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A B S T R A C T   

Atmospheric aerosols can change vegetation photosynthesis through the effects of aerosols on radiation, which 
will affect the peak carbon dioxide emissions and carbon neutrality at global scales. In this study, we quantify the 
aerosol-induced direct radiation forcing (ADRF) in China from 2001 to 2014 based on the radiation flux simu-
lation used by the Fu-Liou radiation transfer model under with-aerosols and no-aerosols scenarios. Using the 
radiation simulation results, we modify the atmospheric forcing datasets to drive Community Land Model 4.5 
(CLM4.5) to gain the changes in carbon fluxes in China caused by ADRF. The results show that these two models 
are accurate in estimating radiation (R2 = 0.78–0.88) and carbon fluxes (R2 = 0.73–0.75) in China. High levels of 
ADRFs were captured in China, especially with increasing diffuse fraction, resulting in the diffusing fertilization 
effect occurring in most areas of China. The ADRF can increase cumulative gross primary productivity (GPP) and 
total ecosystem respiration (ER) by 3.20 gC m− 2 and 5.13 gC m− 2 per year, respectively. From 2001 to 2014, the 
diffusing fertilization effects experienced trends of increasing first and then decreasing. However, ADRFs in some 
regions of China show negative effects on carbon fluxes due to vulnerable vegetation functional types and high 
aerosol loading. The ADRF will also enable soil temperature decreases and volumetric soil water increases, which 
is closely related to changes in carbon fluxes. Meanwhile, due to changes in soil water and heat conditions, N2O 
and CH4 production will also be disturbed, and ADRF increases the global warming potential (GWP) for both 
greenhouse gases. This phenomenon indicated that atmospheric aerosol pollution control is far-reaching sig-
nificance for peaking carbon dioxide emissions before 2030.   

1. Introduction 

Since the start of the 21st century, a large amount of aerosols have 
been released into the atmosphere in China due to the urgent need for 
economic development (Chan and Yao, 2008; Zhang et al., 2012; Xu 
et al., 2013; Xue et al., 2021). For human individuals, aerosols, espe-
cially fine particles, are closely related to the morbidity of cardiovas-
cular, cerebrovascular, and respiratory diseases (Bartell et al., 2013; Qin 
et al., 2018; Wei et al., 2021a; Zheng et al., 2015). For the earth system, 
aerosols also can interact with clouds and solar radiation to affect 

climate change and the atmospheric environment (Bellouin et al., 2011; 
Haywood and Boucher, 2000; Huang et al., 2016, 2020;Yang et al., 
2021; Zhang et al., 2010). According to the United Nations Intergov-
ernmental Panel on Climate Change fifth assessment report (IPCC5), the 
effective radiative forcing caused by atmospheric aerosols is approxi-
mately − 1.9 ~ − 0.1 W m− 2 (Flato et al., 2013), which greatly affects the 
assessments of energy at the global scale. 

Incipient studies on the relationships between aerosols and radiation 
are mainly based on ground observations. Mp et al. (1995) found that 
the solar radiation reaching the ground was reduced due to the rapid 
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enhancement of aerosols caused by volcanic eruptions. Gu et al. (2003) 
found that aerosols can significantly increase the diffuse radiation. Then, 
aerosol-induced radiation forcing (ARF) had been studied extensively in 
China due to high aerosol loadings. Li et al. (2010) estimated the mean 
diurnal cloud-free direct ARF at the top of the atmosphere, surface, and 
inside atmosphere in China using empirical formulas and surface ob-
servations, and found higher intensity of ARF in eastern China with 
annual mean values of − 93 ± 44 W m− 2 to − 79 ± 39 W m− 2 at the 
surface (Che et al., 2018). 

However, because spatiotemporal heterogeneities of ARF (Zhang 
et al., 2018; Mai et al., 2018), individual-site-scale observations cannot 
satisfy the analysis for wide-scale regions in China. Fortunately, along 
with the development of satellite remote sensing and model simulation 
technologies, many approaches have been proposed to map the radia-
tion, including the radiation transfer mechanism models (Huang et al., 
2009), empirical relationship methods (Chen et al., 2019), statistical and 
machine learning methods (Fan et al., 2019). The radiation transfer 
mechanism models show a superior performance because they own the 
synthesized physical-chemistry mechanisms (Lin et al., 2013). In 
particular, the aerosol-induced direct radiation forcing (ADRF) can be 
quantified separately, and the ADRF for different aerosol types (e.g., 
sulfate, dust, and carbonaceous aerosols) can be also calculated 
(Charlson et al., 1992, Huang et al., 2015; Jia et al., 2018). Overall, 
ADRFs can alleviate global warming to a certain extent due to the 
reduction of total radiation (Simith et al., 2016; Yu et al., 2005). 

Besides radiation, aerosols can also change the uptake of CO2 from 
terrestrial ecosystems to further affect global warming progress(Gao 
et al., 2018; Shao et al., 2020; Jing et al., 2010). On one hand, aerosols 
may settle onto vegetation leaves and interference with the absorption 
of CO2 and release of oxygen, thereby affecting the normal growth of 
vegetation (Lee et al., 1981; Yan et al., 2014). On the other hand, 
aerosols may affect vegetation photosynthesis and respiration by 
changing solar radiation and meteorological conditions (Greenwald 
et al., 2006; Zhang et al., 2019). Chameides et al. (1999) found that high 
aerosol loadings made crop losses in China from ground-based experi-
ments. In contrast, the aerosol-induced radiation changes may pose a 
positive effect on vegetation growth. Due to the increasing ratio of 
diffuse radiation to total radiation caused by aerosols, diffuse radiation 
fertilization can increase the vegetation photosynthesis (Unger et al., 
2017), especially in forest ecosystems, resulting in increased gross pri-
mary productivity (GPP) and net primary productivity (NPP). Zhang 
et al. (2020) found a significantly positive response of GPP to aerosols in 
forest ecosystems in China based on satellite observations. Xie et al. 
(2020) also found that aerosol held a positive impact on GPP in China 
through the coupled regional climate and interactive terrestrial 
biosphere models. However, with the continuously increase of aerosol 
loadings, it could also yield negative impacts on vegetation growth and 
photosynthesis (Yue et al., 2017b; Yue and Unger., 2018; Xue et al., 
2020a). Last, aerosols can also change the temperature, evaporation rate 
and humidity, which leads to variations in photosynthesis and respira-
tion in terrestrial ecosystems (Baldocchi, 2010; Jiang et al., 2019; Yue 
et al., 2017a; Zhang et al., 2019). 

Previous studies mainly focused on exploring the comprehensive 
impacts on the terrestrial ecosystem of aerosols based on surface ob-
servations and couple models (Feng et al., 2019; Gao et al., 2018). 
However, most current models are fully coupled and failed to quantify 
the effects of ADRFs separately, leading to insufficient understanding of 
its impacts on terrestrial ecosystems. Therefore, the purpose of this study 
is to quantitatively calculate the ADRF and explore the aerosol direct 
radiation effect on terrestrial ecosystem carbon fluxes in China from a 
long-time series perspective. For this purpose, the Fu-Liou radiation 
transfer model combined with the land surface model is used to simulate 
carbon fluxes in China, including ecosystem productivity and respira-
tion. In addition, a scenario without considering aerosols is evaluated to 
distinguish the quantitative effects of ADRF. The response of the envi-
ronment variable to ADRF and its relationships with carbon fluxes are 

then determined. Last, the variations in greenhouse gases productions 
across China are also investigated. 

2. Study area, methodology and dataset 

2.1. Study area 

Significant spatial differences in climate features exist in mainland 
China, which could cause heterogeneities in the structure and physio-
logical characteristics of vegetation. According to the National Assess-
ment Report on Climate Change, seven subregions were delineated 
based on geographical and climatic characteristics (Ding et al., 2007), i. 
e., central, eastern, northern, southern, northeastern, northwestern and 
southwestern China. However, due to the unique vegetation types found 
at the high altitudes of the Qinghai-Tibet region, this area was extracted 
separately. The spatial distribution of the eight study areas is shown in 
Fig. 1. 

2.2. Methodology 

2.2.1. Fu-Liou radiation transfer model 
The Fu-Liou model has been exploited since the 1990s (Fu and Liou, 

1991, 1993); then, it was modified to improve computing performance 
(Kato et al., 2005; Rose and Charlock, 2002). This model has a complete 
parameterization scheme of cloud optical properties. The impacts of 
clouds on radiation can be calculated through the input of cloud physical 
parameters by users. In addition, the radiation transfer mechanism can 
also be simulated in this model, making it more convenient than other 
models. This model has been widely used in related research on radia-
tion, and a high estimation accuracy has been verified and evaluated 
(Huang et al., 2009; Xue et al., 2020a). In this paper, four radiation 
parameter networks across China, i.e., direct radiation, diffuse radia-
tion, total radiation and diffuse fraction, were simulated and built by the 
Fu-Liou radiation transfer model. In addition, a scenario without aero-
sols (aerosol optical depth (AOD) = 0) was simulated to quantify the 
ADRF. The difference between those two scenarios was regarded as 
ADRF. In addition, the ratios between ADRF and the radiation fluxes 
under the no-aerosols scenario were also calculated, which was deemed 
the relative changes in radiation. 

2.2.2. Community Land Model 
The Community Land Model 4.5 (CLM 4.5) is the third-generation 

land surface model developed by the National Center for Atmospheric 
Research (NCAR), which was released in June 2013 accompanied by the 
Community Earth System Model 1.2 (CESM 1.2). Compared with the 
previous version, the CLM 4.5 model contains a modified radiative 
transfer scheme and photosynthetic coefficient of the canopy to improve 
the simulation accuracy for GPP and other photosynthetic process pa-
rameters (Oleson et al., 2013). In addition, methane emissions from 
terrestrial ecosystems are considered in this model. Due to the excellent 
land surface process designs, ecosystem carbon fluxes could be captured 
in detail for each step. The CLM 4.5 model has been widely used in 
ecological and environmental science research, and the high simulation 
accuracy was verified by global surface-measured data collected over 
various underlying surfaces (Fu et al., 2016; Lawal et al., 2019). Four 
submodules, including biogeochemistry, biogeophysics, hydrological 
cycle and dynamic vegetation modules, exist in the CLM 4.5 model. In 
addition, this model can be coupled with the atmosphere, ocean and 
other modules to simulate the whole earth system. The operating mode 
of offline simulation was used in this paper, and the CLM4.5-BGC 
module, which covers the interaction between the terrestrial carbon 
cycle and nitrogen cycle, was selected to simulate the carbon fluxes in 
terrestrial ecosystems over China during 2001–2014. Before that, ac-
cording to the user manuals, 1000 years of spin up and 200 years of final 
spin up were carried out to accelerate decomposition and obtain the 
initial field required for simulation for 2001. Then, accompanying the 
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Fu-Liou estimated radiation datasets and other auxiliary datasets, the 
carbon fluxes were simulated based on this steady initial field over 14 
years. Furthermore, we only changed the radiation (replacing the radi-
ation dataset with the radiation under the no-aerosol scenario) to 
simulate the terrestrial carbon fluxes without aerosols. Similarly, the 
steady initial field for the no-aerosols scenario in 2001 was built, and the 
effects of ADRF on carbon fluxes are defined as the difference between 
those two scenarios. The carbon flux parameters used in this study 
include GPP, NPP, net ecosystem productivity (NEP), total ecosystem 
respiration (ER), autotrophic respiration (AR) and total heterotrophic 
respiration (HR), with a monthly temporal resolution and 1.875 ◦ × 2.5 ◦
spatial resolution. Additionally, the variation in the releases of N2O and 
CH4 caused by ADRF was obtained to reflect the changes in other 
greenhouse gas emissions across China. 

2.2.3. Analytical approach 
Four statistical indicators were used in this study to evaluate the 

simulation results from the Fu-Liou and CLM 4.5 models. The linear 
correlation, overall estimation accuracy (whether overestimated or 
underestimated), absolute error and uncertainty compared with surface 
measurements are indicated by the Pearson correlation coefficient R, 
linear fitting, mean absolute error (MAE) and root mean square error 
(RMSE), respectively. To explore the temporal variations in the effects of 
ADRF on terrestrial ecosystem carbon fluxes in China, the monthly re-
sponses of carbon fluxes to aerosols were deseasonalized by calculating 
the monthly anomalies first. Then, those values were used to calculate 
the linear trends. The anomaly values were defined as the difference 
between the monthly mean value in one year and the monthly average 
values over the whole period. Then, we used the ordinary least squares 
fitting method to obtain the linear trend (Wei et al., 2021b). The 
paired-samples T-test was used to evaluate the statistical significance of 
those trends. Furthermore, to estimate the global warming effects 
caused by the changes in greenhouse gas production due to ADRF, this 
paper calculated the variations in GWP for N2O and CH4 in the next 100 
years according to the method of IPCC5 (Stocker et al., 2013) as follows: 

GWPN2O = fN2O ×
44
28

× 265 × S (1)  

GWPCH4 = fCH4 ×
16
12

× 28 × S (2)  

where GWPN2O and GWPCH4 represent the changes in the global warming 
potential of N2O and CH4. fN2O and fCH4 indicate the changes in the net 
production of CH4 and N2O caused by the ADRF. Among them, N2O flux 
is the sum of nitrifying N2O and denitrifying N2O fluxes, and the 
calculation of CH4 has excluded the amount of conversion from CH4 to 
CO2. S indicates the area of different region. 44

28 and 16
12 represent the 

conversion factors to transform the masses of carbon and nitrogen into 
CH4 and N2O, and the warming effects of 1 kg CH4 (unit: kg CO2 
equivalent per kg CH4) and N2O (unit: kg CO2 equivalent per kg N2O) in 
100 years are 28 and 265 times than that of 1 kg CO2, respectively. 

2.3. Datasets 

2.3.1. Fu-Liou model input data 
The MODIS collection 6.1 (C6.1) Level 3 combined dark target (DT) 

and deep blue (DB) algorithm AOD product with the highest quality 
assurance was selected as the input dataset of aerosols for the Fu-Liou 
model (Hsu et al., 2019). The temporal and spatial resolutions were 1 
day and 1 ◦ × 1 ◦, respectively. Before the model runs, the Terra and 
Aqua AODs were averaged to improve the spatial coverage of AOD first, 
and the mean AOD yielded excellent consistency compared with the 
surface measurement (Xue et al., 2020b). In addition, the cloud and 
meteorological parameters are also the requisite input datasets of the 
Fu-Liou model. The cloud parameters were collected from the 
CERES-SYN Edition 3a Level 3 cloud products with spatial and temporal 
resolutions of 1 ◦ × 1 ◦ and 3 h, respectively (Doelling et al., 2013), 
which includes seven characteristics, i.e., cloud-water content, effective 
radius of cloud water particles, cloud-ice content, effective scale of cloud 
ice particles, cloud top height, cloud bottom height and cloud fraction. 
Moreover, pressure, temperature and humidity profiles were collected 
from the National Centers for Environmental Prediction (NCEP)/Na-
tional Centers for Atmospheric Research (NCAR). Additionally, we also 
calculated the AOD of seven aerosol types based on the proportion 
provided from the Modern-Era Retrospective Analysis for Research and 
Applications, version 2 (MERRA2) aerosol composition products (Gelaro 
et al., 2017), which cover black carbon, fine-mode dust, coarse-mode 

Fig. 1. Spatial distribution of the China Meteorological Administration (CMA) radiation and FLUXNET sites in China. The background map represents the eight 
study areas. 
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dust, fine-mode sea salt, coarse-mode sea salt, organic carbon and sul-
fate. Single scattering albedo and asymmetry factor were obtained for 
different types of aerosols based on the setup of the optical properties in 
the Fu-Liou model, and they are listed in Table S1. All input datasets 
were resampled to the same spatial resolution as MODIS AOD based on 
the bilinear interpolation method. 

2.3.2. CLM4.5 input data 
Atmospheric forcing and land cover data are the essential input 

datasets for the CLM 4.5 model. The newest version (version 7) of the 
CRUNCEP atmospheric forcing datasets (Viovy, 2018), with temporal 
and spatial resolutions of 6 h and 0.5 ◦ × 0.5 ◦, was selected in this paper 
to drive the land surface model which include radiation, precipitation, 
temperature, wind speed, humidity and pressure datasets. Based on this, 
the radiative forcing was modified with the results of the Fu-Liou model. 
To maintain a consistent spatial resolution, the Fu-Liou radiation data-
sets were interpolated to the same spatial resolution of 0.5 ◦ × 0.5 ◦ as 
the other atmospheric forcing datasets by the bilinear interpolation 
method. Compared with the original CRUNCEP radiative forcing data, 
the temporal resolution of the new input data was increased to 3 hour. 
However, the radiation of the CLM 4.5 model can be recognized as the 
total radiation only by default, and the diffuse radiation and direct ra-
diation are calculated through the empirical formula based on total ra-
diation. Therefore, two new variables (diffuse and direct radiation) were 
added manually in the CLM 4.5 model as valid input parameters based 
on the results of the Fu-Liou model, which increased the accuracy. 
Similarly, a radiation dataset without aerosols was built as the input 
radiative forcing data for the control scenario in this paper. 

The land cover datasets used in the CLM 4.5 model were composed 
based on the methods of (Lawrence and Chase (2007)). In this dataset, 
the distributions of functional vegetation areas were synthesized by 
combining multiple satellite land cover products and matching the leaf 
area index. Initially, bare land and vegetation-covered areas were 
derived from moderate-resolution imaging spectroradiometer (MODIS) 
vegetation products (Hansen et al., 2003). Then, advanced very high 
resolution radiometer (AVHRR) continuous field tree cover was used to 
discriminate the tree types (Defries et al., 2000), which included 
broad-leaf, needle-leaf, evergreen and deciduous trees. Crop areas were 
distinguished on the basis of the global crop land area dataset (Ram-
ankutty et al., 2008), and the grass and shrub regions were collected 
from the MODIS land cover products (Friedl et al., 2002). Furthermore, 
according to the physiology and climate rules put forward by Nemani 
and Running (1996), plants were divided into temperate, boreal and 
tropical functional types. Additionally, on the basis of the MODIS leaf 
area index (Still et al., 2003), the grass regions were divided into C3 and 
C4 regions. Overall, sixteen functional vegetation types were distin-
guished for the CLM 4.5 model. 

2.3.3. Validation data 
The monthly averaged radiation in situ measurement dataset from 

the CMA was selected as a comparison in this paper to verify the accu-
racy of the radiative forcing data. This dataset includes 99 sites for total 
radiation and 12 sites for diffuse radiation for the 2001–2014 period. 
The distribution of the radiation measurement sites is shown in Fig. 1, 
and numerous sites are distributed in each study area. The FLUXNET 
monthly averaged GPP and ER datasets (Pastorello et al., 2020) were 
used to evaluate the accuracy of the carbon fluxes simulation. However, 
the observation durations at each FLUXNET station in China were all 
short. To prevent errors caused by observation inconsistencies, three 
sites with the longest observation records and functional vegetation 
types similar to those in the CLM4.5 model were selected: QIA (26.74◦N, 
115.06◦E), CNG (44.59◦N, 123.51◦E) and DIN (23.17◦N, 112.54◦E), 
which are located in eastern, northeastern and southern China, respec-
tively (Fig. 1). The duration of the observation records for those three 
sites was 2003–2006, 2007–2011 and 2003–2006. 

3. Results 

3.1. Model evaluation 

Fig. 2 shows density scatterplots of the Fu-Liou model monthly ra-
diation and CLM 4.5 carbon fluxes. The Fu-Liou model shows excellent 
estimated performance, with R2 (RMSE, MAE) values of 0.88 (18.12 W 
m− 2, 21.35 W m− 2) and 0.79 (11.40 W m− 2, 11.49 W m− 2) for total and 
diffuse radiation. In addition, good simulation abilities were maintained 
in forest, grass and farmland ecosystems, and these abilities were eval-
uated in our previous study (Xue et al., 2020a). The consistencies of GPP 
and ER have also been assessed in this paper. Because sixteen functional 
vegetation types were simulated in a pixel but only one type was 
confirmed at the corresponding ground observation site, the averaged 
rates of photosynthesis and respiration were uncertain. However, the 
correlations between the GPP simulated and measured data were satis-
factory, with R2, RMSE and MAE values of 0.75, 1.66 gC m− 2 day− 1 and 
1.47 gC m− 2 day− 1, respectively. Meanwhile, those indexes for ER were 
0.73, 1.08 gC m− 2 day− 1 and 0.83 gC m− 2 day− 1, respectively. 

Figure S1 shows the temporal consistency between the simulation 
and measurement datasets for each site. Among all stations, the QIA 
station showed the highest consistency, with correlation coefficients R of 
0.91 and 0.90 for GPP and ER, respectively. In contrast, the lowest R was 
found at the DIN station (RGPP = 0.70, RER = 0.87) because of the lowest 
similarity of the functional vegetation types simulated in this pixel with 
those confirmed at the corresponding station. In addition, the errors 
associated with the radiation data could have also influenced the ac-
curacy of the estimated carbon fluxes. Statistical indicators were 
calculated for each station, and the results indicated that the terrestrial 
ecosystem carbon fluxes were simulated well by the CLM 4.5 model 
(Table S2). Thus, this model can be used to explore the response of 
terrestrial ecosystem carbon fluxes to aerosols over China. 

3.2. Aerosol-induced direct radiative forcing 

Fig. 3 shows the seasonally averaged relative changes in radiation 
fluxes caused by aerosols in eight regions of China from 2001 to 2014, 
and the absolute aerosol radiative forcing is also exhibited in Figure S2. 
For all study areas, aerosols led to a significant increase in diffuse ra-
diation and diffuse fraction and a conspicuous decrease in direct radi-
ation and total radiation in all seasons. For diffuse radiation and 
fraction, the highest increases were determined in winter, with mean 
increases of 30.2% (~11.21 W m− 2) and 51.2% (~16.2%) compared to 
the no-aerosol scenario. The largest increases occurred in the northern 
region, which was up to 49.8% (14.46 W m− 2) and 73.3% (18.5%), 
respectively. Winter is the heating season in those areas, which mainly 
relies on fossil fuels during 2001–2004, causing abundant air pollutants 
(fine particles, NOX and SO2) to be generated and have positive impacts 
on diffuse radiation and factors. Furthermore, crop residue burning can 
also produce high levels of aerosol loading (Zhang et al., 2017). 
Remarkably, the positive effect was prominent in the northwestern area 
during autumn, which was caused by acute air pollution, and the change 
in diffuse radiation was approximately 20.03 W m− 2. For direct radia-
tion, the greatest weakening was found in the central region for all 
seasons due to the high aerosol loading here, especially in spring, where 
the direct radiation decreased by 17.4% (~21.43 W m− 2) because of 
aerosols. By comparison, the lowest negative impact existed in the 
Qinghai-Tibetan Plateau region, where it ranged from − 8.4% (− 29.94 
W m− 2) to − 6.2% (− 23.63 W m− 2) over four seasons. In addition, the 
changes in total radiation show coincident spatial distribution with 
those of direct radiation. Considerable reductions in total radiation were 
captured in the central (− 17.4% to − 12.6%), eastern (− 16.1% to 
− 11.1%) and northern (− 14.4% to − 11.5%) regions, which possess high 
levels of urbanization and industrialization (Li et al., 2016). In general, 
the cut of total radiation in summer and autumn was significantly lower 
than that in winter and spring, and the highest average value was 
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approximately − 12.9% in spring, as dust storm pollution occasionally 
covers most of China in this season and could have a serious negative 
impact on direct radiation, then total radiation would eventually 
decrease (Qian et al., 2002). In addition, since the total radiation fluxes 
in the Northern Hemisphere regions are higher in summer and spring 
than in other seasons, a higher reduction was also found in those sea-
sons, especially in the northern region, which suffers from serious air 
pollution, with a change of − 31.83 W m− 2 and -30.63 W m− 2, 
respectively. 

3.3. Response of carbon fluxes to aerosol radiative forcing 

The terrestrial ecosystem carbon cycle, especially ecosystem photo-
synthesis and respiration, is quite sensitive to aerosol-induced direct 
radiation forcing (Rap et al., 2018). Table 1 lists the annual mean carbon 
flux differences caused by aerosol-induced direct radiation forcing 
across China. Compared with the no-aerosols scenario, the GPP 
increased by approximately 3.20 gC m− 2 under the aerosol scenario in 
China as a whole. Meanwhile, AR and HR increased by 5.08 gC m− 2 and 
0.05 gC m− 2, respectively. In contrast, the NPP and NEP decreased 
significantly by 1.88 gC m− 2 and 1.93 gC m− 2, respectively. However, 
sharp spatial heterogeneities in the responses of carbon fluxes to ADRF 
existed across China. ADRF could significantly weaken GPP in the cen-
tral, eastern and Qinghai-Tibet regions, where its impacts were − 26.44 

gC m− 2, -30.45 gC m− 2 and -16.73 gC m− 2, respectively, while aerosols 
increased GPP by 12.12 gC m− 2 to 28.38 gC m− 2 in other regions. 
Similar distributions were found in ER, and the highest and lowest 
change was captured in the northern (26.44 gC m− 2) and eastern 
(− 27.94 gC m− 2) regions. The spatial variability is mainly caused by the 
differences in vegetation types and aerosol loadings. Especially for the 
Qinghai-Tibet region, the major vegetation function type introduced in 
CLM4.5 is C3 Arctic grass, which is quite fragile (Jiang et al., 2020). The 
photosynthesis of vegetation will be affected by the variations in envi-
ronmental conditions caused by a decrease in direct radiation, especially 
in the growing season of vegetation (summer). In contrast, forest and 
farmland ecosystems dominate in the central and eastern regions. 
Although the canopy structures of vegetation are conducive to the ab-
sorption and utilization of diffuse radiation increased by aerosols, the 
direct radiation loss caused by aerosols has more negative impacts on 
the photosynthesis of vegetation in the two regions. The drop in direct 
radiation will lead to a decrease in photosynthetically active radiation 
and light passing through the canopy, which could cause a reduction in 
the photosynthetic rates of sunlit leaves and shaded leaves. At the same 
time, the varieties of external hydrothermal conditions in different re-
gions will also cause changes in GPP. Notably, due to the diffusing 
fertilization effect, positive impacts of aerosols on NPP were captured in 
the northern, northeastern, northwestern and southwestern regions, 
ranging from 0.29 gC m− 2 to 14.84 gC m− 2. The leaf area index of 

Fig. 2. Density scatterplots of monthly averaged surface ground-observed and model-simulated radiation and carbon fluxes: (a)–(d) are total radiation, diffuse 
radiation, GPP and ER, respectively. The linear regression lines (red lines) and 1:1 lines (black lines) are also given. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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shaded leaves was much higher than that of sunlit leaves, which could 
absorb and utilize more diffuse radiation. Thus the positive influences 
were higher than the negative influence of ADRF on leaf photosynthesis 
in these regions. In addition, coincident variations in NEP and NPP were 
found in all areas, except for the northeastern and southwestern regions. 
The main reason for the inconformity between the two carbon fluxes was 
HR. Abundant microorganisms and nutrients existed in the soil, which 
could result in the high sensitivity of HR to variations in hydrothermal 
conditions caused by aerosols. 

Due to obvious seasonal variations in radiation fluxes, the impacts of 
ADRF on carbon fluxes also possess general seasonal pattern. Table S3 
lists the seasonally averaged differences in carbon fluxes caused by 
ADRF across China. Significant increases in GPP occur in autumn and 
summer. Especially in summer, the positive impact was 8.16 gC m− 2 

season-1, while the increases in NPP and ER were 3.85 gC m− 2 season-1 

and 4.12 gC m− 2 season-1, respectively. During this season, the en-
hancements of diffuse fraction are conducive to photosynthesis and 
referred to as diffusing fertilization effects. In addition, the decrease in 

direct radiation was relatively low, and these two effects collectively 
result in the accumulation of carbon in terrestrial ecosystems. In 
contrast, in winter and spring, ADRF had negative effects on GPP, which 
caused GPP to drop by 2.05 gC m− 2 season-1 and 5.21 gC m− 2 season-1 , 
respectively. In addition, inconsistencies in the responses of photosyn-
thesis and respiration to ADRF existed in China. Especially in spring, the 
impacts of ADRF on ER and HR were positive, while they were negative 
on NPP and NEP, with decreases of 3.32 gC m− 2 season-1 and 5.33 gC 
m− 2 season-1 , respectively. This indicates that the indirect effects of 
changes in environmental variables caused by ADRFs on terrestrial 
ecosystems in China may be stronger than the diffusing fertilization 
effects caused by ADRFs. 

Fig. 4 shows the spatial distributions of relative differences of carbon 
fluxes caused by ADRF across China for four seasons. In most areas, 
ADRF can promote vegetation photosynthesis in summer and autumn. 
Especially in summer, the highest increases appear in the northwestern 
region; compared with the no ADRF scenarios, GPP increases by 
approximately 12.2%. In contrast, ADRF will limit vegetation photo-
synthesis in winter across large areas of China, except for the southern 
and southwestern regions. During this season, most areas of China were 
exposed to high aerosol loading, as a result the direct radiation used for 
photosynthesis was largely lost. Furthermore, vegetation has completed 
the defoliation process in winter, and a low leaf area index is not 
conducive to the absorption of diffuse radiation, which will eventually 
lead to a decrease in GPP, NPP and NEP. Notably, significant losses of 
GPP were determined in the Qinghai-Tibet region for the four seasons, 
with a range from − 8.0% to − 2.2%. C3 Arctic grass is the main vege-
tation function type in this area. This vegetation function type possesses 
the characteristics of a small leaf area index, simple vegetation struc-
tures and low photosynthetic intensity, resulting in high sensitivity to 
radiation changes. As mentioned in section 3.2, aerosols caused a sig-
nificant drop in total radiation in this region; thus, photosynthesis may 
be limited. The results indicated that the decrease range of NPP (NEP) in 

Fig. 3. The seasonally averaged relative changes in radiation fluxes caused by aerosols from 2001 to 2014 over China. (a)–(d) was Spring (Mar-Apr-May), summer 
(Jun-Jul-Aug), autumn (Sep-Oct-Nov) and winter (Dec-Jan-Feb), respectively. 

Table 1 
Annual averaged differences in carbon fluxes caused by ADRF in China.  

Region GPP (gC 
m− 2) 

NPP (gC 
m− 2) 

NEP 
(gC 
m− 2) 

ER (gC 
m− 2) 

AR (gC 
m− 2) 

HR (gC 
m− 2) 

Central − 26.44 − 18.88 − 6.33 − 20.11 − 7.56 − 12.55 
Eastern − 30.45 − 24.44 − 2.51 − 27.94 − 6.01 − 21.93 
Northern 28.35 14.84 1.91 26.44 13.51 12.93 
Southern 13.56 − 20.63 − 0.12 13.68 34.19 − 20.51 
Qinghai Tibet − 16.73 − 9.43 − 3.53 − 13.2 − 7.30 − 5.90 
Northeastern 17.03 8.73 − 3.72 20.75 8.30 12.45 
Northwestern 16.07 8.99 2.42 13.65 7.08 6.57 
Southwestern 12.12 0.29 − 4.59 16.71 11.83 4.88 
China 3.20 − 1.88 − 1.93 5.13 5.08 0.05  
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the Qinghai-Tibet region was from − 4.9% to − 2.4% (− 9.5% to − 1.6%). 
For respiratory fluxes, almost all regions had negative responses to 
ADRFs in winter, and more intense effects were found on HR than on AR. 
Especially in the northern region, the effect was approximately − 5.1%. 
According to the principle of energy conservation, due to the reduction 
in total radiation, energy reaching the ground is also reduced. It will 
lower the surface temperature, thus limiting ecosystem respiratory 
intensity. 

From 2001 to 2014, aerosol loading exhibited a trend of increasing 
early and then decreasing later across China (Xue et al., 2020a). 
Meanwhile, ADRF also varied during this period, which could cause 
temporal variations in the effects on carbon fluxes. Fig. 5 shows the 
temporal trends of carbon flux changes caused by ADRF across China 
from 2001 to 2014. The temporal trends for the three phases were 
calculated in this study, including 2001–2007, 2008–2014 and 
2001–2014. Overall, the variation in the effect on GPP was insignificant, 
with a trend of − 0.10 gC m− 2 year− 1 (p > 0.1). A statistically significant 
temporal trend was observed in 2001–2007 due to the enhancement of 
diffusing fertilization effects, with an increasing trend of 3.47 gC m− 2 

year− 1 (p < 0.01). In contrast, a decreasing trend of the changes in GPP 
was captured after 2007, with a trend of − 1.51 gC m− 2 year− 1 (p > 0.1), 

which indicated that the reduction in ecosystem production caused by 
the decrease in direct radiation exceeded the enhancement caused by 
the diffusing fertilization effect. However, due to the interference of 
respiratory fluxes, the temporal trends of NPP and NEP did not reach the 
statistical significance level for those three phases. For respiration 
fluxes, the temporal trend for the changes in ER caused by ADRF 
significantly increased from 2001 to 2007 by 2.93 gC m− 2 year− 1 (p <
0.01), while it was 2.19 gC m− 2 year− 1 (p < 0.01) from 2008 to 2014. 
Compared with HR, AR contributed more to this variation, with trends 
for 2001–2007 and 2008–2014 of 3.10 gC m− 2 year− 1 (p < 0.01) and 
− 1.49 gC m− 2 year− 1 (p < 0.01), respectively. 

3.4. Changes of soil water and heat conditions 

Because we selected the offline method for the CLM4.5 simulation, 
the atmospheric parameters are forced every 6 hours; therefore, the 
simulation process will cover up its impact on air environmental vari-
ables. Although environmental variables, e.g., 2-m humidity and wind 
speed, will change due to the variation in radiation fluxes, significant 
differences exist compared with the coupled model, which can only be 
performed for qualitative analysis. Therefore, we only conduct 

Fig. 4. The spatial distributions of relative carbon flux differences caused by ADRF across China from 2001 to 2014. (i) – (iv) for spring, summer, autumn and winter; 
(a)–(f) for GPP, NPP, NEP, ER, AR and HR, respectively. 
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quantitative analysis for the environmental parameters involved in the 
land surface processes, which includes soil temperature in the top 0.1 m 
of soil (unit: K) and volumetric soil water (unit: mm3 mm− 3). In the 
CLM4.5 model, the soil layer was divided into 15 layers (from 0 to 40.10 
m). Here, we only calculated the total soil water content of the top five 
layers, and the specific structures are listed in Table 2. 

Fig. 6 shows the changes in soil water and heat conditions caused by 
ADRFs in China. Due to the cooling effects of aerosols (Krishnan and 
Ramanathan, 2002), negative impacts on soil temperature were 
observed, and significant numerical spatial heterogeneities existed 
across China. Overall, the northern region exhibits the most intense 
temperature response, with average reductions in the soil temperature 
of approximately 0.92 ± 0.18 K. In contrast, due to the low aerosol 
loading, the changes in southern regions were lowest, with a decrease of 
0.31 ± 0.13 K. Notably, the Qinghai-Tibet region expressed a large drop 
in soil temperature, which was approximately 0.66 ± 0.11 K. In this 
area, temperature is one of the main limiting factors for vegetation 
growth, and a decrease in soil temperature will inevitably lead to a 
weakening of photosynthesis. However, from another perspective, the 
cooling effect caused by aerosols will curb global warming processes. 
Meanwhile, following the rules of the Clausius Clapeyron equation, due 
to the decreases in radiation and temperature, the saturated vapor 
pressure of water vapor will decrease, which leads to a reduction in 
evaporation, eventually resulting in an increase in volumetric soil water. 
Due to the high moisture content of the soil in the central and eastern 
regions, the disturbances of ADRF for volumetric soil water are greater 
here, which express relatively high increases of 0.057 ± 0.013 mm3 

mm− 3 and 0.050 ± 0.013 mm3 mm− 3, respectively. In contrast, a slight 
change existed in the northwestern region, with an increase of approx-
imately 0.017 ± 0.004 mm3 mm− 3. In addition, although the soil 
moisture content in the southern area was higher, because of the low 

aerosol loading, the impact on volumetric soil water by ADRF was also 
low, which was 0.024 ± 0.006 mm3 mm− 3. 

The changes in the soil water and heat conditions can also affect 
carbon fluxes. To explore their relationship, we calculated the temporal 
correlation coefficients (r) among them from 2001 to 2014. Fig. 7 ex-
presses the relationship for the changes in soil temperature, volumetric 
soil water and carbon fluxes induced by ADRF in the eight regions. Due 
to the significant differences in environmental sensitivity of ecosystems 
across each region, three relationships existed in China: strong corre-
lation (northeastern region), moderate correlation (eastern, southern, 
northwestern and southwestern region) and weak correlation (central, 
northern and Qinghai Tibet region). In the northeastern region, photo-
synthesis and respiration were considerably impacted by soil water and 
heat conditions. Compared with volumetric soil water, the changes in 
soil temperature are more correlated with photosynthetic fluxes. In 
terms of time series, significant negative correlations were captured for 
GPP and NPP, with r values of − 0.60 (p < 0.05) and − 0.60 (p < 0.05), 
respectively. In contrast, respiratory flux was more sensitive to volu-
metric soil water, with significant positive correlations of 0.64 (p <
0.05) between AR and volumetric soil water. This area is located at high 
latitudes, and temperature and radiation play a critical role in vegeta-
tion growth. In addition, those effects could also alter the exchange of 
CO2 here. For the moderate-correlation regions, the influences of tem-
perature were dominant in all regions, and only a significant positive 
correlation was captured in the northwestern region between AR and 
volumetric soil water, with an r of 0.52 (p < 0.1). Arid and semiarid 
areas in China are mostly distributed in this region, and water is one of 
the main limiting factors for vegetation growth; therefore, the 
enhancement of soil water promoted the carbon flux increase here. In 
other moderate-correlation regions, the highest temporal correlation 
coefficients were all captured between soil temperature and ER, which 
were − 0.65 (p < 0.05), − 0.80 (p < 0.01) and − 0.59 (p < 0.05) in the 
eastern, southern and southwestern regions, respectively. For weakly 
correlated regions, none of the responses of photosynthesis and respi-
ration to soil water and heat conditions were statistically significant in 
the Qinghai-Tibet region, which indicated that the changes in soil water 
and heat conditions were not crucial factors for carbon flux changes. In 

Fig. 5. The temporal trends of deseasonalized monthly responses of carbon flux to aerosol radiative forcing anomalies over China from 2001 to 2014. (a)–(f) GPP, 
NPP, NEP, ER, AR and HR, respectively. The red, blue and black lines denote the trends from 2001 to 2007, 2008–2014 and 2001–2014, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
The structure of soil layers in CLM4.5 model. (unit: meter).   

Layer1 Layer2 Layer3 Layer4 Layer5 

Depth at layer interface 0.0175 0.0276 0.0455 0.0750 0.1236 
Soil column 0.0175 0.0451 0.0906 0.1655 0.2891  
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this region, C3 arctic grass is the major vegetation functional type as 
descripted in CLM4.5, which is fragile and sensitive. Therefore, the 
direct effects of ADRF are more obvious here than the indirect effects 
(changes in soil water and heat conditions) on terrestrial ecosystem 
carbon fluxes. 

4. Discussions 

Due to the changes in soil water and heat conditions, N2O and CH4 
production in soil will also be altered. Figure S3 shows the changes in 
N2O and CH4 production caused by ADRF in eight areas across China. 
ADRF can increase CH4 production in all regions, especially in the 
northeastern region, with an annual mean enhancement of approxi-
mately 0.045 TgC. For the changes in N2O, in general, ADRF will cause it 
to increase significantly in most areas across China, which covered the 
range of 0.000–0.015 TgN year− 1. However, it decreased in the south-
western and central regions. Then, based on the method of IPCC 5 

introduced in section 2, we calculated the variations in GWPs for 
greenhouse gases in the next 100 years. Fig. 8 shows the changes of CH4 
and N2O GWPs caused by ADRFs in China. In general, ADRFs will 
enhance both the CH4 and N2O GWP across China. Although the change 
in CH4 release was greater than that of N2O, due to the greater warming 
effects, the GWP of N2O was higher, with changes in the GWP of 17.82 
Tg CO2 equivalent year− 1 and 3.01 Tg CO2 equivalent year− 1, respec-
tively. The CH4 GWP, due to the ADRF, has increased in all regions of 
China. The highest increase was captured in the northeastern region, 
which increased by approximately 1.69 Tg CO2 equivalent year− 1, ac-
counting for 56.1% of the whole GWP in China. The contents of soil 
organic matter and microorganisms are high in this area, and the in-
crease in soil water content caused by ADRF leads to the enhancement of 
anaerobic respiration and methane production. In addition, this area is 
one of the main rice growing areas in China, where large amounts of 
methane will be released. In addition, the changes of the CH4 GWP in the 
Qinghai-Tibet region is also high, accounting for approximately 14.6% 

Fig. 6. The responses of soil water and heat conditions to ADRF among the eight study areas from 2001 to 2014. (a)–(b) are soil temperature and volumetric soil 
water; CC, EC, NC, SC, QT, NEC, NEC and SWC represent the central, eastern, northern, southern, Qinghai Tibet, northeastern, northwestern and southwestern 
regions, respectively. 

Fig. 7. The relationships between the changes in soil water and heat conditions and carbon fluxes induced by ADRFs across China. (a)–(b) Soil temperature and 
volumetric soil water; *, ** and *** indicate confidence at the 90%, 95% and 99% levels, respectively. 
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of all. In contrast, the changes in CH4 GWP in the southern region were 
smaller, with a proportion of only 1.3%. However, the change in N2O 
GWP was high in this region, at 5.93 Tg CO2 equivalent year− 1. Similar 
high changes existed in eastern areas, and the positive effects on N2O 
GWP caused by ADRF were 6.32 Tg CO2 equivalent year− 1. In contrast, 
negative effects were found in the central and southwestern regions, 
with changes of − 0.09 Tg CO2 equivalent year− 1 and -2.89 Tg CO2 
equivalent year− 1. From the aspect of results, the influences of ADRF on 
CH4 and N2O GWP mainly depend on two aspects, i.e., aerosol loading 
and vegetation functional types. 

In our work, the Community Atmosphere Model (CAM) has not been 
coupled, and aerosol-induced indirect radiation effects, e.g., variations 
in precipitation, ambient temperature and humidity, are not considered 
in this study. However, almost all previous coupling results show that 
aerosols can cause cooling effects (Jim, 2005; Unger et al., 2017; Zhang 
et al., 2019). This indicates that the global warming effect of CH4 and 
N2O production caused by the direct radiation effect of aerosols will 
eventually be offset by the indirect radiation effect of aerosols. 

5. Conclusions 

In this work, the influences of aerosol-induced direct radiation 
forcing on carbon fluxes from 2001 to 2014 across China were investi-
gated. First, we used the Fu-Liou radiation transfer model to simulate the 
radiation fluxes across China from 2001 to 2014, and the results show 
that the Fu-Liou model is accurate in estimating radiation fluxes (R2 =

0.79–0.88) across China. In addition, radiation fluxes under the no- 
aerosol scenario are estimated according to this model. Through the 
comparison of radiation fluxes under two scenarios, the ADRF was 
estimated. The results indicated that aerosols can significantly reduce 
direct radiation and enhance diffuse radiation, especially during winter. 
Furthermore, due to the differences in aerosol loading, significant 
spatial heterogeneity of ADRF was captured in China. Afterward, to 
evaluate the impacts of ADRF on carbon fluxes of terrestrial ecosystems, 
we used the results of the Fu-Liou model under aerosol and no-aerosol 
scenarios to modify the atmospheric forcing datasets. Then, combined 
with the CLM4.5 model, the carbon fluxes under those two scenarios are 
also estimated. The simulated carbon fluxes under the aerosol scenario 
also show high consistency with the ground observations (R2 =

0.73–0.75). Comparative analyses show that ADRF can cause diffusing 
fertilization effects in most areas of China, resulting in 3.20 gC m− 2 and 
5.13 gC m− 2 increases in GPP and ER in terrestrial ecosystems per year, 
respectively, especially in the northern region. In contrast, due to high 
aerosol loading in central China, the loss of GPP caused by a decrease in 
direct radiation is greater than that of diffusing fertilization effects. 

However, changes in aerosol types and loadings also lead to significant 
seasonal heterogeneity, and temporal variations in diffusing fertilization 
effects exist in China. Almost all carbon flux changes caused by ADRFs 
first increased and then decreased in China from 2001 to 2014. 
Furthermore, to explain the potential impact mechanism between ADRF 
and carbon fluxes, the soil temperature and volumetric soil water are 
also simulated under those two scenarios. ADRF can reduce soil tem-
perature and enhance volumetric soil water, which are closely related to 
changes in carbon fluxes. Among most regions, the responses of respi-
ration and photosynthesis fluxes to ADRF are more sensitive to soil 
temperature. Finally, due to the changes in soil water and heat condi-
tions, the production of CH4 and N2O in the soil generally increases, 
resulting in an increase in CH4 and N2O global warming potential. 
Therefore, the reasonable control of atmospheric aerosol pollution in 
China has important implications for alleviating global warming and 
peaking carbon dioxide emissions before 2030 and achieving carbon 
neutrality before 2060. 
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