPAR i) + FPAR 3
(0 (NDVIi,max - NDV]i,min) ( max min) min (3)

The actual solar energy utilization rate ¢ is calculated as follows:
&(%, 1) = Te,(x, £) X Ty (X, £) X Wil 1) % £,0(%, 1) (4)

where T, (x, t) and T,,(x, t) are low and high temperature stress factors, W,(x, t) is the water stress factor,
reflecting the stress effects of temperature and water conditions on solar energy utilization, respectively.
Emac(X, ) i the maximum solar energy utilization rate (gC-MJ"). The calculation methods for stress factors
are as follows:
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Tey(x,£) = 0.8+ 0.02 x T, (x) — 0.0005 x [Tom(x)]2 (5)
ol 1.184 1
2t = 14 eO.ZX(TUpt(x)—lﬂ—T(x,t)) & 1.5 e0.3x(—Topt(x)—10+T(x,t)) (6)
E(x,t)

W.(x,£) =05+ 0.5 x

E,Go ) )

where T,,(x) is the optimal temperature for plant growth, usually taken as the average temperature of the
month when NDVT is highest within a year, and T(x, t) is the monthly average temperature. E,(x, ?) is the
regional potential evapotranspiration (mm), and E(x, ¢) is the regional actual evapotranspiration (mm).

Potter et al. suggested that the maximum solar energy utilization rate ¢, for global vegetation is
0.389 gC-MJ", but for small-scale areas, it is necessary to consider the differences of ¢, among different
types of vegetation"". Zhu et al. simulated the ,,, of various vegetation types based on measured NPP data
. The values of different types of deciduous forests (such as
deciduous coniferous forest, deciduous broad-leaved forest, etc.) are similar, which can be merged into one

[27

according to the principle of minimum error

type. The same goes for grassland, cropland, and evergreen forest. In this study, 25 vegetation types in the
GLC_FCS30-2020 land cover dataset were reclassified into grassland, cropland, deciduous forest, evergreen
forest, and others to complete the model calculation.

Integrated model for calculating NEP

The net primary productivity NPP reflects the net carbon sequestration of vegetation in the urban
ecosystem, which is the total energy accumulated by photosynthesis minus the respiration consumption of
plants themselves, but still cannot represent the net carbon sink of the ecosystem in the region. Instead, the
soil heterotrophic respiration R, should be subtracted to obtain the net ecosystem productivity NEP, as
shown in Equation (8).

NEP = NPP - R, (8)

Soil heterotrophic respiration is related to multiple environmental factors, with temperature and
precipitation being the two most important factors. Pei et al." established the regression relationship
between temperature, precipitation and soil respiration based on MODIS data and the measured data at the
experimental site, and estimated the distribution of soil heterotrophic respiration carbon emissions, as
shown in Equation (9), which was proved to be a universal empirical model by the research and application
of Xu", Pan et al.®*.

R, =0.22 x (T + [n(0.3145R + 1)) % 30 X 46.5% (9)

where T represents temperature (°C) and R represents precipitation (mm). The monthly temperature and
precipitation data of ERA5-Land were used to calculate the soil respiration of the ecosystem in PRD
according to the above equation. Finally, the model calculation of carbon sinks has been completed,
allowing for further analysis of the spatiotemporal changes and influencing factors of urban carbon sinks in
the PRD region.

Spatial analysis at the city level and across different land cover types

To analyze the spatial patterns of urban carbon metabolism across the PRD region, we implemented a
multi-scale spatial analysis framework integrating zonal statistics and land cover-based aggregation. We
extracted carbon sink values for each administrative city boundary using zonal statistics in ArcGIS,
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Figure 1. The workflow of this study.

calculating mean and total NPP, NEP, and R, values for all 250 m pixels within each city polygon. This
enabled direct comparison of carbon dynamics across the nine PRD cities while preserving the original
model resolution.

For land cover-specific analysis, we overlaid the 10 m-resolution LULC map with our 250 m carbon flux
grids using a majority resampling approach. Carbon sink values were then aggregated by six dominant land
cover classes (forest, cropland, grassland, water, built-up, and bare land) through zonal calculations. To
address mixed pixels at urban-rural interfaces, we applied a fractional cover weighting scheme where each
250 m pixel’s contribution was weighted by its percentage of each land cover type derived from the higher-
resolution LULC data. All spatial operations maintained the original measurement units (gC-m*month™)
while aggregating to reporting scales (totals in KtC-a™).
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RESULTS

Spatiotemporal patterns of vegetation productivity across the urban-rural continuum

Our analysis reveals distinct spatiotemporal patterns of vegetation productivity in the urban-rural
continuum of PRD in 2021-2022, as quantified by the CASA model at a resolution of 250 m [Figure 2A].
The subtropical monsoon climate, characterized by abundant sunshine and distinct seasons, creates a clear
seasonal rhythm for vegetation productivity. Solar radiation emerges as the primary driver of this variability,
with winter months (December to March) showing lower NPP values (< 40 gC-m™month™) in stark
contrast to summer peaks (June to September). The spatial dimension of this continuum shows a gradual
transition from high-productivity forest communities at the edges of mountainous areas (exceeding
125 gC-m™month" in the northwest region) to moderately productive agricultural lands with strong
phenological pulses (summer rice season peak of 120 gC-m™month™), ultimately forming distinct
“productivity valleys” within urban cores with minimum value of 20 gC-m™month’. We quantified the
annual NPP total distribution, as shown in Figure 2B, precisely reflecting the spatial configuration of urban-
rural vegetation productivity differences. The annual NPP of the surrounding vegetation areas reached
more than 1,000 gC-m™a”, while that of the central built-up areas was close to 0. This spatial gradient
demonstrates how natural climatic drivers interact with human-induced landscape modifications to shape
the productivity continuum during urban-rural transitions.

We also computed the monthly average NPP for three major cities, Guangzhou, Shenzhen, and Zhubhai, as
shown in Figure 2C. These three cities each have their own characteristics within the PRD region and serve
as typical and representative examples for studying carbon sink changes in the region. The monthly NPP
variations of the three cities exhibit synchronous seasonal patterns but differ in amplitude. All three cities
exhibit productivity peaks during the summer, exceeding 60 gC-m*month™, corresponding to favorable
temperature and humidity conditions. However, Guangzhou maintains 20 gC-m™*month™ higher NPP than
the other two cities, attributable to its greater preserved forest cover in Conghua District. Additionally,
Guangzhou exhibits the most pronounced seasonality, with winter NPP dropping to 31% of summer values
due to stronger monsoon influences. Notably, all cities experienced a midsummer decline (July to August),
which may reflect heat stress and typhoon disturbances.

Net ecosystem carbon dynamics mediated by productivity-respiration coupling mechanisms

Our findings demonstrate how the productivity-respiration coupling mechanism controls net ecosystem
carbon dynamics across the entire PRD region. Monthly NEP maps reveal significant spatial heterogeneity
in the region [Figure 3A], with values systematically lower than corresponding NPP estimates due to the
effect of soil heterotrophic respiration (R;;). Annual average NEP [Figure 3B] ranges from -40 to 638 gC-m~
-month™ across all cities, showing strong land cover dependence. Forested mountainous areas maintain the
highest carbon sink capacity (45-65 gC-m™month™), although R, reduces their net sequestration by
approximately 40% compared to NPP [Figure 3C]. Urban cores exhibit near-neutral or negative NEP values
(averaging -23 gC-m™month™), with high R, interference from organic matter decomposition in the soil
offsetting over 110% of vegetation carbon uptake. The deltaic croplands exhibit pronounced seasonality,
with summer NEP peaks (105 gC-m™month™) reduced by 38% due to increased R, under warm, moist
conditions.

The monthly NEP changes in Guangzhou, Shenzhen, and Zhuhai [Figure 3D] reflect how R, regulates the
net carbon balance. These three cities all exhibit a similar seasonal pattern compared to NPP, but with a
lower amplitude of approximately 55%. The R,/NPP ratio ranges from 45% in winter to 60% in summer,
reflecting temperature-dependent decomposition rates. Guangzhou maintains the highest annual NEP
(326.1 gC-m™a™), attributed to relatively high NPP and lower R;; due to well-preserved soil conditions. In
May 2022, Zhuhai experienced a notable divergence, with NEP turning negative (-5 gC-m*month™) as R,
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Figure 2. Monthly (A) and annual (B) NPP distribution in PRD in 2021. (C) Monthly NPP changes of Guangzhou, Shenzhen, and Zhuhai
during 2021-2022.

exceeded net primary productivity, potentially due to the combined effects of typhoon-induced litterfall and
accelerated decomposition®*. These interrelated phenomena underscore the urgent need to integrate
vegetation productivity and spatially heterogeneous R, drivers when assessing urban carbon sink dynamics,
particularly in anthropogenically modified landscapes where traditional ecosystem models may
underestimate respiratory fluxes.

Spatial heterogeneity in city-level carbon metabolism

Analysis of city-level carbon sink characteristics reveals spatial heterogeneity in carbon metabolism across
the PRD region (see Figure 4). Zhaoqing emerged as the strongest carbon sink in the region, with an annual
NEP of 637.5 gC-m™a”, attributed to its extensive forest coverage, which maintained relatively low
heterotrophic respiration of 342.9 gC-m™a™. This surrounding carbon sink belt, including Huizhou
(515.4 gC-m™>a") and Jiangmen (485.0 gC-m™>a™), despite covering only 64.6% of the study area, collectively
contributed 87.5% of the region’s total NEP. In contrast to vegetation zones, urban core areas show
disrupted carbon cycling, with Dongguan (-20.1 gC-m™a), Foshan (-0.2 gC-m™a™"), and Zhongshan
(-40.3 gC:m™a") exhibit metabolic imbalances, with R, exceeding NPP by 5.6%-11.6%. This metabolic
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dysfunction stems from two key urban stress factors: (1) intense soil disturbance accelerates decomposition,
and (2) the urban heat island effect exacerbates respiratory losses. The resulting spatial heterogeneity in
urban carbon metabolism reflects fundamental differences in how cities handle carbon flows across
landscape gradients.

When examining the R,/NPP ratio between cities [Figure 4C], the urban-rural gradient becomes evident.
Most urbanized areas have respiration rates exceeding 75%, with Dongguan (105.6%) and Zhongshan
(111.5%) showing that respiration processes completely offset productivity. This contrasts sharply with
forest-dominated Zhaoqing (35.0%) and Huizhou (40.6%), where lower temperatures and continuous
vegetation cover maintain effective carbon storage. Guangzhou offers an interesting intermediate case,
achieving a 52.8% R,/NPP balance ratio through carefully designed green infrastructure policies, with 41.6%
of its area retained as forests despite its megacity status.

The city-level analysis provides important insights for regional carbon management. Zhaoqing leads in
terms of NEP efficiency per unit area, with its large vegetation area contributing significantly to regional
carbon budgets (accounting for 41.9% of total NEP), highlighting the value of suburban green spaces in
urban carbon strategies. Shenzhen’s moderate NEP (229.1 gC-m™a™) translates into a limited total quantity
(450.9 KtC-a™), as nearly half of its area is built-up, indicating that compact cities require innovative vertical
greening methods"". Generally, considering natural disturbances such as pest infestation and wildfires in
addition to soil respiration””, the R,/NPP threshold is around 80%. Exceeding this threshold may cause
urban ecosystems to transition into net carbon sources.

Zhuhai represents a notable exception in the regional pattern, as it maintains a green coverage rate of 34.2%
but has an unusually high R, (395.6 gC-m™a™). This anomaly may stem from its unique coastal conditions,
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where saline soils enhance organic matter mineralization””, and frequent typhoons increase the input of
active carbon through decomposition pathways®**. The city’s NPP (484.9 gC-m™a™) is extremely low
relative to its climatic potential, further suggesting that landscape management related to tourism may be
altering microbial community dynamics. These results highlight the necessity of coastal adjustments to
carbon sink models in urban ecological assessments. Furthermore, the findings fully demonstrate the
benefits of our high-resolution results on city-level carbon metabolism. In the absence of detailed carbon
sink inventories (e.g., at the county level or below), such results can be extended to finer spatial scales to
support carbon neutrality policies in small regions.

Landscape configuration controls on carbon sink efficiency in urban ecosystems

Our analysis indicates that landscape configuration fundamentally controls the carbon sink efficiency of the
entire PRD urban ecosystem [Figure 5]. Forests are the primary carbon sinks, accounting for 48.3% of total
NPP and 55.1% of total NEP. Despite covering a relatively small landscape area, they still exhibit high
carbon retention efficiency. This significant contribution highlights the critical role of forests in regional
carbon sequestration, where more carbon is stored than released through respiration compared to other
ecosystems. Built areas and croplands exhibit differentiated carbon flux characteristics. Although built land
contributes significantly to NPP (26.2%, 1,731.3 KtC-a™), its NEP contribution drops to 21.7%, reflecting the
impact of urban respiration processes. Cropland exhibits a similar but less pronounced pattern, with NPP


-SupplementaryMaterials.pdf

Wang et al. Carbon Footprints 2025, 4, 28 | https://dx.doi.org/10.20517/cf.2025.67 Page 11 of 16

B C NPP (Outer) and NEP (Inner)
Percentage Distribution
[ NPP s
3000 8

= NEP I,

B ' ‘4

5 -

S 2500

R

2

:E 2000

k31

3 1.9%

g 1500 NPP vs NEP

o

=

[=3

= 1000 Land cover types

g W cropland
Legend [ Cropland Z 500 - forest
[ Water [ rorest e grassland
B Built [ Grassland M- Ty

0 5 - bare

[ Bare [ shrub cropland ~ forest  grassland  built bare
[ Snow and ice [ Wetland Land cover type
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(1,511.2 KtC-a™) accounting for 22.8% of the total, but NEP (1,054.19 KtC-a") accounting for only 20.4% of
the total, indicating that agricultural activities result in a certain degree of carbon losses due to harvest
removal and soil disturbance.

The role of grasslands and bare land in the carbon budget of the study area is relatively minor. Grassland
carbon conversion ranges from 114.4 KtC-a" NPP to 96.4 KtC-a" NEP, but due to its limited spatial extent,
its contribution is small, accounting for 1.7% of total NPP and 1.9% of total NEP. Bare land has an even
more negligible effect, accounting for less than 1% of both NPP and NEP. Water bodies and snow- and ice-
covered areas were excluded from analysis because their respiration dynamics cannot be objectively
represented by the current model. Overall, these findings highlight the importance of forest conservation in
mitigating climate change while revealing the complex carbon dynamics of the PRD’s diverse landscape
mosaic.

DISCUSSION

This study reveals pronounced spatiotemporal heterogeneity in urban carbon metabolism across the Pearl
River Delta. At the regional scale, forests emerge as the dominant contributors to net carbon sinks,
accounting for more than half of total NEP, whereas urban cores such as Dongguan and Zhongshan
function as net carbon sources due to respiration exceeding productivity. The Ry/NPP ratio, which varied
substantially among cities and land cover types, proved to be a critical indicator of ecosystem carbon
balance, with values above 80% signaling a transition toward carbon source conditions. These findings
underscore the importance of high-resolution assessments for capturing fine-scale metabolic differences,
thereby providing essential insights into the mechanisms and thresholds that govern urban carbon
dynamics. Building on these results, the following sections discuss model validation, uncertainties, and the
policy implications of our framework.

Model validation and uncertainty analysis

To evaluate the accuracy of the CASA model in estimating NPP results, we compared the MODIS NPP data
product (MOD17A3HGF)" with the CASA model estimation results, as shown in Figure 6. The temporal
resolution of MODIS NPP data is annual, and the spatial resolution is 500 m. Some pixels are missing due
to cloud cover in the original data. The NPP estimation results of the CASA model are monthly data with a
spatial resolution of 250 m, which is more precise than MODIS NPP in terms of spatiotemporal resolution.
Therefore, we consider conducting an annual summation of the CASA model results, and then taking a
certain number of sample points from the MODIS and CASA datasets within the same latitude and
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Figure 6. Comparison between CASA and MODIS NPP in PRD: (A) annual NPP distribution map; (B) correlation analysis.

longitude range to compare the differences in NPP means. We randomly selected 2,395 sets of sample
points based on a 500 m x 500 m grid and conducted correlation analysis. The results show that the NPP
results estimated by the CASA model have a significant correlation with the MODIS data, with an R* value
of 0.79 and a root mean square error RMSE of approximately 231. This indicates that the differences
between the two datasets are small and the NPP results have high credibility. Moreover, the CASA model’s
NPP estimates are more precise in spatiotemporal resolution compared to MODIS data, which can be
further used for relevant research and analysis.

The uncertainties in this study primarily stem from the following key sources: (1) meteorological inputs,
where ERA5-Land reanalysis data may not fully capture urban microclimates®; (2) remote sensing
limitations, including MODIS NDVT cloud contamination and mixed pixel effects in urban-rural transition
zones at 250 m resolution””; (3) inaccurate classification in the GLC_FCS30-2020 dataset and AIEC dataset,
particularly for artificial urban green spaces and rapidly changing land cover; (4) empirical simplifications
in soil respiration model, which overlook urban-specific factors such as enhanced decomposition due to the
urban heat island effect and anthropogenic organic carbon inputs. These uncertainties are most pronounced
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in urban core areas but have relatively minor impacts on regional-scale patterns. Additionally, a limitation
of this study is that it is based on a 2-year dataset (2021-2022), which does not account for interannual
variability in urban carbon metabolism. Future research should therefore extend the temporal coverage and
conduct comparative analyses with other regions of similar landscapes, which would help to assess long-
term trends and enhance the generalizability of the findings.

Policy implications

The findings of this study provide important insights for urban carbon management policies in rapidly
developing regions such as the Pearl River Delta. The significant spatial heterogeneity in carbon sink
capacity indicates the need for differentiated land use strategies, with forest conservation in northern
mountainous areas taking priority, as they disproportionately contribute 55.1% to the regional NEP, far
exceeding other landscape types. Urban planning should incorporate considerations of vegetation
productivity and soil respiration effect ratios, particularly in core built-up areas where the R,;/NPP ratio
exceeds 80%, as these areas are highly likely to transition into net carbon sources. Guangzhou’s green
infrastructure policies have proven highly effective®, maintaining an R,/NPP ratio of 52.8% despite its
megacity status. This success offers a replicable model for other PRD cities - particularly net carbon source
urban areas such as Dongguan and Zhongshan - to adopt through targeted urban forestry programs and
improved soil carbon management. Additional measures including restoration of vegetated patches and
integration of permeable surfaces could further enhance carbon sequestration and mitigate respiratory
carbon losses.

The research findings also highlight the importance of sector-specific carbon reduction strategies.
Agricultural policies can be strengthened to reduce carbon losses from cropland, and current practices may
increase potential NEP through improved residue management and reduced tillage. Coastal urban planning,
particularly in Zhuhali, requires special adaptation measures to address observed salt-affected soil
respiration anomalies and typhoon disturbances. Regional standards could set an 80% R;;/NPP threshold as
a key benchmark for urban ecosystem health and mandate corrective actions when this threshold is
exceeded. Collectively, these measures can enhance the precision of China’s urban dual-carbon policy
implementation and support spatially optimized carbon management. Moreover, they supplement existing
national carbon neutrality strategies by incorporating an ecological perspective into energy- and emission-
centered approaches. The integration of ecological indicators, such as the R,/NPP ratio, into urban
planning can refine current roadmaps and improve the effectiveness of localized carbon management
efforts.

CONCLUSIONS

This study employs a combined approach of high-resolution remote sensing and ecological modeling to
reveal the fine-scale spatiotemporal patterns of carbon metabolism in urban ecosystems within the Pearl
River Delta region. The results indicate that the annual NEP of PRD cities exhibits significant spatial
heterogeneity (-40 to 638 gC-m™a™), with forest ecosystems contributing 55.1% of the regional net carbon
sink while maintaining a high carbon retention efficiency. In Dongguan (-20.1 gC-m™*a™") and Zhongshan
(-40.3 gC-m™a™), soil heterotrophic respiration exceeded vegetation productivity, highlighting the threshold
effect of soil respiration disturbances on carbon balance during urbanization. Notably, Guangzhou achieved
a Ry/NPP ratio of 52.8% through green infrastructure policies, providing a case study for carbon
management in cities with concentrated built-up areas. Compared to conventional MODIS products
(R*=0.79, RMSE = 231), the developed 250 m resolution framework significantly improved the accuracy of
urban carbon sink assessments. These findings provide new insights into urban carbon cycle mechanisms
under human-ecosystem coupling.
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The scientific contribution of this study lies in the development of a carbon metabolism assessment method
for rapidly urbanizing regions, which has three key policy implications: First, the R;/NPP ratio serves as a
critical threshold for urban ecosystem health, providing a quantitative benchmark for urban carbon
management standards. Second, it highlights the strategic importance of suburban forest belts (e.g.,
Zhaoqing accounts for 41.9% of the regional NEP) and emphasizes the need to strengthen their protection
through ecological compensation strategies. Third, vertical greening should be prioritized as a core measure
to increase carbon sinks in high-density cities (e.g., Shenzhen). Future research should integrate urban
canopy models to analyze three-dimensional carbon flux differentiation and establish predictive models
under dynamic land-use change scenarios. The established framework can be extended to global subtropical
urban clusters, providing scientific support for regional climate actions mandated by the Paris
Agreement”.
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