
1.  Introduction
The rapid increase in anthropogenic aerosols has significantly decreased incoming total solar radiation over 
the past few decades (Qian et al., 2006; Wang et al., 2009; Yang et al., 2018). On the other hand, aerosols 
also increase the fraction of diffuse radiation due to the strong scattering effect (Mahowald et al., 2011). The 
decreasing total incoming radiation and the increasing diffuse radiation have opposite effects on photosyn-
thesis, and the combined outcome could differ among various terrestrial ecosystems. Crops are generally 
light-demanding species and croplands could be more sensitive to radiation regime changes than other 
ecosystems. Therefore, the combined effects of aerosols on photosynthesis and crop yields are crucial for 
understanding how agricultural ecosystems respond to global change as well as assessing food security 
under different pollution scenarios.

Abstract  Aerosols can affect crop photosynthesis by altering radiation and meteorological conditions. 
By combining field observations, mechanistic modeling, and satellite-retrieved solar-induced chlorophyll 
fluorescence (SIF), we assessed aerosols' impacts on crop photosynthesis from leaf to regional scale. We 
found that the initial increase in aerosol optical depth (AOD) enhanced photosynthesis of sun leaves, 
shade leaves, and canopy, which reached their maximum at AOD = 0.76, 1.13, and 0.93, respectively, and 
then decreased. Aerosol-induced changes in radiation regime and the concurrent high relative humidity 
led to such nonlinear responses. Similarly, the SIF of croplands in the North China Plain (NCP) also 
showed a bell-shaped response to aerosols. The optimal AOD level at which SIF reached the maximum 
value varied from 0.56 to 1.04, depending on the background meteorological conditions. Approximately 
76%–90% of the NCP exceeded the optimal AOD level, suggesting that stringent aerosol pollution control 
could promote cropland productivity in this region.

Plain Language Summary  High aerosol loading could produce either a positive or negative 
impact on crop photosynthesis. However, experimental tools for manipulating aerosol loading in the 
field are lacking, creating significant uncertainty in assessing the impact of aerosols on crop yields. The 
cyclical fluctuations in aerosol loading in the North China Plain (NCP) provide a unique opportunity to 
study aerosols' effect on crop productivity. We found that the photosynthesis of sun and shade leaves and 
canopy reached their maximum at a moderate level of aerosol loading. Similarly, satellite-observed solar-
induced chlorophyll fluorescence across the NCP also demonstrated that intermediate aerosols enhance 
crop photosynthesis at regional scales. The further analysis indicated that the changes in direct and 
diffuse radiation and the concurrent high air humidity together led to the nonlinear response of soybean 
photosynthesis to aerosol loading. Our findings suggested that stringent aerosol pollution control will 
increase crop productivity in the NCP.
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Modeling studies had reported both negative and positive effects of rising aerosol loading on crop yields. 
Chameides et al. (1999) and Xiong et al. (2012) have suggested that because of the reduction in total radia-
tion, rising aerosol loading has resulted in a 5%–30% reduction in crop yields in China, which is similar to 
the assessed reduction caused by climate change and ozone pollution (Tian et al., 2016). However, other 
studies (Cohan et al., 2002; Liu et al., 2016) also suggested that the negative impacts of aerosols on crop 
yields may be overestimated due to the ignorance of the presence of aerosols that could promote the pen-
etration of solar radiation into the canopy and enhance the photosynthesis of shaded leaves (Farquhar & 
Roderick, 2003; Kanniah et al., 2012; Mercado et al., 2009; Roderick et al., 2001). Process-based model stud-
ies that considered the diffuse fertilization effect did find that aerosols promoted crop yields (Greenwald 
et al., 2006; Schiferl & Heald, 2018).

Several field observations also confirmed the positive effect of aerosols on ecosystem photosynthesis. For 
example, measurements from eddy covariance towers have found that higher diffuse radiation caused by 
aerosols enhanced photosynthesis in temperate and tropical forests (Cirino et  al.,  2014; Gu et  al.,  2003; 
Niyogi et al., 2004; Strada et al., 2015). The field observation-based positive effects, however, appeared to 
be relatively low or not significant in croplands (Bai et al., 2012; Niyogi et al., 2004; Strada et al., 2015). The 
different responses of croplands from forests may be associated with the crop breeding that tends to select 
species with upright canopy architectures. Both field observations and model simulations indicated that 
photosynthesis of ecosystems that have complex canopy structures would be more promoted by increasing 
diffuse radiation (Alton et al., 2007; Matsui et al., 2008; Wohlfahrt et al., 2008). Therefore, for agricultural 
ecosystems with simple canopy structures, the negative effect of reduced total radiation under high aerosol 
loading may partially offset, or even surpass, the benefit from the increased diffuse radiation.

Meanwhile, the aerosols' effects could be confounded with the meteorological effects on crop photosyn-
thesis due to the interaction between the aerosols and meteorological drivers. For example, the decreased 
solar radiation under elevated aerosol may cause a cooler ground temperature and higher air humidity 
(Ramanathan et al., 2001; Steiner et al., 2013; Yang et al., 2016). The higher relative humidity (RH) may 
further promote the hygroscopic growth of aerosol particles, and increase the aerosol scattering and backs-
cattering coefficients (Zang et al., 2019; Zhang et al., 2015). In other words, in addition to the changes in 
radiation regimes, these changes in temperature and humidity under elevated aerosol could greatly mediate 
stomatal conductance and thus exert impacts on photosynthesis as well (Steiner & Chameides, 2005; Wang 
et al., 2018; Wohlfahrt et al., 2008). However, the relative contributions of these concurrent changes in me-
teorological conditions on photosynthesis remain unquantified. To more accurately predict the response of 
crop photosynthesis to aerosols, we need to take into account the impacts of both the radiation and these 
co-varying meteorological conditions.

The North China Plain (NCP) is one of the most air-polluted regions in China and also the major agricul-
tural zone in China. Grain production in this area accounts for about 30% of China (National Bureau of 
Statistics of China, 2019). Daily mean AOD during the growing season fluctuates periodically over a wide 
range of 0.10–1.78 (Wang et al., 2018), providing a unique opportunity for studying the response of crop 
photosynthesis to elevated aerosol concentrations at a large spatial scale. In this study, we first conducted 
site-level field experiments in the northern NCP. By combining with the mechanistic model, we explored 
how crop photosynthesis responds to elevated aerosols at leaf and canopy scales. We then expanded the 
experiments to the larger NCP area by using multiple sets of satellite data. From the experiments spanning 
over multiple scales, we tested the hypotheses that:

�1.	� Intermediate aerosols would promote canopy photosynthesis mainly due to the enhancement of pho-
tosynthesis in shade leaves; high aerosols should suppress canopy photosynthesis through decreasing 
photosynthesis of both sun and shade leaves

�2.	� Aerosol-induced radiation changes and the co-varying meteorological conditions should have different 
impacts on sun and shade leaf photosynthesis. Because the two leaf types have distinct physiological 
characters and grow in different microenvironments, their photosynthesis should have varied sensitiv-
ities to changes in light, air temperature, and humidity

3.	� The aerosol effects on crop photosynthesis would exhibit a similar pattern in spatial variation, that is, 
the areas with intermediate aerosol concentrations have higher photosynthesis than those with either 
low or high aerosols
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2.  Materials and Methods
2.1.  Site Description

The field experiment was conducted at the Beijing Forest Experimental Station of the Institute of Botany, 
Chinese Academy of Sciences (39.98°N, 116.20°E), Beijing, located in the north of NCP. The NCP area has a 
typical temperate continental monsoon climate with hot humid summer and cold dry winter. The mean an-
nual air temperature is 10°–15°C. The mean annual precipitation is 500–900 mm, and most rainfall events 
occur from June to August. The main cropping systems are winter wheat-soybean or winter wheat-maize 
double cropping.

The experimental plots were established in late March 2012. Six 1 × 1 m2 plots were arranged as 2 col-
umns × 3 rows. The buffer zone between plots was one-half meter. Two soybean (Glycine max) cultivars 
with different agronomic characteristics were selected: Zhonghuang 13 (ZH13) is a dwarf cultivar with an 
average height of 75 cm, while Zhonghuang 16 (ZH16) is higher, with an average height of 97 cm. The seeds 
of each soybean variety were randomly planted in three plots in late May of 2012 and 2013. Sixteen soybean 
seedlings with a 4 × 4 arrangement were retained in each plot.

2.2.  Field Measurements of Aerosol Loading and Meteorological Drivers

Ground AOD at 500 nm was measured with a MICROTOPS II handheld sunphotometer (Solar Light Inc.) 
every half hour between 9:00 and 11:00 a.m. during cloud-free days in 2012–2014. Total and diffuse solar ra-
diation were recorded automatically every half hour by SPN1 sunshine pyranometer (Delta-T Devices Ltd) 
in 2014. The total incident photosynthetically active radiation (PAR) received by sun and shade leaves was 
measured using a Li-Cor Quantum Sensor (LI-COR Inc.) simultaneously when we conducted the meas-
urements of leaf photosynthesis in 2012 and 2013. Furthermore, air temperature (Tair) and air RH at 1 h 
intervals were obtained from a nearby weather station (Haidian Park, 39.98°N, 116.29°E) in 2012 and 2013.

2.3.  Field Measurements of Leaf-Scale Photosynthesis

During the growing seasons (i.e., June to September) of 2012 and 2013, we monitored photosynthesis of soy-
bean sun, and shade leaves in situ between 9:00 and 11:00 a.m. during cloud-free days. The measurements 
were conducted using a portable gas exchange system LI-6400 (LI-COR Inc.) with a standard leaf chamber. 
In each soybean plot, we selected three healthy and mature sun leaves that were located in the third or 
fourth branch from the top of the soybean canopy, and three healthy and fully shaded leaves that were 
located at the bottom of the soybean canopy. For each leaf, the photosynthesis rate, hereinafter defined as 
photosynthesis capacity (Pc), was measured under 1,500 μmol m−2 s−1 Photosynthetic Photon Flux Density, 
supplied by a red-blue LED light source and in a 30°C chamber temperature. Sun or shade leaf Pc of this plot 
were estimated by averaged values of the three replicate measurements.

2.4.  Modeling of Real-Time Photosynthesis at Leaf and Canopy Scales

We matched field observations of AOD, PAR, Tair, and RH described in Section 2.2 with Pc measurements by 
the measuring time. Based on these field observations, we simulated the real-time leaf photosynthesis using 
Farquhar, von Caemmerer, and Berry (FvCB) approach coupled with the Ball-Berry stomatal conductance 
model (Ball et al., 1987; Farquhar et al., 1980; Method S1). Briefly, we first inversed the maximum carbox-
ylation rate (Vcmax25) for each measurement of sun and shade leaf using the field measured Pc as the model 
input. We then simulated the actual real-time leaf photosynthesis rates (An) with the in situ measured envi-
ronmental data (PAR, air temperature, RH) and the inversed Vcmax25 through the coupled FvCB-Ball-Berry 
model. Leaf light use efficiency (LUE) was estimated by dividing simulated An by PAR. The leaf model 
was validated by measured A-ci curves (Figure S1). Finally, we estimated the photosynthesis for the entire 
canopy (Ancanopy) by combining photosynthesis of the sun and shade leaves simulated from the sun/shade 
model (Dai et al., 2004; De Pury & Farquhar, 1997). Details of the modeling simulations were described in 
the supporting information.
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2.5.  Satellite Data Preparation for Regional-Scale Study in the North China Plain

The regional-scale study was based on satellite-retrieved data from 2007 to 2018. MODIS AOD was used to 
estimate the aerosol conditions in the NCP. Solar-induced chlorophyll fluorescence (SIF), which has been 
suggested to be a direct proxy of ecosystem photosynthesis, especially for heavily managed agricultural eco-
systems, was used to approximate ecosystem photosynthetic activity of the croplands (Guanter et al., 2014; 
Miao et al., 2018, 2020; Sun et al., 2017). We used the new long-term GOME-2A SIF data set with SIFTER 
v2 algorithm, which corrected the instrument degradation of GOME-2A satellite (Kooreman et al.,  ; van 
Schaik et al., 2020). SIF retrievals at daily scale were prescreened to exclude data with cloud fraction ≥ 0.4 
(van Schaik et al., 2020). Satellite-retrieved data sets of daily diffuse PAR (difPAR), air temperature (Tair), 
and RH, and yearly land cover were also collected for the NCP area (Method S3). Satellite observations of 
daily AOD, difPAR, Tair, and RH were filtered by including grids with valid SIF data.

All the data sets were first resampled to 0.5° spatial resolution using the nearest neighbor method. To mini-
mize the effects of vegetation phenology and climate seasonality, we only used data sets of the peak growing 
seasons (July and August) in this study. We then overlapped all the data sets with the land cover products to 
identify the grids that were consistently croplands (crop fraction > 60%) throughout the entire study period. 
Only the cropland grids were involved in the following analysis.

2.6.  Data Analysis

We first conducted univariate regressions between aerosols (AOD), environmental factors (light, air temper-
ature, and RH), and crop response (leaf and canopy photosynthesis) at the site level. To fit the relationship 
pattern, we compared linear, quadratic, exponential, and logarithmic models and ranked the model with the 
Akaike information criterion (AIC) score (Burnham & Anderson, 1998; Table S1). The lower AIC, the better 
fit. We only included the measurements from middle July to late August to minimize the effects of season-
ality. Still, several variables exhibited seasonal trends (Figures S2–S4). To remove the potential impacts of 
seasonality, we added dummy variables for each week-of-year and each year for further analysis. We then 
calculated clustered standard errors by year and week for each regression coefficient of the selected model 
to test their significances (Cameron et al., 2011). The model with significant regression coefficients and a 
lower AIC score was the final choice (Table S2).

We further conducted model experiments using the coupled FvCB-Ball-Berry model to estimate the total 
effect of elevated aerosols and the partial effects of co-varying changes in PAR, Tair, RH, and Vcmax25 on the 
sun and shade leaf photosynthesis under elevated aerosol conditions. Briefly, we first separated the obser-
vations into three subsets: low, medium, and high aerosol conditions according to the turning point of the 
quadratic relationship between AOD and canopy photosynthesis. We then simulated leaf photosynthesis 
under nine scenarios: SL with model driven by PAR, Tair, RH, and Vcmax25 under low aerosol condition; SM1 
to SM4 and SH1 to SH4 for medium and high aerosol conditions, respectively, with model driven by differ-
ent combinations of co-varying drivers under medium or high aerosols: PAR (SM1, SH1), PAR + Tair (SM2, 
SH2), PAR + Tair + RH (SM3, SH3) and PAR + Tair + RH + Vcmax25 (SM4, SH4; Table S3). The total and partial 
effects of elevated aerosols were estimated from the differences between nine scenarios (Table S4).

In the regional-scale study, to minimize the degradation effect of GOME-2A satellite while covering suf-
ficient AOD ranges, we binned the data by 4-year interval (2007–2010, 2011–2014, and 2015–2018), and 
performed the same analyses for the three periods separately. For each time period, we first assessed how 
the spatial autocorrelation could affect the relationship between AOD and SIF (Table S1). We established 
various spatially contiguous group by resolutions of 1°, 2°, 3°, 4°, and 5°, respectively. We then assessed 
whether the relationship between AOD and SIF persisted when clustering the standard errors by these 
spatially contiguous groups (Table S5). Different from the site-level study that investigated from the season-
al-variation perspective, we divided the regional data into two levels of aerosol conditions, and then con-
ducted multiple linear regression (SIF ∼ Cropf + AOD + difPAR + Tair + RH) to partition the effect of crop 
fraction (Cropf), aerosol loading and environmental factors on cropland SIF for each aerosol condition from 
the spatial-variation perspective. The relative contributions of each predictor in the model were quantified 
using the Lindeman-Merenda-Gold relative importance method with R package “relaimpo”. The 95% confi-
dence interval for the relative importance of each predictor was estimated using 1,000 bootstrap replicates.
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The analysis flowcharts for the site experiment and regional-scale study were shown in Figures S5–S6. The 
analyses were performed using R (version 3.5.3), and P < 0.05 was considered statistically significant.

3.  Results
3.1.  The Responses of Leaf and Canopy Photosynthesis to Aerosol Loading

The microclimate for the soybean canopy was altered under different aerosol loadings. Total solar radiation 
decreased, while diffuse solar radiation increased significantly with increasing AOD (Figures 1a and 1b). 
Air temperature decreased significantly with AOD (Figure 1c). Relative humidity (RH) first increased with 
AOD, peaked at AOD = 1.17, and then started to decline (Figure 1d). PAR received by sun leaves decreased 
with increasing AOD (Figure 1e). PAR received by shade leaves first increased with AOD, reached a peak at 
AOD = 1.05, and then declined (Figure 1f). The inversed Vcmax25 of sun and shade leaves were not correlated 
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Figure 1.  Changes in total solar radiation (a), diffuse solar radiation (b), air temperature (c), relative humidity (RH) 
(d), photosynthetically active radiation (PAR) received by sun leaves (e), and shade leaves (f) as aerosol optical depth 
(AOD) increased.
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with AOD (Figure S7). The statistical significance of the regression coefficients in the above analyses was 
based on standard errors clustered by year and week (Table S2).

Simulated photosynthesis rates of sun leaves, shade leaves, and the entire canopy showed quadratic re-
sponses to aerosol loading (Figure  2), and the patterns were similar between the two soybean varieties 
(Figure S8). These quadratic relationships remained significant after considering the seasonality impacts by 
adjusting the standard errors for clustering by year and week (Table S2). The photosynthesis rate reached 
the maximum at the AOD of 0.76 for sun leaves, 1.13 for shade leaves, and 0.93 for the entire canopy, and 
then declined (Figure 2). In contrast, the LUE of both sun and shade leaves increased significantly with 
increasing AOD (Figure S9).

The modeling experiments demonstrated that the increased photosynthesis of sun leaves under medium 
aerosol condition mainly resulted from the positive effect of increased RH (Figure  3a). By contrast, the 
decreased photosynthesis of sun leaves under high aerosol condition was caused primarily by the negative 
effect of PAR reduction despite the remained positive effect of high RH (Figure 3a). The photosynthesis of 
shade leaves, different from sun leaves, increased under both medium and high aerosol conditions, which 
was suggested resulting from the positive effects of increased inner-canopy PAR (Figure 3b). Tair and Vcmax25 
had minor effects on sun and shade leaf photosynthesis under both medium and high aerosol conditions 
(Figure 3).

3.2.  Aerosol Loading and Its Impacts on Cropland SIF in the North China Plain

MODIS AOD, SIF, diffuse PAR (difPAR), Tair, and RH during the peak growing season (July to August) 
exhibited high spatial heterogeneity across the cropland area in the NCP (Figure 4; Figures S10–S12). The 
mean MODIS AOD decreased from 1.2 to 0.7 in the cropland area from 2007 to 2018 (Figure S13). The aver-
age difPAR ranged from 113 to 189 W m−2 (Figure S12).

Similar to the site-level photosynthesis, SIF of croplands during 2007–2010 showed a quadratic response 
to MODIS AOD spatially, peaking at AOD = 1.04 (Figure 4c). The quadratic relationship remained signif-
icant after considering the impacts of spatial correlation (Table S5). Results of multiple linear regression 
showed that, crop fraction (Cropf), AOD, difPAR, Tair, and RH jointly explained 83.04% of spatial varia-
tions of SIF for the low-AOD regions (AOD < 1.04) and 77.71% for the high-AOD regions (AOD > 1.04; 
Figure 4d). AOD contributed to 10.03% and 8.34% of the variation in SIF for the low-AOD and high-AOD 
regions, respectively (Figure  4d). SIF and AOD in the NCP during 2011–2014 and 2015–2018 showed 
the same overall spatial patterns but with lower values (Figures  S10–S11). Similar to 2007–2010, SIF 
of croplands showed a quadratic response to MODIS AOD spatially, peaking at AOD = 0.83 and 0.56 
during 2011–2014 and 2015–2018, respectively (Figures S10–S11). Furthermore, the background meteor-
ological conditions (difPAR, Tair, and RH) were important predictors for SIF spatial variations (Figures 4 
and S10–S11).
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Figure 2.  Changes in simulated photosynthesis rates of soybean sun leaves (a), shade leaves (b), and the entire canopy 
(c) under different aerosol optical depths (AODs). ZH13 and ZH16 represent two soybean varieties. The m2 in the unit 
of photosynthesis rates refers to leaf area for sun and shade leaves (a), (b), and ground area for canopy (c). The dashed 
gray lines represent the turning point of the quadratic response.
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4.  Discussion
Our study showed that aerosol loading had a quadratic impact on the photosynthesis of soybean leaves 
(Figure 2). The modeling experiments indicated that the responsive mechanisms differed between sun and 
shade leaves. For sun leaves that are usually light-saturated, their photosynthesis rate was not significantly 
affected by the decreased PAR under medium aerosol condition but was promoted by the accompanying 
high RH, which was probably associated with the increasing stomatal conductance (Figures 1, 3, and S14; 
Moriana et  al.,  2002). By contrast, under high aerosol condition, the negative effects of decreased PAR 
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Figure 3.  The total and partial effects of elevated aerosols on sun (a) and shade (b) leaf photosynthesis of soybean. 
Three levels of aerosol conditions were defined according to the quadratic response between canopy photosynthesis 
and AOD: low aerosol, AOD < 0.32 (for SL); medium aerosol, 0.32 < AOD < 1.36 (for SM1–SM4); high aerosol, 
AOD > 1.36 (for SH1–SH4). The cutoff points of 0.32 and 1.36 were calculated from the medians of the two subsets 
(AOD < 0.93 and AOD > 0.93), respectively. The effects of elevated aerosols are estimated by the difference between 
simulated photosynthesis under medium (0.32 < AOD < 1.36) or high aerosols (AOD > 1.36) and that under low 
aerosol (AOD < 0.32) with different combinations of varying drivers including photosynthetically active radiation 
(PAR), air temperature (Tair), relative humidity (RH), and the maximum carboxylation rate at 25°C (Vcmax25; Tables S3 
and S4). The error bars show 95% confidence intervals.
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exceeded the positive effects of concurrent high RH, and the photosynthesis of sun leaves declined (Fig-
ures 1, 3, and S14). For shade leaves that are often light-limited, their photosynthesis was enhanced due to 
the increased diffuse radiation induced by aerosols (Figures 1, 3, and S14; Kanniah et al., 2012). As aerosol 
loading continued to increase and substantially reduced the total radiation, the light intensity of the inner 
canopy decreased, and the photosynthesis of shade leaves began to decrease as well (Figures 1, 3, and S14). 
Changes in air temperature and leaf Vcmax25 had relatively small impacts on photosynthesis of both sun and 
shade leaves (Figure 3).

However, it should be noted that the estimation of the relative contribution of different factors relied on the 
physiological responses assumed in the FvCB-Ball-Berry model even though our photosynthesis simula-
tions were driven by field measured environmental factors, which is one of the uncertainties in the current 
study. In addition, Vcmax25 was calibrated empirically with constant PAR and Tair under different aerosol 
conditions. The assumption of constant light and temperature should have limited impacts on Vcmax25 as leaf 
nitrogen concentration and leaf age are usually the major drivers of Vcmax25 variation on weekly to monthly 
time scale (Ali et al., 2015; Suzuki et al., 2001; Walker et al., 2014; Wilson et al., 2001). Still, the accuracy of 
Vcmax25 inversion and thus its contribution to leaf photosynthesis responses need to be validated.
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Figure 4.  Spatial patterns of aerosols and the impacts on sun-induced chlorophyll fluorescence (SIF) of cropland in 
the North China Plain during 2007–2010. The spatial distributions of the MODIS AOD (a); the spatial distributions of 
the GOME-2 SIF with SIFTER v2 algorithm (mW m−2 sr−1 nm−1) (b); The spatial relationship between MODIS AOD 
and the GOME-2 SIF (c); the relative importance metrics of aerosol (AOD) and climate factors (difPAR, Tair, and RH) 
as predictors of GOME-2 SIF (d). For (a) and (b), the value of each 0.5° × 0.5° grid cell is the average of the 2007–2010 
growing season (i.e., July and August). The dashed gray line in (c) represents the turning point of the quadratic 
response. The red stars in (d) indicate the coefficient of the factor in MLR is significant. * indicates 0.01 < P < 0.05. 
** indicates 0.001 < P < 0.01. *** indicates P < 0.001. The error bars show 95% confidence intervals. Cropf: crop fraction. 
AOD: aerosol optical depth. difPAR: diffuse photosynthetically active radiation. Tair: air temperature. RH: relative 
humidity.



Geophysical Research Letters

The nonlinear responses of sun and shade leaves together led to a quadratic relationship between cano-
py photosynthesis and aerosol loading. The single-peaked response of soybean differed from the linearly 
positive response of aspen observed at the same experimental site (Wang et al., 2018). This difference 
could be associated with the species-specific sensitivity to light, air temperature, and RH. High aerosol 
levels causing decreased solar radiation might have greater negative effects on high-light demand agri-
cultural ecosystems than forests. In addition, plants' sensitivity to aerosols could be also influenced by 
canopy structures and leaf optical properties. While crop breeding tends to select varieties with more 
vertical leaves in the top layer and more horizontal leaves in the bottom layer (Long et al., 2006), this 
canopy structure may reduce the benefits of diffuse radiation effects under elevated aerosol conditions 
(Proctor et al., 2018). On the contrary, forests have a more complex canopy architecture and could gain 
more benefit from the aerosol diffuse fertilization effects (Alton et al., 2007; Matsui et al., 2008; Niyogi 
et al., 2004). These findings highlight the importance of incorporating ecosystem-specific sensitivities 
into models when assessing large-scale aerosol impacts. Furthermore, as aerosol's impact on canopy 
photosynthesis is mainly associated with changes in radiation distribution within the canopy, improving 
the accuracy of canopy microclimate simulation, especially the radiative transfer modeling, would help 
reduce the uncertainty when upscaling leaf-level photosynthesis to canopy level (Roger et al., 2017; Wu 
et al., 2017).

Consistent with the effects of aerosols at the leaf and canopy scales, we also found a quadratic relation-
ship between aerosol loading and SIF (a proxy of photosynthesis) of cropland in the NCP. Furthermore, 
we found that the optimal AOD level decreased from 1.04 in 2007–2010 to 0.56 in 2015–2018. Similar-
ly, Yue and Unger (2017) also found that simulated ecosystem net primary productivity in this region 
showed a quadratic response to AOD loadings but with a lower optimal AOD level of 0.5. The variation 
in the optimal AOD levels may be related to the co-varying meteorological conditions. The RH in the 
NCP decreased by 0.6/year from 2007 to 2018 (Figure  S15). The concurrent high RH under elevated 
aerosol tends to promote the stomatal conductance and thus enhance photosynthesis (Figure 3; Cirino 
et al., 2014; Wang et al., 2018), which may explain the optimal AOD level decreased during our study 
periods.

Further analysis revealed that AOD had significant effects on SIF spatial variation for both low- and high-
AOD regions in spite of the relatively low contribution. However, we only assessed the effect of aerosols on 
crop photosynthesis. More studies are still needed to evaluate whether the stimulation of photosynthesis 
will lead to a proportional increase in crop production. Socioeconomic factors, such as industrialization and 
farming activities, could alter both pollution and agricultural productivity across the study region, which 
might confound the spatial relationship between SIF and AOD. In addition, the current algorithm em-
ployed for GOME-2 SIF retrieval cannot completely eliminate the impacts of aerosol on the transmission 
of SIF through the atmosphere (van Schaik et al., 2020). Moreover, the overpass time of GOME-2 is drifting 
toward the early morning, when plants are less stressed and inclined solar angles increase the diffuse radi-
ation fraction. These might also bring potential uncertainties to the estimation of the relationship between 
AOD and SIF.

In summary, our analysis with ground and satellite observations consistently found that there was a quad-
ratic response of crop photosynthesis to aerosol loading. The current aerosol levels in most areas of NCP 
already exceeded the optimal aerosol condition. Stringent air pollution controls implemented since the 
2000s have resulted in a significant decline in aerosol loading in this region (Figure S13; An et al., 2019; Li 
et al., 2019), which might promote crop productivity in the long term. In addition, aerosols' impacts on crop 
photosynthesis and subsequently crop yields also depend on its interaction with meteorological factors, 
such as RH and cloud cover (Chen & Zhuang, 2014; Cirino et al., 2014; Yue & Unger, 2017). Particularly, 
our leaf-level simulations revealed that RH contributed to a substantial portion of the total effect of AOD 
on photosynthesis. As RH plays a vital role in enhancing AOD level (Zang et al., 2019) and at the same time 
promoting leaf photosynthesis rate (Franks & Farquhar, 1999; Moriana et al., 2002), more field and model 
efforts are needed to evaluate how RH modifies the impact of AOD on crop photosynthesis under future 
climate scenarios.
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Data Availability Statement
The data that support the findings of the study are available in the Figshare persistent repository (https://
figshare.com/articles/Database_for_Intermediate_Aerosol_Loading_Enhances_Photosynthetic_Activity_
of_Croplands_/12442865).

References
Ali, A. A., Xu, C., Rogers, A., McDowell, N. G., Medlyn, B. E., Fisher, R. A., et al. (2015). Global-scale environmental control of plant pho-

tosynthetic capacity. Ecological Applications, 25(8), 2349–2365. https://doi.org/10.1890/14-2111.1
Alton, P. B., North, P. R., & Los, S. O. (2007). The impact of diffuse sunlight on canopy light-use efficiency, gross photosynthetic product and 

net ecosystem exchange in three forest biomes. Global Change Biology, 13(4), 776–787. https://doi.org/10.1111/j.1365-2486.2007.01316.x
An, Z., Huang, R.-J., Zhang, R., Tie, X., Li, G., Cao, J., et al. (2019). Severe haze in northern China: A synergy of anthropogenic emissions 

and atmospheric processes. Proceedings of the National Academy of Sciences of the United States of America, 116(18), 8657–8666. https://
doi.org/10.1073/pnas.1900125116

Bai, Y., Wang, J., Zhang, B., Zhang, Z., & Liang, J. (2012). Comparing the impact of cloudiness on carbon dioxide exchange in a grassland 
and a maize cropland in northwestern China. Ecological Research, 27(3), 615–623. https://doi.org/10.1007/s11284-012-0930-z

Ball, J. T., Woodrow, I. E., & Berry, J. A. (1987). A model predicting stomatal conductance and its contribution to the control of photosyn-
thesis under different environmental conditions. In Progress in photosynthesis research (edited, pp. 221–224). Springer.

Burnham, K. P., & Anderson, D. R. (1998). Practical use of the information-theoretic approach. In Model selection and inference: A practical 
information-theoretic approach (edited, pp. 75–117). New York, NY: Springer.

Cameron, A. C., Gelbach, J. B., & Miller, D. L. (2011). Robust inference with multiway clustering. Journal of Business and Economic Statis-
tics, 29(2), 238–249. https://doi.org/10.1198/jbes.2010.07136

Chameides, W. L., Yu, H., Liu, S. C., Bergin, M., Zhou, X., Mearns, L., et al. (1999). Case study of the effects of atmospheric aerosols and 
regional haze on agriculture: An opportunity to enhance crop yields in China through emission controls? Proceedings of the National 
Academy of Sciences of the United States of America, 96(24), 13626–13633. https://doi.org/10.1073/pnas.96.24.13626

Chen, M., & Zhuang, Q. L. (2014). Evaluating aerosol direct radiative effects on global terrestrial ecosystem carbon dynamics from 2003 to 
2010. Tellus B: Chemical and Physical Meteorology, 66, 1–19. https://doi.org/10.3402/tellusb.v66.21808

Cirino, G. G., Souza, R. A. F., Adams, D. K., & Artaxo, P. (2014). The effect of atmospheric aerosol particles and clouds on net ecosystem 
exchange in the Amazon. Atmospheric Chemistry and Physics, 14(13), 6523–6543. https://doi.org/10.5194/acp-14-6523-2014

Cohan, D. S., Xu, J., Greenwald, R., Bergin, M. H., & Chameides, W. L. (2002). Impact of atmospheric aerosol light scattering and absorp-
tion on terrestrial net primary productivity. Global Biogeochemical Cycle, 16(4), 1–12. https://doi.org/10.1029/2001gb001441

Dai, Y., Dickinson, R. E., & Wang, Y.-P. (2004). A two-big-leaf model for canopy temperature, photosynthesis, and stomatal conductance. 
Journal of Climate, 17(12), 2281–2299. https://doi.org/10.1175/1520-0442(2004)017<2281:atmfct>2.0.co;2

De Pury, D. G. G., & Farquhar, G. D. (1997). Simple scaling of photosynthesis from leaves to canopies without the errors of big-leaf models. 
Plant, Cell and Environment, 20(5), 537–557. https://doi.org/10.1111/j.1365-3040.1997.00094.x

Farquhar, G. D., & Roderick, M. L. (2003). Atmospheric science: Pinatubo, diffuse light, and the carbon cycle. Science, 299(5615), 1997–
1998. https://doi.org/10.1126/science.1080681

Farquhar, G. D., von Caemmerer, S., & Berry, J. A. (1980). A biochemical model of photosynthetic CO2 assimilation in leaves of C3 species. 
Planta, 149(1), 78–90. https://doi.org/10.1007/bf00386231

Franks, P. J., & Farquhar, G. D. (1999). A relationship between humidity response, growth form and photosynthetic operating point in C3 
plants. Plant, Cell and Environment, 22(11), 1337–1349. https://doi.org/10.1046/j.1365-3040.1999.00494.x

Greenwald, R., Bergin, M. H., Xu, J., Cohan, D., Hoogenboom, G., & Chameides, W. L. (2006). The influence of aerosols on crop production: 
A study using the CERES crop model. Agricultural Systems, 89(2–3), 390–413. https://doi.org/10.1016/j.agsy.2005.10.004

Gu, L., Baldocchi, D. D., Wofsy, S. C., Munger, J. W., Michalsky, J. J., Urbanski, S. P., & Boden, T. A. (2003). Response of a deciduous forest 
to the Mount Pinatubo eruption: Enhanced photosynthesis. Science, 299(5615), 2035–2038. https://doi.org/10.1126/science.1078366

Guanter, L., Zhang, Y., Jung, M., Joiner, J., Voigt, M., Berry, J. A., et al. (2014). Global and time-resolved monitoring of crop photosynthesis 
with chlorophyll fluorescence. Proceedings of the National Academy of Sciences of the United States of America, 111(14), E1327–E1333. 
https://doi.org/10.1073/pnas.1320008111

Kanniah, K. D., Beringer, J., North, P., & Hutley, L. (2012). Control of atmospheric particles on diffuse radiation and terrestrial plant pro-
ductivity. Progress in Physical Geography: Earth and Environment, 36(2), 209–237. https://doi.org/10.1177/0309133311434244

Kooreman, M., Boersma, K., van Schaik, E., van Versendaal, R., Cacciari, A., & Tuinder, O. (2020). In SIFTER Sun-induced vegetation 
fluorescence data from GOME-2A (version 2.0; Data set). Royal Netherlands Meteorological Institute (KNMI). (edited). Retrieved from 
https://search.datacite.org/works/10.21944/gome2a-sifter-v2-sun-induced-fluorescence

Li, K., Jacob, D. J., Liao, H., Zhu, J., Shah, V., Shen, L., et al. (2019). A two-pollutant strategy for improving ozone and particulate air quality 
in China. Nature Geoscience, 12, 906–910. http://doi.org/10.1038/s41561-019-0464-x

Liu, X. W., Sun, H. Y., Feike, T., Zhang, X. Y., Shao, L. W., & Chen, S. Y. (2016). Assessing the impact of air pollution on grain yield of winter 
wheat – a case study in the North China Plain. PloS One, 11(9), 15. https://doi.org/10.1371/journal.pone.0162655

Long, S. P., Zhu, X.-G., Naidu, S. L., & Ort, D. R. (2006). Can improvement in photosynthesis increase crop yields? Plant, Cell and Environ-
ment, 29(3), 315–330. https://doi.org/10.1111/j.1365-3040.2005.01493.x

Mahowald, N., Ward, D. S., Kloster, S., Flanner, M. G., Heald, C. L., Heavens, N. G., et al. (2011). Aerosol impacts on climate and biogeo-
chemistry. Annual Review of Environment and Resources, 36(45), 45–74. https://doi.org/10.1146/annurev-environ-042009-094507

Matsui, T., Beltrán-Przekurat, A., Niyogi, D., Pielke, R. A. Sr., & Coughenour, M. (2008). Aerosol light scattering effect on terrestrial 
plant productivity and energy fluxes over the eastern United States. Journal of Geophysical Research, 113(D14), D14S14. https://doi.
org/10.1029/2007jd009658

Mercado, L. M., Bellouin, N., Sitch, S., Boucher, O., Huntingford, C., Wild, M., & Cox, P. M. (2009). Impact of changes in diffuse radiation 
on the global land carbon sink. Nature, 458(7241), 1014–1017. https://doi.org/10.1038/nature07949

Miao, G., Guan, K., Suyker, A. E., Yang, X., Arkebauer, T. J., Walter-Shea, E. A., et al. (2020). Varying contributions of drivers to the rela-
tionship between canopy photosynthesis and far-red Sun-induced fluorescence for two maize sites at different temporal scales. Journal 
of Geophysical Research: Biogeosciences, 125, e2019JG005051. https://doi.org/10.1029/2019jg005051

WANG ET AL.

10.1029/2020GL091893

10 of 12

Acknowledgments
This study was financially supported 
by Chinese National Key Develop-
ment Program for Basic Research 
(2019YFA0607302), Strategic Priority 
Research Program of the Chinese Acad-
emy of Science (XDA23080301), the 
National Natural Science Foundation of 
China (31600389, 31670478, 31988102, 
and 31522011), and Youth Innovation 
Promotion Association of the Chinese 
Academy of Science (2020082). The au-
thors thank Plant Science Facility of the 
Institute of Botany, Chinese Academy 
of Sciences for their excellent technical 
assistance.

https://figshare.com/articles/Database_for_Intermediate_Aerosol_Loading_Enhances_Photosynthetic_Activity_of_Croplands_/12442865
https://figshare.com/articles/Database_for_Intermediate_Aerosol_Loading_Enhances_Photosynthetic_Activity_of_Croplands_/12442865
https://figshare.com/articles/Database_for_Intermediate_Aerosol_Loading_Enhances_Photosynthetic_Activity_of_Croplands_/12442865
https://doi.org/10.1890/14-2111.1
https://doi.org/10.1111/j.1365-2486.2007.01316.x
https://doi.org/10.1073/pnas.1900125116
https://doi.org/10.1073/pnas.1900125116
https://doi.org/10.1007/s11284-012-0930-z
https://doi.org/10.1198/jbes.2010.07136
https://doi.org/10.1073/pnas.96.24.13626
https://doi.org/10.3402/tellusb.v66.21808
https://doi.org/10.5194/acp-14-6523-2014
https://doi.org/10.1029/2001gb001441
https://doi.org/10.1175/1520-0442(2004)017%3C2281:atmfct%3E2.0.co;2
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1126/science.1080681
https://doi.org/10.1007/bf00386231
https://doi.org/10.1046/j.1365-3040.1999.00494.x
https://doi.org/10.1016/j.agsy.2005.10.004
https://doi.org/10.1126/science.1078366
https://doi.org/10.1073/pnas.1320008111
https://doi.org/10.1177/0309133311434244
https://search.datacite.org/works/10.21944/gome2a-sifter-v2-sun-induced-fluorescence
http://doi.org/10.1038/s41561-019-0464-x
https://doi.org/10.1371/journal.pone.0162655
https://doi.org/10.1111/j.1365-3040.2005.01493.x
https://doi.org/10.1146/annurev-environ-042009-094507
https://doi.org/10.1029/2007jd009658
https://doi.org/10.1029/2007jd009658
https://doi.org/10.1038/nature07949
https://doi.org/10.1029/2019jg005051


Geophysical Research Letters

Miao, G., Guan, K., Yang, X., Bernacchi, C. J., Berry, J. A., DeLucia, E. H., et al. (2018). Sun-induced chlorophyll fluorescence, photosyn-
thesis, and light use efficiency of a soybean field from seasonally continuous measurements. Journal of Geophysical Research: Biogeo-
sciences, 123, 610–623. https://doi.org/10.1002/2017jg004180

Moriana, A., Villalobos, F. J., & Fereres, E. (2002). Stomatal and photosynthetic responses of olive (Olea europaea L.) leaves to water defi-
cits. Plant, Cell and Environment, 25(3), 395–405. https://doi.org/10.1046/j.0016-8025.2001.00822.x

National Bureau of Statistics of China. (2019). China Statistical Yearbook 2019. China Statistics Press. Retrieved from http://www.stats.
gov.cn/tjsj/ndsj/2019/indexeh.htm

Niyogi, D., Chang, H. I., Saxena, V. K., Holt, T., Alapaty, K., Booker, F., et al. (2004). Direct observations of the effects of aerosol loading on 
net ecosystem CO2 exchanges over different landscapes. Geophysical Research Letters, 31(20), 1–5. https://doi.org/10.1029/2004gl020915

Proctor, J., Hsiang, S., Burney, J., Burke, M., & Schlenker, W. (2018). Estimating global agricultural effects of geoengineering using volcanic 
eruptions. Nature, 560(7719), 480–483. https://doi.org/10.1038/s41586-018-0417-3

Qian, Y., Kaiser, D. P., Leung, L. R., & Xu, M. (2006). More frequent cloud-free sky and less surface solar radiation in China from 1955 to 
2000. Geophysical Research Letters, 33(1). https://doi.org/10.1029/2005gl024586

Ramanathan, V., Crutzen, P. J., Kiehl, J. T., & Rosenfeld, D. (2001). Atmosphere - Aerosols, climate, and the hydrological cycle. Science, 
294(5549), 2119–2124. https://doi.org/10.1126/science.1064034

Roderick, M. L., Farquhar, G. D., Berry, S. L., & Noble, I. R. (2001). On the direct effect of clouds and atmospheric particles on the produc-
tivity and structure of vegetation. Oecologia, 129(1), 21–30. https://doi.org/10.1007/s004420100760

Rogers, A., Medlyn, B. E., Dukes, J. S., Bonan, G., von Caemmerer, S., Dietze, M. C., et al. (2017). A roadmap for improving the representa-
tion of photosynthesis in Earth system models. New Phytologist, 213(1), 22–42. https://doi.org/10.1111/nph.14283

Schiferl, L. D., & Heald, C. L. (2018). Particulate matter air pollution may offset ozone damage to global crop production. Atmospheric 
Chemistry and Physics, 18(8), 5953–5966. https://doi.org/10.5194/acp-18-5953-2018

Steiner, A. L., & Chameides, W. L. (2005). Aerosol-induced thermal effects increase modeled terrestrial photosynthesis and transpiration. 
Tellus B: Chemical and Physical Meteorology, 57(5), 404–411. https://doi.org/10.3402/tellusb.v57i5.16559

Steiner, A. L., Mermelstein, D., Cheng, S. J., Twine, T. E., & Oliphant, A. (2013). Observed impact of atmospheric aerosols on the surface 
energy budget. Earth Interactions, 17. https://doi.org/10.1175/2013ei000523.1

Strada, S., Unger, N., & Yue, X. (2015). Observed aerosol-induced radiative effect on plant productivity in the eastern United States. Atmos-
pheric Environment, 122, 463–476. https://doi.org/10.1016/j.atmosenv.2015.09.051

Sun, Y., Frankenberg, C., Wood, J. D., Schimel, D. S., Jung, M., Guanter, L., et al. (2017). OCO-2 advances photosynthesis observation from 
space via solar-induced chlorophyll fluorescence. Science, 358(6360), eaam5747. https://doi.org/10.1126/science.aam5747

Suzuki, Y., Makino, A., & Mae, T. (2001). Changes in the turnover of Rubisco and levels of mRNAs of rbcL and rbcS in rice leaves from 
emergence to senescence. Plant, Cell and Environment, 24(12), 1353–1360. https://doi.org/10.1046/j.0016-8025.2001.00789.x

Tian, H., Ren, W., Tao, B., Sun, G., Chappelka, A., Wang, X., et al. (2016). Climate extremes and ozone pollution: A growing threat to Chi-
na's food security. Ecosystem Health and Sustainability, 2(1), e01203. https://doi.org/10.1002/ehs2.1203

van Schaik, E., Kooreman, M. L., Stammes, P., Tilstra, L. G., Tuinder, O. N. E., Sanders, A. F. J., et al. (2020). Improved SIFTER v2 algorithm 
for long-term GOME-2A satellite retrievals of fluorescence with a correction for instrument degradation. Atmospheric Measurement 
Techniques, 13(8), 4295–4315. https://doi.org/10.5194/amt-13-4295-2020

Walker, A. P., Beckerman, A. P., Gu, L., Kattge, J., Cernusak, L. A., Domingues, T. F., et al. (2014). The relationship of leaf photosynthetic 
traits – Vcmax and Jmax – to leaf nitrogen, leaf phosphorus, and specific leaf area: A meta-analysis and modeling study. Ecology and Evo-
lution, 4(16), 3218–3235. https://doi.org/10.1002/ece3.1173

Wang, K., Dickinson, R. E., & Liang, S. (2009). Clear sky visibility has decreased over land globally from 1973 to 2007. Science, 323(5920), 
1468–1470. https://doi.org/10.1126/science.1167549

Wang, X., Wu, J., Chen, M., Xu, X., Wang, Z., Wang, B., et al. (2018). Field evidences for the positive effects of aerosols on tree growth. 
Global Change Biology, 24(10), 4983–4992. https://doi.org/10.1111/gcb.14339

Wilson, K. B., Baldocchi, D. D., & Hanson, P. J. (2001). Leaf age affects the seasonal pattern of photosynthetic capacity and net ecosystem 
exchange of carbon in a deciduous forest. Plant, Cell and Environment, 24(6), 571–583. https://doi.org/10.1046/j.0016-8025.2001.00706.x

Wohlfahrt, G., Hammerle, A., Haslwanter, A., Bahn, M., Tappeiner, U., & Cernusca, A. (2008). Disentangling leaf area and environmental 
effects on the response of the net ecosystem CO2 exchange to diffuse radiation. Geophysical Research Letters, 35(16), L16805. https://
doi.org/10.1029/2008gl035090

Wu, J., Chavana-Bryant, C., Prohaska, N., Serbin, S. P., Guan, K., Albert, L. P., et al. (2017). Convergence in relationships between leaf traits, 
spectra and age across diverse canopy environments and two contrasting tropical forests. New Phytologist, 214(3), 1033–1048. https://
doi.org/10.1111/nph.14051

Xiong, W., Holman, I., Lin, E., Conway, D., Li, Y., & Wu, W. (2012). Untangling relative contributions of recent climate and CO2 trends to 
national cereal production in China. Environmental Research Letters, 7(4). https://doi.org/10.1088/1748-9326/7/4/044014

Yang, X., Zhao, C., Zhou, L., Li, Z., Cribb, M., & Yang, S. (2018). Wintertime cooling and a potential connection with transported aerosols 
in Hong Kong during recent decades. Atmospheric Research, 211, 52–61. https://doi.org/10.1016/j.atmosres.2018.04.029

Yang, X., Zhao, C., Zhou, L., Wang, Y., & Liu, X. (2016). Distinct impact of different types of aerosols on surface solar radiation in China. 
Journal of Geophysical Research: Atmospheres, 121, 6459–6471. https://doi.org/10.1002/2016jd024938

Yue, X., & Unger, N. (2017). Aerosol optical depth thresholds as a tool to assess diffuse radiation fertilization of the land carbon uptake in 
China. Atmospheric Chemistry and Physics, 17(2), 1329–1342. https://doi.org/10.5194/acp-17-1329-2017

Zang, L., Wang, Z., Zhu, B., & Zhang, Y. (2019). Roles of relative humidity in aerosol pollution aggravation over Central China during win-
tertime. International Journal of Environmental Research and Public Health, 16(22). https://doi.org/10.3390/ijerph16224422

Zhang, L., Sun, J. Y., Shen, X. J., Zhang, Y. M., Che, H., Ma, Q. L., et  al. (2015). Observations of relative humidity effects on aerosol 
light scattering in the Yangtze River Delta of China. Atmospheric Chemistry and Physics, 15(14), 8439–8454. https://doi.org/10.5194/
acp-15-8439-2015

References From the Supporting Information
Bernacchi, C. J., Bagley, J. E., Serbin, S. P., RUIZ-VERA, U. M., Rosenthal, D. M., & VanLoocke, A. (2013). Modeling C3 photosynthesis from 

the chloroplast to the ecosystem. Plant, Cell and Environment, 36(9), 1641–1657. http://doi.org/10.1111/pce.12118
Chen, J. M., Menges, C. H., & Leblanc, S. G. (2005). Global mapping of foliage clumping index using multi-angular satellite data. Remote 

Sensing of Environment, 97(4), 447–457. http://doi.org/10.1016/j.rse.2005.05.003

WANG ET AL.

10.1029/2020GL091893

11 of 12

https://doi.org/10.1002/2017jg004180
https://doi.org/10.1046/j.0016-8025.2001.00822.x
http://www.stats.gov.cn/tjsj/ndsj/2019/indexeh.htm
http://www.stats.gov.cn/tjsj/ndsj/2019/indexeh.htm
https://doi.org/10.1029/2004gl020915
https://doi.org/10.1038/s41586-018-0417-3
https://doi.org/10.1029/2005gl024586
https://doi.org/10.1126/science.1064034
https://doi.org/10.1007/s004420100760
https://doi.org/10.1111/nph.14283
https://doi.org/10.5194/acp-18-5953-2018
https://doi.org/10.3402/tellusb.v57i5.16559
https://doi.org/10.1175/2013ei000523.1
https://doi.org/10.1016/j.atmosenv.2015.09.051
https://doi.org/10.1126/science.aam5747
https://doi.org/10.1046/j.0016-8025.2001.00789.x
https://doi.org/10.1002/ehs2.1203
https://doi.org/10.5194/amt-13-4295-2020
https://doi.org/10.1002/ece3.1173
https://doi.org/10.1126/science.1167549
https://doi.org/10.1111/gcb.14339
https://doi.org/10.1046/j.0016-8025.2001.00706.x
https://doi.org/10.1029/2008gl035090
https://doi.org/10.1029/2008gl035090
https://doi.org/10.1111/nph.14051
https://doi.org/10.1111/nph.14051
https://doi.org/10.1088/1748-9326/7/4/044014
https://doi.org/10.1016/j.atmosres.2018.04.029
https://doi.org/10.1002/2016jd024938
https://doi.org/10.5194/acp-17-1329-2017
https://doi.org/10.3390/ijerph16224422
https://doi.org/10.5194/acp-15-8439-2015
https://doi.org/10.5194/acp-15-8439-2015
http://doi.org/10.1111/pce.12118
http://doi.org/10.1016/j.rse.2005.05.003


Geophysical Research Letters

Dai, Y. J., Dickinson, R. E., & Wang, Y. P. (2004). A two-big-leaf model for canopy temperature, photosynthesis, and stomatal conductance. 
Journal of Climate, 17(12), 2281–2299. http://doi.org/10.1175/1520-0442(2004)017<2281:atmfct>2.0.co;2

Patrick, L. D., Ogle, K., & Tissue, D. T. (2009). A hierarchical Bayesian approach for estimation of photosynthetic parameters of C3 plants. 
Plant, Cell and Environment, 32(12), 1695–1709. http://doi.org/10.1111/j.1365-3040.2009.02029.x

Ryu, Y., Baldocchi, D. D., Kobayashi, H., van Ingen, C., Li, J., Andy Black, T., et al. (2011). Integration of MODIS land and atmosphere 
products with a coupled-process model to estimate gross primary productivity and evapotranspiration from 1 km to global scales. Global 
Biogeochemical Cycle, 25, GB4017. http://doi.org/10.1029/2011gb004053

van Schaik, E., Kooreman, M. L., Stammes, P., Tilstra, L. G., Tuinder, O. N. E., Sanders, A. F. J., et al. (2020). Improved SIFTER v2 algorithm 
for long-term GOME-2A satellite retrievals of fluorescence with a correction for instrument degradation. Atmospheric Measurement 
Technique, 13(8), 4295–4315. http://doi.org/10.5194/amt-13-4295-2020

Wang, Y. P., & Leuning, R. (1998). A two-leaf model for canopy conductance, photosynthesis and partitioning of available energy I: Mod-
el description and comparison with a multi-layered model. Agricultural Forest Meteorology, 91(1), 89–111. https://doi.org/10.1016/
S0168-1923(98)00061-6

Wittig, V. E., Bernacchi, C. J., Zhu, X.-G., Calfapietra, C., Ceulemans, R., Deangelis, P., et al. (2005). Gross primary production is stimulated 
for three Populus species grown under free-air CO2 enrichment from planting through canopy closure. Global Change Biology, 11(4), 
644–656. http://doi.org/10.1111/j.1365-2486.2005.00934.x

Wu, J., Serbin, S. P., Xu, X., Albert, L. P., Chen, M., Meng, R., et al. (2017). The phenology of leaf quality and its within – canopy variation 
are essential for accurate modeling of photosynthesis in tropical evergreen forests. Global Change Biology, 23(11), 4814–4827. http://
doi.org/10.1111/gcb.13725

Wullschleger, S. D. (1993). Biochemical limitations to carbon assimilation in C3 plants – a retrospective analysis of the A/Ci curves from 
109 species. Journal of Experimental Botany, 44(5), 907–920. http://doi.org/10.1093/jxb/44.5.907

WANG ET AL.

10.1029/2020GL091893

12 of 12

http://doi.org/10.1175/1520-0442(2004)017%3C2281:atmfct%3E2.0.co;2
http://doi.org/10.1111/j.1365-3040.2009.02029.x
http://doi.org/10.1029/2011gb004053
http://doi.org/10.5194/amt-13-4295-2020
https://doi.org/10.1016/S0168-1923(98)00061-6
https://doi.org/10.1016/S0168-1923(98)00061-6
http://doi.org/10.1111/j.1365-2486.2005.00934.x
http://doi.org/10.1111/gcb.13725
http://doi.org/10.1111/gcb.13725
http://doi.org/10.1093/jxb/44.5.907

	Intermediate Aerosol Loading Enhances Photosynthetic Activity of Croplands
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Site Description
	2.2. Field Measurements of Aerosol Loading and Meteorological Drivers
	2.3. Field Measurements of Leaf-Scale Photosynthesis
	2.4. Modeling of Real-Time Photosynthesis at Leaf and Canopy Scales
	2.5. Satellite Data Preparation for Regional-Scale Study in the North China Plain
	2.6. Data Analysis

	3. Results
	3.1. The Responses of Leaf and Canopy Photosynthesis to Aerosol Loading
	3.2. Aerosol Loading and Its Impacts on Cropland SIF in the North China Plain

	4. Discussion
	Data Availability Statement
	References
	References From the Supporting Information


