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Abstract

China experienced heavy aerosol pollution in recent years. The aerosol pollution might change surface solar radiation and impact
the land carbon cycle in China. Therefore, we combined the MODIS Atmosphere and Land products with process-based model
to evaluate the sensitivity of GPP to AOD in different spectral bands under all-sky and cloudless conditions and the effects of
current aerosol loadings on GPP at site level. Our results indicated that the radiative effects of aerosols on GPP varied with the
vegetation type, which is consistent with other studies. We also found that the radiative effects of aerosols on GPP varied with
the spectral bands. Cloud restrains the effects of aerosols on growth of plants. Current aerosol loadings fertilized the growth
in two forest growth and slightly impede the growth of grass. The results in this paper could be help to fully understand the

influences of aerosol on land carbon cycle.
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Key Points:

® MODIS Atmosphere and Land products combined with the process-based model
were used to accurately evaluate the aerosol effects to GPP.

® The aerosol radiative effects on GPP not only varied with vegetation type but also
varied with spectral regions.

® Cloud restrains the effects of aerosols on growth of plants.
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Abstract

China experienced heavy aerosol pollution in recent years. The aerosol pollution
might change surface solar radiation and impact the land carbon cycle in China.
Therefore, we combined the MODIS Atmosphere and Land products with
process-based model to evaluate the sensitivity of GPP to AOD in different spectral
bands under all-sky and cloudless conditions and the effects of current aerosol
loadings on GPP at site level. Our results indicated that the radiative effects of
aerosols on GPP varied with the vegetation type, which is consistent with other
studies. We also found that the radiative effects of aerosols on GPP varied with the
spectral bands. Cloud restrains the effects of aerosols on growth of plants. Current
aerosol loadings fertilized the growth in two forest growth and slightly impede the
growth of grass. The results in this paper could be help to fully understand the

influences of aerosol on land carbon cycle.

Plain Language Summary

Due to the heavy aerosol pollution in China, understanding and quantifying the
aerosol direct effect on plants GPP is very important in this region. To achieve this
goal, MODIS Land and Atmosphere products combined with the process-based model
were used. We firstly found the aerosol radiative effects on GPP not only varied with
the vegetation types but also varied with the spectral regions, such as PAR and NIR.
We also found that the cloud will weak the aerosol effects on GPP. The result cloud

help for understanding the aerosol effects on land carbon uptake.
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1. Introduction

Atmospheric aerosols contain varieties of shapes, compositions, sizes and optical
properties [Hinds, 1999]. Until now, aerosol still is one of the largest uncertainties in
climate studies [Field et al., 2014]. Aerosols can affect the climate changes through
direct [Yu, 2004]and indirect effects [Huang et al., 2006; Zamora et al., 2017]. The
direct effect is that aerosols can affect the atmospheric radiative balance through
absorbing and scattering the solar radiation [Chou et al., 2006; Qian et al., 2007].
Solar radiation is an essential factor for plants photosynthesis. The disturbance of
solar radiation can affect plant physiological processes in two ways. First, the
increasing aerosol loadings can reduce total solar radiation [Eck et al., 2013]. Second,
the increasing aerosol loadings could also increase the diffuse radiation [Ceamanos et
al., 2014]. Increased fraction of diffuse radiation could enhance photosynthesis to
some extent [Yamaguchi and lzuta, 2017]. This was called as the diffuse radiation
fertilization effect [Mercado et al., 2009].

Previous studies of aerosol effects on plant productivity have been conducted in
many regions [Cohan et al., 2002; Ezhova et al., 2018; O'Sullivan et al., 2016; Rap et
al., 2018; X. Yue and Unger, 2017]. Cohan et al. [2002] found that soybean net
primary productivity (NPP) peaks under moderately thick aerosol loadings using
multilayer canopy model. Niyogi et al. [2004] indicated that CO, sink increased with
aerosol loadings for forest and crop land, and decreased for grassland through
analyzing multi-site observations. Misson et al. [2005] showed that the increase in
diffuse radiation due to aerosol can increase by 8% of CO, net uptake. Cirino et al.
[2014] found that the aerosol effect accounted an approximate 20% increase in net
ecosystem exchange (NEE) in Amazon. Strada et al. [2015] found that high aerosol
optical depth (AOD) enhanced plant productivity by 13% in deciduous forests and
had no significant effects on cropland and grassland using the satellite and surface
measurements. Ezhova et al. [2018] also observed larger increase in GPP for
coniferous and mixed forest. Xu Yue and Unger [2018] also found that aerosol

increased GPP by 0.05 + 0.30 Pg C yr .
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China suffered heavy polluted conditions in recent years [Zhang et al., 2015;
Zhang et al., 2019b]. The comprehensive understanding of aerosol climatology and
their effects over China is very import for evaluating the global role of aerosol in
environmental, climatic and terrestrial problems [Liu et al., 2009; Tang et al., 2014; X
X Tie and Cao, 2009; Wu et al., 2014]. Most of the research focused on investigating
the aerosol effect on environmental and climatic problems. Only few studies
investigated the effects on ecosystem in China [X Tie et al., 2016]. Chameides et al.
[1999] estimated the influence of aerosol pollution on crop yields by using coupled
regional climate and air quality model. X Tie et al. [2016] investigated the effect of
regional haze pollution on rice and wheat over China using satellite measurements
and empirical model. X. Yue and Unger [2017] also access the radiative effects of
aerosol pollution using combined vegetation and radiation model.

However, most of these studies used the aerosol from reanalysis data or simulated
by model. Although they can reflect the general spatial and temporal variations of
aerosols, the AOD was largely underestimated [Che et al., 2019]. What is more, these
studies are mainly investigate the aerosol radiative effects on plants growth at
300-700 nm or 300-4000nm wavelength. Therefore, there are still large uncertainties
in evaluating the influence of aerosols on land carbon uptake and the radiative effects
at different spectral wavelengths in GPP is still unclear.

The objective in this study is to evaluate the aerosol direct effects on terrestrial
gross primary productivity at site level over China, especially for different spectral
wavelengths. We used Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART) model and Breathing Earth System Simulator (BESS) to access the
current aerosol pollution direct effects on GPP at 10 FLUXNET sites in China. Firstly,
we perform sensitivity experiments to investigate the sensitivity of GPP to AOD
under all-sky and cloudless conditions for each site. Then, we simulate the GPP with
and without aerosol. In addition to photosynthetically active radiation (PAR), we also
consider the effect of near-infrared radiation (NIR). Section 2 describes the satellite
Atmosphere and Land products, radiative transfer model, and process-based model

used in this paper. Section 3 shows the results of sensitivity experiments. The effects
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of PAR and NIR induced by aerosol are shown in Section 4. Section 5 summarizes

and discusses the main results.

2. Data and methods

2.1 FLUXNET data

FLUXNET was established to monitor the temperature, humidity, wind speed,
rainfall, and atmospheric carbon dioxide using the ground-based instruments and the
data from FLUXNET can be used as a reference to validate the satellite and model
data. We used 10 FLUXNET stations to examine the GPP products from BESS model.
Table 1 shows the specific information of these FLUXNET sites. Here, the
GPP_NT_VUT_REF in FLUXNET2015 dataset was used.

Table 1. The locations and surface type of FLUXNET in China.

Station name Surface type Latitude Longitude
CN-Cha MF 42.4025 128.0958
CN-Cng GRA 44.5934 123.5092
CN-Dan GRA 30.4978 91.0664
CN-Din EBF 23.1733 112.5361
CN-Du2 GRA 42.0467 116.2836
CN-Du3 GRA 42.0551 116.2809
CN-Ha2 WET 37.6086 101.3269
CN-HaM GRA 37.37 101.18
CN-Qia ENF 26.7414 115.0581
CN-Sw2 GRA 41.7902 111.8971

2.2 MODIS products

In this paper, MODIS data were used to calculate the PAR (300-700 nm) and NIR
(700-4000 nm). We used MODIS Atmosphere and Land products, including solar
zenith angle (MODOQ7), cloud optical thickness (MODO06), white-sky albedo and
black-sky albedo for visible and near infrared albedo (MCD43C3), aerosol optical
depth (MCD19A2), total ozone burden (MODOQ7), and total column precipitable water
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vapor (MODO7). The station values were extracted from the nearest pixels around the
FLUXNET station in the MODIS products. Because the high accuracy of Multi-Angle
Implementation of Atmospheric Correction (MAIAC) AOD [Martins et al., 2017,
Zhang et al., 2019a], the data were selected to accurately simulate the radiative effects
induced by the aerosols in this paper.
2.3 SBDART model

Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model was
developed by Institute for Computational Earth System Science, University of
California in 1998. The model was designed for processing and analyzing radiative
transfer problems of satellite remote sensing and atmospheric energy balance. The
model can be used for calculating the radiation reached at the surface under both
all-sky and cloudless days [Ricchiazzi et al., 1998]. This model considers all the
important absorption and scattering processes which affects UV, visible and infrared
radiation. SBDART can calculate the radiance reached at the surface from 0.2pum to
100pum with an interval of 5Snm-200nm. SBDART has been used for many researches
and good performance was shown [Frouin and Murakami, 2007; Nagorski et al., 2019;
Wong et al., 2008]. The aerosol type was set as rural aerosol. In this study, SBDART
model was used to simulate the radiance at ground surface.
2.4 BESS model

In this paper, process-based model was used because it is able to provide response
to environment changes, such as global warming and elevated carbon dioxide. The
Breathing Earth System Simulator (BESS) is a simplified process-based model, which
can simulate the canopy carbon and water fluxes, and quantified the PAR and NIR
effects for sunlit and shade leaves. The model was developed by Ryu et al. [2018] and
integrated with remote sensing data. The model can take full advantages of MODIS
products [Jiang and Ryu, 2016]. Ryu et al. [2011] and Jiang and Ryu [2016] evaluated
the performance of BESS model using FLUXNET observations and the results
indicated that the model simulations were comparable with FLUXNET observations
and MPI-BGC products. The BESS model code can be freely obtained from the

environmental ecology lab in Seoul national university
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(http://environment.snu.ac.kr/bess_flux/). Some input data for FLUXNET sites were
also included in the package. To investigate the aerosol radiative effects on GPP, we
did four experiments (Table 2).

Table 2. Experiments design for this study.

Experiments Description

El GPP simulated without aerosol for PAR calculation and without
aerosol for NIR calculation

E2 GPP simulated with aerosol for PAR calculation and without aerosol
for NIR calculation

E3 GPP simulated without aerosol for PAR calculation and with aerosol
for NIR calculation

E4 GPP simulated with aerosol for PAR calculation and with aerosol for

NIR calculation

3. BESS simulation and FLUXNET GPP comparison

Firstly, we evaluate the accuracy of GPP simulated by BESS model. Due to the
comprehensive validation studies of BESS simulation [Jiang and Ryu, 2016; Ryu et
al., 2011], here we only validate the general performance of BESS simulation in
China. Figure 1 shows the scatter plots of FLUXNET GPP observations against BESS
GPP simulations. The black line is the one-to-one line. These scatters are distributed
around the line. The sample size is about 1550 with R? of 0.552. Most of GPP values
range from O to 1. This is might due to the low GPP in GRA FLUXNET sites. The
RMSE is about 1.686. The GPP simulations from BESS are a little larger than
FLUXNET GPP observations.
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Figure 1. Scatter plots of BESS GPP simulations and FLUXNET measurements

(black line represents the 1:1 line).
4. Sensitivity of GPP to AOD at FLUXNET sites

In order to evaluate the sensitivity of GPP to AOD, AOD from 0 to 3 at an interval
of 0.1 was set for all days during 2002 to 2015. The PAR and NIR was calculated
using SBDART with different AOD bins. Then, the GPP can be obtained through
BESS model with a series of PAR and NIR. For each AOD bin, we did four
experiments (Table 2). Figure 2 shows the variations of GPP with the increasing AOD.
Yellow line means that only aerosol radiative effects in NIR was considered (E3-E1).
Red line shows that only aerosol radiative effects in PAR was calculated for accessing
the aerosol effects on GPP (E2-E1). Blue line represents that aerosol radiative effects
in both NIR and PAR were included (E4-E1). The aerosol effects in NIR have little
impacts on GPP over grassland and the GPP decreases with the increasing AOD in
this kind of surface type. For forest sites, the aerosol effects in NIR is able to enhance
the GPP and the fertilization of the aerosol effects in NIR increases with the aerosol
loadings. Fertilization of aerosol effects in PAR can be found when the AOD is lower
than 0.4/0.6 for two forest FLUXNET station. If the AOD>0.4/0.6, the fertilization of
aerosol effects in PAR will decrease with AOD. Considering the aerosol effects in
both PAR and NIR, the maximum GPP can be found when the AOD is 0.5 for CN-Din
and 0.7 for CN-Qia. The aerosol could hinder the growth of forest when AOD is
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greater than 1.4 for CN-Din and 2.1 for CN-Qia.

To evaluate the effects of cloud on the interaction of aerosol and plants, we also
examine the sensitivity of GPP to AOD over cloudless conditions. In this situation, we
assumed that there is no cloud during the whole study period. Figure 3 illustrates the
sensitivity of GPP to AOD under cloudless condition. Compared with cloudy
conditions, higher GPP is shown for all FLUXNET stations. For mixed forest site, the
GPP increases with the aerosol loadings when the AOD is lower than 0.4 and then the
GPP decreases with the AOD. This trend cannot be simulated in all-sky conditions.
For grass stations, little differences of GPP decreasing trends between all-sky and
cloudless conditions are found. However, the variations of GPP are larger under
cloudless conditions than that under all-sky conditions. When we only consider the
aerosol effects in PAR, the maximum GPP can be found when AOD is 0.8 for CN-Din
and 1 for CN-Qia. The fertilization effects of aerosols in NIR are shown in both clear
days and hazy days. The GPP rises from ~3.6 to ~3.9 gCm™d™ for CN-Din and from
~3.9 to ~4.2 gCm™d™* for CN- Qia. Considering aerosol effects in both PAR and NIR,
maximum GPP can be found when AOD is 1 and 1.2 for EBF and ENF site. When the
AOD is higher than 1-1.2, the GPP start falling. However, the fertilization effects still
exist when the AOD reach to 3.
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Figure 2. The sensitivity of GPP to AOD at ten FLUXNET sites (yellow line, red line,
and blue line represent the effects of NIR, PAR, and all bands).
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Figure 3. Same as Figure 2, but for cloudless condition.
5. The effects of aerosol pollution on GPP

To evaluate the radiative effects of current aerosol pollution on GPP, we used the
MAIAC AOD, which is the most accurate aerosol products. Table 3 shows the effect
of current aerosol loadings on GPP at FLUXNET sites in China. The result indicates
that the effects of aerosol in PAR band reduce the growth of grass and mixed forests
and enhance the growth of both EBF and ENF. The effects of aerosols on GPP in NIR
is positive in EBF and ENF. Little impacts of aerosols on GPP in NIR are shown in
MF, GRA, and WET FLUXNET sites. For effects of PAR, largest variation is shown
in CN-Qia. For effects of NIR, most significant variation is shown in CN-Din. In all,
the effects of current aerosol loadings on GPP is negative in MF, GRA, and WET, and
positive in EBF and ENF.

Table 3. The multi-year effects of current aerosol pollutions on GPP at ten FLUXNET

sites.

Station name | PAR NIR PAR and NIR
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CN-Cha -0.0915 | 0.0019 -0.0891
CN-Cng -0.0788 | -0.0020 -0.0788
CN-Dan -0.0073 | -0.0001 -0.0074
CN-Din 0.0643 | 0.0397 0.1042
CN-Du2 -0.0800 | 0.0006 -0.0790
CN-Du3 -0.0990 | -0.0003 -0.0993
CN-Ha2 -0.1428 | 0.0016 -0.1412
CN-HaM -0.0580 | -0.0001 -0.0581
CN-Qia 0.1688 | 0.0186 0.1867
CN-Sw2 -0.0112 | -0.0001 -0.0113

Table 4. The seasonal effects of current aerosol pollution on GPP at ten FLUXNET

sites.

6. Discussion and conclusions

In this paper, we used the MODIS Atmosphere and Land products combined with
the process-based model to test the sensitivity of GPP on AOD in all-sky and
cloudless conditions and accurately evaluate the current aerosol loadings on terrestrial
carbon fluxes in China. We found that the aerosol radiative effects on GPP not only
varied with vegetation type but also varied with the spectral regions. The difference of
aerosol effects in vegetation types are widely acknowledged [Ezhova et al., 2018;
Niyogi et al., 2004]. However, the aerosol radiative effects on GPP in different
spectral regions were seldom reported in our knowledge. The differences in spectral
regions are because they have different features in atmospheric and canopy radiative
transfer. In atmosphere, the magnitude of NIR influenced by aerosols is smaller than
that of PAR [Hatzianastassiou et al., 2007]. In addition, the photons are scattered
more in the NIR region than PAR within the canopy [Ryu et al., 2011]. These are the
two mainly reasons for the difference of aerosol effects on GPP in PAR and NIR.

The estimation in this paper is highly dependent on the capacity of the BESS
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model. Therefore, we assessed the performance of BESS GPP simulations against
FLUXNET observations in China. The GPP simulated by FLUXNET can agree with
the ground-based measurements well (R?>0.55). The satellite AOD is also one of the
uncertainties for simulating the radiative effects of aerosols. Previous study has
demonstrated that the MAIAC aerosol products are highly consistent with the
ground-based measurements in China (R>0.92) [Zhang et al., 2019a]. The accuracy of
MAIAC AOD is higher than model simulations [Sun et al., 2019]. Therefore, we
consider our results have high accuracy in simulating the aerosol radiative effects.
Here, we only considered the aerosol radiative effects and ignored the environment
effects of aerosols, such as temperature, vapor pressure deficit (VPD) and
precipitation. Huang et al. [2006] examined the impacts of aerosols on surface
temperature and found that the diurnal temperature range decreases by -0.7°C over the
industrialized regions in China. Lee et al. [2014] estimated that the precipitation
reduction is about 40% due to the effects of absorbing aerosols. However, these
papers also showed that the confidence of the result is limited by the uncertainties in
modelling cloud physics. In addition, the ground-based measurements of
aerosol-precipitation and aerosol-temperature interactions are still very limited and
hardly to find a consistent conclusion. Therefore, only aerosol radiative effects were
considered.

Although there are still some uncertainties, we firstly showed that aerosol
radiative effects on GPP varied with vegetation type and spectral band. For NIR
(700-4000 nm), little impacts of aerosols were shown over grass and wet land, while
the forest GPP monotonously increased with the aerosol loadings when the AOD is
lower than 3. For PAR (300-700), The GPP in grass land decreased with the AOD and
the forest GPP firstly increases with the AOD and then decreased. The clouds play an
important role in the aerosols-plants interaction and they restrain the effects of
aerosols on growth of plants. The conclusion in this study can be used for fully

understanding the effects of aerosol on land carbon uptake.
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