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Abstract

We apply satellite observations of aerosol optical depth (AOD) in conjunction

with flux tower-derived estimates of gross primary productivity (GPP) to probe

the relationship between atmospheric aerosol loading and carbon uptake rate

at 10 select sites (4 deciduous broadleaf, 3 cropland, 1 evergreen needle leaf, 1

mixed forest and 1 grassland) on hourly time scales in the growing season in

the eastern United States. For deciduous and mixed forests, the aerosol light

scattering increases GPP with a maximum effect observed under polluted con-

ditions (AOD > 0.6), when diffuse radiation is 40–60%. During midday hours,

high AOD conditions (> 0.4) enhance plant productivity by ∼ 13% in deciduous

forests. In contrast, we find that high diffuse light fraction does not increase the

carbon uptake rate in croplands and grasslands; for these ecosystems, we esti-

mate that high AOD conditions reduce GPP by ∼ 17% during midday hours.

Our findings are consistent with previous studies that have attributed these

contrasting response sensitivities to the complex and closed canopy architec-

ture of forests versus crops and grasslands. C4 but not C3 crops may benefit

from pollution-induced changes in diffuse and direct light. Further research is

needed to investigate the role of local meteorology as a possible confounder in

the connection between atmospheric aerosols and plant productivity.
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1. Introduction

Using light energy, terrestrial vegetation accomplishes photosynthesis and

fixes water and carbon dioxide (CO2) in its living tissues. The CO2 uptake

from the atmosphere by plants is defined as terrestrial gross primary produc-

tivity (GPP) and depends on temperature and the supplies of water, photo-15

synthetically active radiation (PAR, spectral range of surface visible solar ra-

diation, 400–700 nm, used by plants to photosynthesize) and nutrients (Beer

et al., 2010; Kanniah et al., 2012). Surface solar radiation (SSR, the sum of

the direct and diffuse radiation incident on the surface) is modified by atmo-

spheric aerosols that absorb and scatter incoming solar beams (aerosol direct20

effect) (Ramanathan et al., 2001). Predominantly scattering aerosols (including

sulfates, nitrates and organics) alter the partitioning between direct and diffuse

radiation and increase the diffuse fraction (Wild, 2009). Absorbing aerosols such

as black carbon may reduce SSR. For instance, stratospheric sulfate produced

by the Mount Pinatubo eruption in 1991 substantially increased the diffuse radi-25

ation fraction. Considering cloudless conditions, Gu et al. (2003) assessed that

this rise in diffuse light enhanced plant productivity in a deciduous forest by

23% and 8%, respectively, in the two years following the volcanic eruption. This

finding enforced the knowledge gained by ecologists from observational studies:

plant productivity is more efficient under diffuse rather than direct light (Gu30

et al., 2002). Under high-light conditions, sunlit leaves saturate their photo-

synthetic rate (i.e., as a function of PAR), while shaded leaves have a lower

radiation load and can increase their photosynthetic rate. Under low-light con-

ditions, sunlit leaves remain light saturated, while shaded leaves may enhance

their photosynthetic rate due to an increase in multi-directional diffuse light,35

which reduces the volume of shade within the vegetation canopy by more than

an order of magnitude (Roderick et al., 2001). This response is named “diffuse

fertilization effect” and has been observed under cloudy skies or chronic aerosol

loading (e.g., Niyogi et al., 2004; Oliveira et al., 2007; Knohl and Baldocchi,

2008; Cirino et al., 2014; Cheng et al., 2015).40
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Measurements of CO2 flux across the globe have suggested that the diffuse

fertilization effect prevails in complex canopies with high leaf area index (LAI,

defined as one-sided green leaf area per unit ground area, m2 m−2) and de-

pends on plant functional type (PFT). Canopies whose architecture is closed

with clumped leaves (e.g., forests) respond positively to an increase in diffuse45

radiation (Cheng et al., 2015), while no or opposite effects are observed in open

canopies (e.g., grasslands) (Niyogi et al., 2004). Canopy complexity also de-

pends on LAI: a high LAI (> 2–3 m2 m−2) implies a higher ratio of shaded to

sunlit leaves, as well as a denser vegetation canopy (Letts et al., 2005; Alton

et al., 2007; Wohlfahrt et al., 2008). Canopy architecture, LAI and the adopted50

photosynthetic pathway (C3 or C4) distinguish vegetation types. C3 and C4

photosynthetic pathways differ in light-use efficiency (LUE, which can be de-

fined as the ratio of GPP to PAR). C4 PFTs are adapted to high light and warm

climates and do not become light saturated under most natural conditions, due

to a reduced rate of photorespiration; hence, they may respond in a different55

way to a change in diffuse radiation compared to C3 PFTs (Greenwald et al.,

2006; Kanniah et al., 2012; Cheng et al., 2015). Cited differences between vege-

tation types (canopy architecture and PFTs) result in a wide range of optimum

diffuse fraction values that enhance plant productivity: in forested ecosystems

optimum diffuse fraction spans from 40% to 80% (Hollinger et al., 1994; Rocha60

et al., 2004; Knohl and Baldocchi, 2008).

Aerosol-induced effects on photosynthesis depend on the atmospheric aerosol

loading. Aerosol optical depth (AOD) is a dimensionless measure of the at-

mospheric transparency (high AOD indicates low transparency). Intermediate

AOD values enhance plant productivity; in the Amazon Basin region, Oliveira65

et al. (2007) pinpointed 1.6–1.7 as optimum AOD values. On the contrary, high

AODs (> 2–3) have the opposite effects on carbon uptake rate (Oliveira et al.,

2007; Artaxo et al., 2013; Cirino et al., 2014). Under such high AODs, the re-

duction in direct radiation is large enough to counteract the diffuse fertilization

effect (Kanniah et al., 2012).70

In the U.S., SSR has undergone dramatic increases in the past two decades.
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Between 1995 and 2007, U.S. SSR increased by 10 W m−2 decade−1 (Wild,

2009, 2012). This brightening trend has been linked to the regional reduction in

AOD, especially from anthropogenic sulfate due to sulphur dioxide SO2 emis-

sion reduction measures under the Clean Air Act Amendements (1990) (Wild75

et al., 2009). Based on improved regional emission inventories, Streets et al.

(2009) estimated an annual average decline in AOD of 2.1% over the period

1980–2006; this trend was confirmed by long-term observations of sulfate con-

centrations over the period 1992–2010, with a larger decline in the eastern U.S.

(Hand et al., 2012). The substantial recent reduction in the aerosol loading80

over the eastern U.S. necessitates a re-assessment of the diffuse fertilization ef-

fect in this region, which has not been analyzed after a decade since the study

of Niyogi et al. (2004). Furthermore, the eastern U.S. represents an impor-

tant case study for the “diffuse fertilization effect” because this region has a

large light-scattering potential due to production of biogenic secondary organic85

aerosols (BSOA) as highlighted by Carlton et al. (2010). At the same time,

the newly released MODIS Collection 6 now provides clear-sky AOD at 3 km

resolution that offers better characterization of the local aerosol loading (Levy

et al., 2013; Remer et al., 2013; Munchak et al., 2013). In the present study,

we take advantage of this newly released MODIS AOD product in conjunction90

with quasi-coincident GPP estimates derived from the AmeriFlux network to

probe the aerosol-induced radiative effect on plant productivity over the eastern

U.S. on hourly time scales. The major goals of this work are: (1) to quantify

the relationship between aerosol loading and plant productivity across differ-

ent vegetation types; (2) to re-assess the role of diffuse and direct light in the95

aerosol-photosynthesis relationship in a region that underwent a recent large

reduction in aerosol pollution; and (3) to estimate the change in plant produc-

tivity under high versus low AOD conditions. In our analysis, we account for

the changes in ambient conditions (e.g., temperature and water availability),

however we do not disentangle indirect thermal effects that may accompany the100

diffuse fertilization effect. Compared to the study of Niyogi et al. (2004), be-

yond using high-resolution MODIS AOD product, we analyzed ten AmeriFlux
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sites (instead of six) over mainly five-ten years of observations (instead of two-

four years), including evergreen needle leaf among targeted vegetation types;

furthermore, where and when available, we applied diffuse PAR observations.105

Section 2 introduces the observational datasets used in the present study, and

describes the data analysis methodology. In Section 3, results are presented and

discussed. Conclusions are summarized in Section 4.

2. Data and methodology

We computed the linear correlation between the quasi-coincident high-resolution110

MODIS AOD and AmeriFlux data (GPP and diffuse/direct PAR), both col-

lected during the growing season in the eastern U.S. (June-August) (Sect. 2.1-

2.3). By applying multiple linear regression, we ranked the effect of ambient

conditions on GPP when aerosols are observed (Sect. 2.4). We also quantified

the percentage change in GPP under high and low AOD conditions (Sect. 2.5).115

2.1. MODIS Aerosol Optical Depth at high resolution

MODIS provides AOD at 550-nm wavelengths, where aerosols may interfere

with PAR. In this study, we used the Quality Assured Aqua MODIS aerosol

product with 3-km resolution from Level 2 Collection 6 (hereafter MODIS Aqua

L2 C6 3-km AOD) over the period 2003–2013.120

Recently released MODIS C6 includes substantive adjustments compared

to the previous collection (e.g., updated cloud mask to retrieve heavy smoke,

improved quality assurance, spatially refined aerosol type map) (Levy et al.,

2013). The MODIS 3-km AOD product results from the “dark target” retrieval

algorithm, which is designed to infer clear-sky (non cloudy) aerosol properties in125

the visible spectrum over surfaces with low reflectivity (e.g., ocean, vegetation)

(Levy et al., 2010). Compared to the standard 10-km algorithm, the 3-km

algorithm differs in the number of pixels required to accomplish a retrieval

after all masking and filtering are applied (e.g. cloud, snow and ice, too-bright

surfaces); at most, 11 (120) pixels are needed in the 3-km (10-km) algorithm130
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(Remer et al., 2013). Global 3-km AOD was thoroughly validated against sun

photometers with a lower performance compared to 10-km AOD: 63% of global

collocations fell within the expected error over land compared to 69% for the 10-

km AOD (Remer et al., 2013). Munchak et al. (2013) compared the performance

of the 3- and 10-km products at a urban/suburban scale (Baltimore-Washington135

DC, USA) during summer 2011. The authors highlighted strengths (e.g., ability

to retrieve closer to clouds and coastlines) and weaknesses (e.g., more susceptible

to cloud contamination or other sources of noise) of the 3-km product and

pointed out poor performance of the 3-km product over urban surfaces, due to

improper characterization of reflectance at urban sites. We acknowledge the140

limits of the MODIS 3-km AOD product; however, because AmeriFlux sites

are located far away from urban sites and represent dark regions (except for

croplands), this new product may better characterize the aerosol loading at

AmeriFlux sites, and this potential needs to be explored.

2.2. FLUXNET-AmeriFlux data: Plant productivity and diffuse light145

Plant productivity (GPP) cannot be measured directly; therefore, GPP is

estimated as the difference between the daytime total ecosystem respiration

(Reco) and the daytime Net Ecosystem CO2 Exchange (NEE) (Schaefer et al.,

2012). Direct measures of NEE are provided by the eddy covariance method,

a micrometeorological technique that measures CO2, water vapor and energy150

fluxes over short and long timescales and samples a relatively large area (range

of length scales: 100–2000 m) (Baldocchi et al., 2001). The eddy covariance

method was adopted in the 90s’ by AmeriFlux (AMF), which is the North

American network of the global network of micrometeorological flux measure-

ment tower sites (FLUXNET, http://fluxnet.ornl.gov/).155

The AMF network offers a large diversity in terms of biomes and climates

studied (http://ameriflux.ornl.gov). We selected a subset of AMF sites

that: (1) are located in the eastern U.S. (longitude range: 70◦–110◦ W) to

reduce the impact of water stress on plant productivity; (2) provide at least

5 years of measurements that overlap the observing period of the MODIS-160
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Aqua sensor (2003–2013); and (3) represent different vegetation types. We

used half-hourly/hourly non-gap-filled daytime GPP and, where available, PAR

and diffuse PAR during summer (June–August). This period corresponds to the

growing season, when photosynthetic activity and canopy capacity peak (Niyogi

et al., 2004). The final selection counts ten AMF sites that cover five vegetation165

types: 4 deciduous broadleaf forests, 3 croplands, 1 evergreen needleleaf forest,

1 mixed forest, and 1 grassland (Table 1 and Fig. 1). The Bondville and Walker

Branch AMF sites were additionally selected to validate sampled MODIS AOD

using AERONET observations available there (see Sect. 2.3).

The eddy covariance method works well under strict conditions (e.g., flat ter-170

rain, steady atmosphere, large vegetated area) that are rarely met at AmeriFlux-

FLUXNET sites. The so-called energy balance closure problem (i.e., available

energy is larger than turbulent heat fluxes) is observed when the eddy covariance

method is used and could imply an underestimation of CO2 flux; however, it is

uncertain to what extent the lack of energy balance closure may affect observed175

GPP (Foken, 2008; Baldocchi, 2008).

2.3. Correlation of plant productivity, diffuse light and aerosol loading

To investigate the linear relationship between aerosol loading, plant produc-

tivity and diffuse/direct light, our methodology is based on three steps:

1. Sample MODIS AOD over AMF sites during summer.180

Depending on the location and meteorological conditions (e.g., cloudy

days), MODIS Aqua retrieves approximately 2 AOD pixels between 10:00

and 14:00 Local Time (LT) daily. Using instantaneous MODIS Aqua L2

C6 AOD pixels at 3 km, for each summer day we selected all MODIS

AOD pixels that are located within a distance of 0.03◦ (∼ 3 km) from the185

target AMF site. Cloud mask, applied in the MODIS retrieval procedure,

conveniently filters out cloudy days and should reduce the effect of clouds

in the scattering process.

2. Validate AOD sampling using ground-based AERONET observations.
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To validate our sampling technique and to corroborate the potential of the190

MODIS 3-km AOD product, we compared sampled MODIS AOD with

ground-based AOD collected from AERONET. We used AERONET Ver-

sion 2 Level 2 “all points” data (quality assured and cloud free, AERONET

v2.0). To compute the linear correlation Pearson’s coefficient (hereafter

Pearson’s R) between MODIS 3-km AOD and AERONET v2.0 AOD,195

we selected AERONET data within a time span of 30 minutes from the

selected MODIS 3-km AOD (both MODIS and AERONET data are in

UTC time). AERONET database provide AOD observations at a higher

daily frequence (multiple times per hour) compared to MODIS (∼ 2 AOD

pixels per day). To avoid comparing multiple AERONET values with a200

single MODIS value available at a specific scan time, we computed the

arithmetic average of multiple AERONET values matching MODIS scan

time.

Among selected FLUXNET sites, four provide AERONET observations

of AOD at 500 nm for portions of 2003–2013: Bondville, Harvard Forest,205

Howland Forest, and Walker Branch.

Very few AERONET stations have a 550-nm channel; therefore, we used

500-nm AOD. We do not expect 550- and 500-nm AOD to perfectly agree;

however, MODIS C6 3-km AOD significantly correlates with AERONET

AOD (R > 0.9) with regression slopes ranging from 0.9 to 1 (Fig. 2). In210

general, MODIS 3-km AOD is biased (high and low); however, we verified

slight improvements in MODIS-AERONET correlation moving from C5

to C6 (Levy et al., 2013), as well from C6 10-km AOD to 3-km AOD (not

shown).

The MODIS-AERONET comparison validates our sampling technique of215

AOD values at AMF sites as well as our choice of the 3-km AOD product;

hence, our study should be comparable to studies based on ground-based

observations (e.g., Niyogi et al., 2004; Oliveira et al., 2007) and those

based on the MODIS 10-km AOD product (Steiner et al., 2013; Cirino

et al., 2014). The MODIS 3-km AOD bias may affect our ability to study220
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the response of plant productivity under polluted conditions. We consider,

though, that MODIS is a more suitable platform to investigate the aerosol

direct effect and the associated radiative effect on plant productivity since

it provides information along the entire atmospheric column, being able

to observe local as well as transported pollution. For example, high AODs225

were observed at high altitudes over the eastern U.S. and were attributed

to wildfires in the western U.S. (Munchak et al., 2013).

At the time of analysis, MODIS C6 was available only for the Aqua satel-

lite; this constraint may reduce the number of AOD retrievals available at

AMF sites. Figure 3 shows the MODIS AOD time series at the ten se-230

lected AMF sites during summer days for years when AMF observations

are also available. Overall the ten sites have ∼ 100–300 AOD retrievals

over the entire number of years. Except for the UMBS site, which ex-

hibits a poor number of high AOD retrievals, the number of days with

AOD > 0.3 (AOD < 0.2 is considered fairly clean) is around 10-30; all235

sites show conditions normally associated with pollution (AOD > 0.6),

while a few sites show conditions normally associated with smoke events

(AOD > 1.5). Our number of AOD retrievals is reasonable compared to

the study of Steiner et al. (2013), where both MODIS C5 Terra and Aqua

10-km AOD were used.240

3. Select quasi-coincident AMF and MODIS observations.

We selected AMF observations (GPP, total and diffuse PAR, surface at-

mospheric temperature, vapor pressure deficit and precipitation) collected

between 10:00 and 14:00 LT. The chosen midday window overlaps with

MODIS transit; moreover, it removes the early morning and late after-245

noon periods when confounding factors, such as low solar angles or high

diffuse fraction, may affect the amount of diffuse light and influence plant

productivity (Niyogi et al., 2004). Negative GPP was considered as a miss-

ing value. To reduce the influence of cloud cover, we filtered out instants

(both AMF and MODIS observation) when precipitation was not zero.250
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Finally, we computed Pearson’s R coefficients between AOD and GPP at all se-

lected AMF sites. At AMF sites where PAR and diffuse PAR are measured, we

calculated direct PAR as the difference between PAR and diffuse PAR and com-

puted Pearson’s R between diffuse/direct PAR and MODIS AOD and between

diffuse PAR and GPP. To ensure the robustness of our analysis, we impose a p255

value < 0.05 in all correlation analysis. Days when either AMF observations or

MODIS AOD were absent are not used in this study.

As Steiner et al. (2013), we correlated instantaneous values for MODIS AOD

and AMF observations. However, there is unavoidable uncertainty due to tem-

poral differences between MODIS and FLUXNET data availability, which ex-260

plains our definition of “quasi-coincident” AMF and MODIS data.

2.4. Rank the impact of ambient conditions on GPP

Plant productivity is tightly linked to ambient conditions such as the supply

of light, temperature and water availability. By modifying ambient conditions

(beyond diffuse light), aerosol pollution affects plant productivity. To account

for the role of ambient conditions on plant productivity under pollution aerosols,

at AMF sites that provide diffuse PAR we perform multiple linear regression

(MLR) using AMF data quasi-coincident with MODIS AOD observations. In

the MLR, the dependent variable is GPP. Independent variables are surface

atmospheric temperature (SAT), diffuse and direct PAR and vapor pressure

deficit (VPD):

GPP = β0 + β1SAT + β2PARdif + β3PARdir + β4V PD + � (1)

In the above formula, � is the error term, while β are the standardized regression

coefficients that represent the partial regression coefficients in units of standard

deviation. When standardized regression coefficients are statistically significant265

(p-value < 0.05), they can be compared directly. Hence, although MLR does

not account for tight connections existing between independent variables (e.g.,

light affects temperature), it enables ranking of the ambient conditions that

have the strongest influences on GPP at AMF sites.
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2.5. Compare GPP diurnal cycle under high vs. low AOD conditions270

To quantify the effect of different AOD levels (high vs. low) on diurnal plant

productivity, we binned hourly/half-hourly daytime GPP estimates (6:00–18:00

LT) into high AOD (> 0.4) and low AOD (< 0.3) days (i.e., daily mean of

instantenous MODIS C6 3-km AOD). Afterwards, we averaged all values to

obtain two mean GPP diurnal cycles: under high AOD and low AOD conditions.275

The percentage change between GPP diurnal cycle under high and low AOD was

calculated accounting for midday hours (10:00–14:00 LT) in each GPP diurnal

cycle. A Student’s t test with a 95% confidence interval (p < 0.05) assessed the

statistical significance of the percentage change.

AOD values between 0.3 and 0.4 were excluded to limit the overlap between280

high and low AOD conditions. To ensure a fair number of retrievals under

high-AOD conditions, we fixed a less stringent high-AOD threshold compared to

Steiner et al. (2013) (0.4 vs. 0.5). As already pointed out by Steiner et al. (2013),

the binning procedure provides a method to quantify the effect of different AOD

levels on plant productivity; however, it may combine effects on GPP daily cycle285

that are not related to AOD conditions (e.g., clouds or instrument error).

3. Results and discussion

Atmospheric aerosols considerably modify light supply and its partitioning

at the surface (Sect. 3.1). The change in light partitioning and the increase in

diffuse light (through scattering) affect plant productivity in complex canopies290

(Sect. 3.2). Furthermore, high AOD levels seem to influence the GPP diurnal

cycle, with robust but opposite effects during midday hours for forests and

croplands (Sect. 3.3).

3.1. Impact of aerosols on diffuse and direct light

Aerosols directly affect the quality of light by increasing the diffuse fraction295

(scattering) and decreasing the direct fraction (scattering and absorption). Six

of the selected AMF sites provide ground-based measurements of total and
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diffuse PAR, which permits quantification of direct PAR (total PAR minus

diffuse PAR). Figure 4 shows the linear relationship between diffuse/direct PAR

and AOD values at 4 sites, out of the 6 that collect both PAR and diffuse300

PAR. Direct PAR is not directly measured and presents a large variability at

low AOD (< 0.6), which may be introduced by our calculation. At Morgan

Monroe, we discarded year 2008 because diffuse PAR showed large values (∼
900µmol m−2 s−1) at AOD lower than 0.4. At all sites, diffuse PAR increases

linearly with AOD values (mean R = 0.9), while direct PAR decreases (mean305

R = −0.7). Except for the UMBS site (poor number of AOD retrievals, Fig.

3), the linear relationship between diffuse/direct PAR and the aerosol loading

is robust (Table 2).

Our results are consistent with previous observational studies that pointed

out the robust linear relationship between aerosol loading and the supply and310

quality (direct vs. diffuse) of light at the surface (Oliveira et al., 2007; Steiner

et al., 2013; Cirino et al., 2014). We conclude that: (1) MODIS AOD is a reliable

proxy for diffuse light and (2) AOD and diffuse (direct) light are positively

(negatively) correlated at observed AOD levels (< 1.8). In the next section, we

investigate the impact of AOD on plant productivity, and we further explore315

the relationship between plant productivity, AOD levels and diffuse fraction.

3.2. Plant productivity versus aerosol optical depth

Due to the effect of both clouds and aerosols, the increase in diffuse light en-

hances plant productivity and explains 5–20% of the change in GPP at sites

characterized by a complex and closed canopy, such as deciduous (Morgan320

Monroe and UMBS) and evergreen (Howland) forests (mean R = 0.4, mean

R2 = 0.2, Table 2). At croplands, we observe no correlation between diffuse

PAR and GPP (Table 2). These results are in accord with the study of Cheng

et al. (2015) that separates and quantifies the effect of diffuse light on GPP using

data from the same AMF sites (Morgan Monroe, UMBS, Howland and Mead).325

Considering data collected around 10:00–14:00 LT, the authors estimate that

diffuse PAR explains 13–17% of variations in GPP at forest sites, while no (or
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slight) correlation is observed at croplands (Fig. 1 in Cheng et al., 2015). The

Konza Prairie site seems to confirm that aerosols do not affect plant produc-

tivity in grasslands (Niyogi et al., 2004). However, at Konza Prairie conditions330

are fairly clean over the observed period (only 17 AOD values > 0.3 over 2007-

2009). Moreover, grassland response may depend on LAIs. Under increasing

diffuse light, Wohlfahrt et al. (2008) documented an enhancement of 35% in

NEE over grasslands at high LAI (4–6 m2 m−2), while NEE was not sensitive

at low (< 2 m2 m−2) and intermediate LAI (2–4 m2 m−2, signal not statisti-335

cally significant). At Konza Prairie, LAI show a wide range (2.5-6.3 m2 m−2,

Table 1); however, LAI evolution is not provided coincident with GPP.

Figure 5 shows the linear relationship between GPP and diffuse PAR (clouds

and aerosol effects) and GPP-AOD at forest sites that provide diffuse PAR

(Morgan Monroe and Howland Forest). At Morgan Monroe, plant productiv-340

ity positively correlates with both diffuse PAR and AOD (Fig. 5a-b). Under

polluted conditions (AOD > 0.6), diffuse fraction is 40-60% (diffuse PAR ∼
600-1000µmol m−2 s−1) and is associated with high plant productivity (mean

GPP ∼ 30µmol m−2 s−1), while the opposite behavior is observed for the direct

fraction (low AOD, high direct fraction and low GPP) (not shown). Our value345

matches the estimated optimum range of diffuse fraction that enhances GPP

in deciduous broadleaf forests: 40-80% (Rocha et al., 2004; Alton et al., 2007;

Knohl and Baldocchi, 2008). At Howland Forest, plant productivity shows a ro-

bust positive correlation with diffuse PAR, while remaining constant when AOD

increases (Fig. 5c vs. 5d). This contrasting behavior might depend on AOD350

observations; compared to Morgan Monroe, half AOD retrievals are available

and half polluted conditions (AOD > 0.3) occur at Howland Forest (Fig. 3b vs.

3d). The literature reports contrasting results regarding plant productivity and

diffuse light in needle leaf forests. Alton et al. (2005) observed a slight enhance-

ment (< 10%) in carbon assimilation under diffuse light conditions compared355

to direct light during two growing seasons in a Siberian pine forest, while Gu

et al. (2002) report an increase in LUE at a Scots pine forest (Finland).

At cropland sites, the range in plant productivity is twice that of decidu-
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ous and evergreen forests. Under a varying aerosol loading, C4 (maize) and C3

(soybean) crops distinguish in their GPP-diffuse PAR relationship. While at C3360

crops, aerosol instants scatter over the whole range of GPP values (0-40µmol m−2 s−1);

at C4 crops, aerosol instants are associated with high GPP (above 40µmol m−2 s−1)

(blue dots in Fig. 6). We focus on midday hours since confounding factors (i.e.,

low solar angle, high diffuse fraction) may overlap the possible aerosol effect in

the early mornings and late afternoons. The study of Cheng et al. (2015) an-365

alyzes the GPP-diffuse PAR relationship at different zenith angles (from early

morning to late afternoon). The authors show that cropland productivity ben-

efits from high diffuse light at large zenith angles (early mornings and late

afternoons). As explained by Cheng et al. (2015), crop canopy architecture is

designed to optimize LUE when the sun is overhead (minimum leaf self-shading);370

hence, self-scattering is reduced in croplands and their plant productivity de-

pends mainly on incident (diffuse/direct) light. At midday hours (small zenith

angles), we observe that, due to aerosols, incident direct (diffuse) light signifi-

cantly decreases (increases) (Fig. 4e-h). The reduction in incident direct light

may play the main role and limit plant productivity in croplands more efficiently375

than the observed increase in incident diffuse light. At the Mead sites, AOD

values around 1.2–1.5 are observed at the beginning and at mid-summer and

correspond to low GPP values (∼ 0–20µmol m−2 s−1); such high AOD levels

might be associated with smoky/highly polluted conditions and may indicate a

negative impact of anthropogenic aerosol pollution on the “corn belt” (Fig. 3e–g380

and Fig. 6c, 6e and 6g). In a more complex canopy, such as the Amazon trop-

ical rainforest, similar AOD values (1.6–1.7) were identified as optimum AODs

that maximize NEE (Oliveira et al., 2007). This finding highlights the different

responses among PFTs to a change in the aerosol loading and, consequently, in

diffuse light and suggests the importance of exploring the aerosol-photosynthesis385

relationship in the context of land-use change studies (e.g., from forests to crop-

lands).

Among sites where diffuse PAR is not measured, Park Falls (mixed forest)

and Harvard Forest (deciduous) show positive correlations between GPP and
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AOD, however the signal is not robust (Fig. 7a-b), probably because of a weaker390

occurrence of polluted conditions (AOD > 0.3) compared to Morgan Monroe.

At Park Falls a few highly polluted conditions occur (AOD > 1.2), however the

number of polluted conditions is half that observed at Morgan Monroe (Fig.

3a vs. 3d). At Harvard Forest, more polluted conditions occurred compared

to Park Falls, however AOD values are lower than 0.8 more (Fig. 3h vs. 3d).395

At Willow Creek, we do not observe any relationship between GPP and AOD;

although a few highly polluted conditions occurred at this site, they do not

overlap with GPP estimates, which may limit our result.

To summarize, consistent with the study of Niyogi et al. (2004) over the

U.S., our findings show that around midday hours, aerosol light scattering favors400

plant productivity in a complex, closed canopy with high LAI (forest with mean

canopy height ∼ 24 m and LAI � 4 m2 m−2), while it does not provide benefits

to open canopies such as grasslands (canopy height 0.4 m), although the limited

number of AOD retrievals influence the significance level at certain sites. In

contrast with Niyogi et al. (2004), we do not observe any specific relationship405

between high aerosol loadings (high diffuse light) and plant productivity in

croplands. Using an established modeling framework and performing sensitivity

experiments, Matsui et al. (2008) showed that the aerosol light scattering has a

negative or negligible impact on plant productivity over croplands. The authors

concluded that croplands are more sensitive to an aerosol-cloud-driven reduction410

in direct light. This conclusion supports the hypotheses that cropland behavior

may depend on other ambient conditions, beyond diffuse light, that aerosol

pollution modified. Below, we explore further the relationship between plant

productivity and ambient conditions under pollution aerosols and the different

response of C4 and C3 crops.415

3.2.1. Dominant ambient conditions affecting GPP under aerosol pollution

Under cloudless conditions (i.e., when MODIS AOD values are available),

pollution aerosols modify ambient conditions such as direct and diffuse light,

temperature and water stress. Change in ambient conditions finally affects
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plant productivity (Table 3).420

When aerosols loading is detected, at AMF sites where diffuse PAR is mea-

sured, water stress (i.e., VPD) negatively affects GPP at all sites. If water

vapor pressure deficit (VPD) increases, the relative humidity at the leaf surface

decreases; as a result, canopy conductance, which is directly proportional to the

relative humidity at the leaf surface and photosynthesis rate, decreases. The425

negative dependence of GPP on VPD may suggest that observed aerosol lev-

els are not enough to reduce the water stress (hence to decrease VPD) and to

provide benefits to plants by controlling canopy conductance. However, at sites

where pollution aerosols enhance plant productivity (e.g., Morgan Monroe), the

enhancement in plant productivity may prevail on the decrease in VPD and430

finally increase canopy conductance and evapotranspiration as shown by the

modeling study by Steiner and Chameides (2005). Rise in evapotranspiration

rates has the potential to finally affect hygroscopic aerosol production, which in-

crease in size as the relative humidity increase, highlighting the tight connection

between aerosols, vegetation and meteorology.435

At Morgan Monroe, diffuse PAR confirms to play a dominant role and a

positive impact on GPP. In contrast, at Howland Forest only VPD affects GPP.

Recently, at Howland forest, Cheng et al. (2015) found evidence for the main

contribution of VPD and air temperature to variations in GPP; in contrast, at

Morgan Monroe, the authors mainly attribute variations in GPP to diffuse light,440

with VPD and temperature playing minor roles. At Morgan Monroe we observed

higher temperature and water stress compared to Howland Forest. Hence, we

hypothesize that at Morgan Monroe diffuse light restrains the limiting effect on

GPP of high temperature and water stress.

At croplands, the response of GPP to ambient conditions do not distinguish445

between irrigated or rainfed conditions; this result may suggest that the aerosol

loading reduces water stress at rainfed crops, assimilating their behavior to irri-

gated crops. On the contrary, we observe a different response of GPP to ambient

conditions in C4 and C3 crops. At C4 crops (maize), surface temperature (SAT)

plays a dominant and positive role on GPP and counteracts the negative effect450
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of VPD; although playing a minor role (lower β coefficient), both diffuse and

direct PAR positively affects GPP. On the contrary, at C3 crops (soybean) both

diffuse and direct PAR negatively affects GPP and enforces VPD impact. Con-

cerning the effect of diffuse PAR on C4 vs. C3 crops, we conclude that diffuse

PAR has a positive effect on C4 crops. In agreement, at the same AMF sites,455

Cheng et al. (2015) estimated a greater increase in GPP with diffuse light in

C4 crops (maize) vs. C3 crops (soy). Compared to the C3 photosynthetic path-

way, the C4 photosynthetic pathway is better adapted to high light and warm

climates since, due to a higher light saturation point, it does not become light

saturated under most natural conditions (Greenwald et al., 2006; Kanniah et al.,460

2012; Cheng et al., 2015). Hence, under increasing light conditions, C3 crops

become light-saturated more rapidly than C4 crops and seem to not beneficiate

from a change in light quantity and quality (i.e., more diffuse light, less direct

light).

3.3. Change in GPP diurnal cycle under high vs. low AOD conditions465

To further analyze the aerosol-induced effect on plant productivity, we com-

pared the GPP diurnal cycle (6:00–18:00 LT) under high AOD (> 0.4) versus

low AOD (< 0.3) conditions at nine sites (UMBS was not considered due to the

low number of AOD observations) (Fig. 8). At croplands C4 and grasslands,

GPP diurnal cycle under high AOD (red line) shows a high variability (light470

red area) due to extremely low GPP observed under high AOD (1.2–1.5). This

high variability may be caused by a single but extremely low GPP value that

stretches the foot-print of the whole distribution. Visually, we notice that: (1)

high AOD conditions correspond to higher GPP at forest sites, while high AOD

conditions reduce GPP at grasslands and croplands (Fig. 8a–b and 8d–f vs.475

Fig. 8c and g–f) and (2) at forest sites, aerosol effect on GPP dominates around

midday hours (Fig. 8a–b and 8d–f). In the morning and late afternoon available

PAR is low and, therefore, plant productivity is light-limited in both sunlit and

shaded leaves, as demonstrated by the modeling study of Matsui et al. (2008),

especially in forest ecosystems because of a denser canopy.480
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To quantify the impact of aerosols on plant productivity during midday hours

(10:00–14:00 LT), we computed the percentage difference between GPP under

high and low AOD (Table 4). Results show that high AOD conditions enhance

plant productivity at forest sites (positive difference) with a robust increase of

∼ 13% observed at the Morgan Monroe (MMS) and Willow Creek (WCr) sites,485

both deciduous broadleaf forests. At Willow Creek, the analysis of the whole

GPP diurnal cycle allows to account for the effect of high polluted conditions

(AOD > 1.2) observed at this site and that do not overlay with GPP estimates.

In contrast with results at forest sites, high AOD levels reduce plant produc-

tivity at grasslands and croplands, with a robust decrease of ∼ 17% at the490

Konza Prairie (Kon) and the Mead-Irrigated maize (Ne1). At Mead-Irrigated

soybean (Ne2-C3), the robustness of the observed percentage difference between

GPP under high and low AOD is limited (value in italics in Table 4) since a

single high-AOD condition was observed over the whole period (AOD= 1.2 in

2006). By estimating the GPP-diffuse PAR relationship and its dependence on495

the zenith angle, Cheng et al. (2015) provide evidence that plant productivity

benefits more from diffuse light (a) around midday hours at forest sites and

(b) in early mornings and late afternoons at crop sites. The authors attribute

the opposite behavior between forests and croplands to a different canopy ar-

chitecture: compared to crops, forests have a higher canopy height and a more500

stratified structure that favor the use of diffuse light by the whole canopy when

the sun is overhead.

We conclude that a thick aerosol loading increases the amplitude of the GPP

diurnal cycle in a forest ecosystem, while it negatively affects plant productiv-

ity at grasslands and croplands, with a marked signal around midday hours505

(positive at forests, negative at grasslands and croplands). However, these re-

sults should be carefully interpreted. Even if we used MODIS AOD retrievals

(cloud free) and we excluded observations when precipitation occurred, clouds

can be present during the daytime and can efficiently scatter light; therefore,

the assessed increase/decrease in GPP can not be completely ascribed to a thick510

aerosol loading. For example, in their modeling study, Greenwald et al. (2006)

18



linked the aerosol-radiative effect on plant productivity at croplands with the

occurrence of overcast vs. sunny days: aerosols have a more negative effect on

crop productivity on cloudy days.

4. Conclusions515

We used quasi-coincident high-resolution MODIS AOD and AmeriFlux data

(GPP and diffuse/direct PAR) to assess the aerosol-induced radiative effect on

plant productivity during the growing season in the eastern U.S. Our study

complement the findings in Niyogi et al. (2004) and recent in Cheng et al.

(2015); these studies investigated, respectively, the aerosol ligh-scattering effect520

on plant productivity and the overall relationship between diffuse light and GPP

in the eastern U.S.

We acknowledge two main limitations in our study. Even if we used MODIS

cloud-free retrievals, cloud effects may be present in both our correlation and

diurnal cycle analyses and affect results, since clouds efficiently scatter light.525

In the present study, we discussed aerosol-induced effects on ambient condi-

tions that finally affect plant productivity (e.g., change in surface temperatures

and VPD) However, these thermal effects may also be related to the confound-

ing role of meteorology in the aerosol-photosynthesis relationship (e.g., aerosols

may affect evapotranspiration with consequences on aerosol production). Both530

aerosols and vegetation are tightly connected to meteorology; moreover, veg-

etation contributes to the aerosol loading through the formation of biogenic

secondary organic aerosols (BSOA) (Hallquist et al., 2009). Therefore, in future

studies, we aim to explore the aerosol-vegetation-meteorology system as a whole

in order to disentangle the role of different drivers (e.g., light, temperature, hu-535

midity, aerosols, and soil moisture).

Despite these limitations, we showed in this study that increasing diffuse

light enhances plant productivity in a complex and closed canopy around midday

hours. In deciduous and mixed forests, aerosol loading and plant productivity

are positively correlated. At Morgan Monroe (deciduous), high plant produc-540
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tivity is associated with a medium diffuse fraction (40-60%), observed under

polluted conditions (AOD > 0.6). Among selected AMF sites, only at Morgan

Monroe the positive relationship between GPP and diffuse PAR is robust. This

result may depend on (a) the limited number of AOD retrievals (only MODIS

AQUA C6 was available at the time of the study) or (b) the reduced number of545

polluted conditions in the eastern U.S..

By analyzing ambient conditions that co-vary under pollution aerosols (dif-

fuse/direct light, temperature and water stress), we distinguish the response of

GPP to light variation (diffuse vs. direct light) in C4 (maize) and C3 (soybean)

crops and conclude that variation in diffuse and direct light positively affects550

plant productivity in C4 crops. Since C3 crops become light-saturated more

rapidly than C4 crops, they seem to not benefit from a change in light quantity

and quality (i.e., more diffuse light, less direct light).

During midday hours, when plant productivity is not light-limited, high

AOD conditions (> 0.4) enhance GPP by ∼ 13% at deciduous forests. On the555

other hand, we found that high diffuse light does not provide an advantage for

croplands and grasslands when the sun is overhead; for these vegetation types,

we estimate that high AOD conditions reduce GPP by ∼ 17% during midday

hours. The opposite effect of the aerosol light scattering on forest vs. croplands

and grasslands seems to be related to the different canopy architectures (Cheng560

et al., 2015) and should be accounted for in land-cover change studies, especially

in landscapes where croplands and grasslands are replacing forests (Pires and

Costa, 2013).

We used the new MODIS 3-km AOD product that, despite acknowledged

limitations over urban sites, confirmed the potential to characterize pollution565

over rural sites. For future studies, the promising Multi-Angle Implementation

of Atmospheric Correction (MAIAC) algorithm should be used since it provides

aerosol retrievals at even finer (1 km) resolution; furthermore, MAIAC is able

to detect small clouds and discriminate smoke from clouds (Lyapustin et al.,

2012a,b; Chudnovsky et al., 2013). Our study took advantage of routine mea-570

surements of diffuse PAR at some AmeriFlux sites; therefore, we recommend
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that observations of diffuse PAR are extended to more FLUXNET sites together

with LAI measurements at grassland sites.
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Table 2: Pearson’s correlation coefficient (R) computed between quasi-coincident AmeriFlux

observations and instantenous MODIS Aqua 3-km AOD (10:00–14:00 Local Time). Correla-

tion coefficients in bold are statistically significant based on a Pearson’s test (95% confidence

interval).

Site Vegetation type Pearson’s R

PARdif -AOD PARdir-AOD GPP-PARdif GPP-AOD

Ha1 DBF - - - 0.136

Ho1 ENF 0.936 -0.695 0.446 0.095

Kon DBF - - - -0.074

MMS DBF 0.804 -0.743 0.379 0.409

Ne1-C4 CRO (Irr.) 0.774 -0.545 -0.048 0.090

Ne2-C4 CRO (Irr.) 0.792 -0.560 -0.069 0.010

Ne2-C3 CRO (Irr.) 0.793 -0.603 -0.039 -0.015

Ne3-C4 CRO (Rain) 0.779 -0.660 -0.095 -0.152

Ne3-C3 CRO (Rain) 0.761 -0.584 -0.022 0.011

PFa MF - - - 0.118

UMB DBF 0.753 -0.297 0.233 0.005

WCr DBF - - - 0.061
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Table 3: Multiple linear regression (MLR) standardized coefficients (β) computed using quasi-

coincident AmeriFlux observations and MODIS Aqua 3-km AOD (10:00–14:00 Local Time).

GPP is the dependent variable; surface atmospheric temperature (SAT), diffuse and direct

PAR (PARdif and PARdir) and vapor pressure deficit (VPD) are the independent variable.

Statistically significant standardized coefficients are reported in bold (p-val < 0.05).

Site Vegetation type SAT PARdif PARdir VPD

Ho1 ENF
β -0.134 0.332 0.342 -0.528

p-val 0.5143 0.129 0.085 0.008

MMS DBF
β 0.191 0.568 0.468 -0.699

p-val 0.118 0.021 0.055 5.356 10−8

Ne1-C4 CRO (Irr.)
β 0.702 0.185 0.364 -0.690

p-val 4.770 10−18 0.025 1.682 10−5 6.331 10−18

Ne2-C4 CRO (Irr.)
β 0.622 0.315 0.486 -0.674

p-val 4.313 10−11 0.003 4.945 10−6 1.935 10−12

Ne2-C3 CRO (Irr.)
β 0.405 -0.639 -0.552 -0.638

p-val 0.008 0.002 0.009 5.645 10−5

Ne3-C4 CRO (Rain.)
β 0.478 0.201 0.431 -0.508

p-val 0.002 0.218 0.009 6.428 10−5

Ne3-C3 CRO (Rain.)
β 0.428 -0.541 -0.507 -0.680

p-val 0.3 10−3 0.3 10−3 0.7 10−3 5.881 10−8
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Table 4: Percentage change in midday average GPP (%Δ GPP, 10:00–14:00 Local Time)

between high (> 0.4) and low (< 0.3) AOD days. Positive values indicate an increase in GPP

under high AOD conditions. Percentage change in bold are statistically significant based on

a Student’s t test with a 95% confidence interval.

Site Vegetation type %Δ GPP

Ha1 DBF 8.127

Ho1 ENF 7.304

Kon DBF -19.995

MMS DBF 13.824

Ne1-C4 CRO (Irr.) -14.537

Ne2-C4 CRO (Irr.) -11.295

Ne2-C3 CRO (Irr.) -13.048

Ne3-C4 CRO (Rain.) -13.431

Ne3-C3 CRO (Rain.) -13.589

PFa MF 4.827

WCr DBF 12.576
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Figure 1: Selected AmeriFlux sites and respective vegetation types. Site information and veg-

etation type acronyms are gathered in Table 1. Bondville (Bo2) and Walker Branch (WBW)

sites are only used in the MODIS-AERONET comparison.

Figure 2: MODIS Aqua 3-km AOD (at 550 nm) compared to ground-based AERONET AOD

(at 500 nm) measurements available at four AmeriFlux sites during summer days (June–

August): (a) Bondville, [2003–06; 2008; 2010–13]; (b) Harvard Forest, [2007–13]; (c) Howland

Forest, [2003–04; 2006–08]; and (d) Walker Branch, [2003–06; 2008]. For each site, the re-

gression slope and correlation coefficient are indicated (all statistically significant at 95%

confidence interval), and 1:1 line is plotted as a solid line.

Figure 3: MODIS Aqua 3-km AOD time series (summer days) at the selected AmeriFlux sites:

(a) Harvard Forest, (b) Howland Forest, (c) Konza Prairie, (d) Morgan Monroe, (e) Mead -

Irrigated Maize, (f) Mead - Irrigated soybean-maize, (g) Mead - Rainfed soybean-maize, (h)

Park Falls, (i) Willow Creek and (j) UMBS. Data show daily AOD average of instantaneous

MODIS Aqua retrieval at 3 km resolution.

Figure 4: Relationship between quasi-coincident ground-based diffuse and direct PAR (both

in µmol m−2 s−1) and MODIS AOD for all available years at the following AmeriFlux sites:

(a-b) Howland Forest; (c-d) Morgan Monroe; (e-f) Mead - Irrigated maize (C4); (g-h) Mead

- Rainfed soybean (C3). Data cover summer days (June–August). AmeriFlux diffuse/direct

PAR are half-hourly/hourly observations collected between 10:00 and 14:00 LT. Instantaneous

MODIS Aqua 3-km AOD are collected in a time span centered on AmeriFlux record time (30

minutes/one hour, depending on half-hourly/hourly data). For each plot: the red line indicates

the regression line, black lines depict the 1-σ interval; the regression slope and correlation

coefficient are both included for each site (in bold if statistically significant at 95% confidence

interval).

Figure 5: Relationship between GPP and MODIS AOD (left column) and GPP and dif-

fuse PAR (right column) at the same AmeriFlux sites shown in Figure 4. Data cover sum-

mer days (June–August). AmeriFlux diffuse PAR and GPP (in µmol m−2 s−1) are half-

hourly/hourly observations (10–14:00 LT). Instantaneous MODIS Aqua 3-km AOD are se-

lected in a time span centered on AmeriFlux record time (30 minutes/one hour, depending on

half-hourly/hourly data). For each plot: the red line indicates the regression line, black lines

depict the 1-σ interval; the regression slope and correlation coefficient are both included for

each site (in bold if statistically significant at 95% confidence interval). In plots on the left

column, blue dots show instants when MODIS Aqua 3-km AODs overlap AmeriFlux data.

40

Figure 
Captions



Figure 6: As Figure 5 at the following AmeriFlux crop sites: (a-b) Mead - Irrigated maize

(C4); (c-d) Mead - Irrigated soybean (C3); (e-f) Mead - Rainfed maize (C4); and (g-h) Mead

- Rainfed soybean (C3).

Figure 7: Relationship between ground-based GPP (µmol m−2 s−1) and MODIS AOD for

all available years at the following sites: (a) Harvard Forest; (b) Park Falls; and (c) Wil-

low Creek. Data cover summer days (June–August). AmeriFlux GPP estimates are half-

hourly/hourly observations (10–14:00 LT). Instantaneous MODIS Aqua 3-km AOD are se-

lected in a time span centered on AmeriFlux record time (30 minutes/one hour, depending on

half-hourly/hourly data). For each plot: the red line indicates the regression line, black lines

depict the 1-σ interval; the regression slope and correlation coefficient are both included for

each site (in bold if statistically significant at 95% confidence interval).

Figure 8: Average diurnal GPP cycle calculated at ten AmeriFlux sites under high (red line,

AOD > 0.4) and low (blue line, AOD < 0.3) AOD days. Hourly/half-hourly GPP (µmol m−2

s−1) observed between 6:00 and 18:00 LT are used based on data availability. One standard

deviation is displayed with light blue for low AOD and light red for high AOD.
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