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1. Aermtical depth has decreased due to reduced sulfur dioxide emissions.
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2. Reduced diffuse radiation decreased cumulative gross primary productivity by 0.5 Pg C during

1995-2013.

3. CESM trends agree with upscaled flux tower results within 20%.
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Abstract
Aerosol optical depth (AOD) has been shown to influence the global carbon sink by increasing
the fraction of diffuse light, which increases photosynthesis over a greater fraction of the

vegetat.ed canopy. Between 1995 and 2013, U.S. SO, emissions declined by over 70%,
N\

coinciding with observed AOD reductions of 3.0 + 0.6% y™ over the eastern U.S. In the

Community Earth System Model (CESM), these trends cause diffuse light to decrease regionally

by almost 0.6% y*, leading to declines in gross primary production (GPP) of 0.07% y

! Integrated over the analysis period and domain, this represents 0.5 PgC of omitted GPP. A

C
-

separate upscaling calculation that used published relationships between GPP and diffuse light

agreed with the CESM model results within 20%. The agreement between simulated and data-

]

constrained upscaling results strongly suggests that anthropogenic sulfate trends have a small

|

impact on carbon uptake in temperate forests due to scattered light.
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1. Introduction

Terrestrial ecosystems affect climate by regulating fluxes of energy, water, and carbon.
Currently, global ecosystems are a sink for anthropogenic CO, because gross primary
produ-c!i_" (GPP; the rate of photosynthesis) exceeds ecosystem respiration when integrated
over am

sink, itgggecessary to understand the complex factors that affect GPP. On a global scale,

cycle. In order to quantify and predict the magnitude of the terrestrial carbon

tempergture)Cox et al., 2013; Wang et al., 2013], growing season length [Piao et al., 2007],
atmosmcoz concentrations [Schimel et al., 2015; Zhu et al., 2016], and water balance [Gatti

etal., zﬂ\lemani et al., 2002] all play important roles in controlling GPP variability.

Eal and anthropogenic aerosols may also affect the terrestrial carbon sink by

scatteri otosynthetically active radiation (PAR) to increase diffuse light and decrease direct
light atﬂ;urface [Mahowald, 2011]. Diffuse light illuminates a greater fraction of the canopy,
which i ses light use efficiency and terrestrial carbon uptake [e.g. Alton et al., 2007; Dengel
and Grace, 2010; Oliphant et al., 2011]. A number of observational studies have found positive
correlaaans-between diffuse radiation and photosynthesis [see references in Kanniah et al.,
2012]. @Iing studies have similarly suggested that this effect may be a significant driver of
the gloal terrestrial carbon sink. For example, Mercado et al. [2009] concluded that diffuse light
incressjpatie® strength of the land sink by one-quarter from 1960 to 1999 and Chen and Zhuang

[2014] repojted that present-day aerosol is responsible globally for 5 Pg C y™* of GPP and 4 Pg C

<C
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y'! of net ecosystem production (which exceeds the present-day land sink of ~3 Pg C y™*) when

compared to an aerosol-free control run.

The links among aerosol, scattered light, and photosynthesis indicate that changes in

second

aeros:’_gdance can affect the magnitude of the land carbon sink. Anthropogenic primary and
ﬁ'ﬂsol make a large contribution to global aerosol mass [IPCC, 2013]. One of the

major MS of anthropogenic aerosol is sulfur dioxide (SO;) from coal-fired power plants and
industr@l_p}cesses, which is oxidized in the atmosphere to form sulfate (S0,%) aerosol. As a
result W%O Clean Air Act Amendments in the United States, SO, emissions decreased
60% [Iﬁt al., 2012], causing rapid changes in aerosol mass. For example, from 2001-2013
inthe s astern U.S., sulfate aerosol mass at surface sites decreased by 4.5(x0.9)% y™* and
aerosoﬁal depth (AOD) at 555 nm decreased by 3.5% y™* [Attwood et al., 2014]. As aerosol
extinctmcreases, both total radiation and the fraction of direct solar radiation at the surface

increas Idstein et al., 2009; Ramanathan and Feng, 2009], with potential effects on

photosynthesis.

!h-this study, we examine the effect of decreasing SO, emissions on GPP within the
easterr@d States. We focus on the eastern U.S. because 1) rapid decreases in SO, emissions
over @ two decades create an opportunity to examine the effects of reduced SO, mass and
aeroselpeseidlal depth; 2) SO, emissions in the United States have been well quantified; 3) carbon
fluxes withily temperate ecosystems in the eastern United States have been well observed. We

use qsoz emission data for 1995-2013 in the Community Earth System Model (CESM)
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to determine trends in AOD, surface radiation, and photosynthesis. We evaluate modeled AOD
against satellite data, and compare the modeled photosynthetic response to an upscaled
calculation constrained by published relationships between diffuse radiation and photosynthesis.
By cd'l'l'pﬂl'l'ﬂg simulations with a mechanistic land model and an empirically constrained

upscali how that even large reductions in aerosol precursor emissions have only modest

A H A
lmpacts on regional GPP.

2

2.1 Ap@h 1: Community Earth System Model (CESM) determination of GPP

Elmulated the impact of decreases in SO, emissions from the United States on aerosol
opticalw, solar radiation, and terrestrial carbon exchange using the CESM atmosphere and

land models.

2.1.1°5ulfur dioxide emissions inventory

hh-eompiled an SO, emissions inventory for the United States based on Environmental
Protec@gency (EPA) data from 1995-2013. The EPA requires the use of Continuous
Emissimﬂ)nitoring Systems (CEMS) to measure hourly emissions of SO, and NO for power
plants=faseilidustrial sources regulated under the Acid Rain Program. This includes every unit
that ge@s more than 25 MW of power and new units that generate less than 25 MW of

powe%fuel with sulfur content greater than 0.05% by weight [Burns et al., 2011]. The
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CEMS data has been validated with 38 aircraft transects downwind of Texas power plants during
2000 and 2006, which showed an average agreement of -0.7% + 12.1% for SO,/CO, ratios and
an absolute accuracy of ~6% for CEMS SO, data [Peischl et al., 2010]. We assigned the CEMS
SO, s'omlto a1 latitude x 1" longitude grid by month and year for 1995-2013 (Fig. 1a, b).
CEMSQHing accounted for 66-80% of U.S. SO, sources in the categories of “stationary

- —
fuel cognbustion” and “industrial and other processes” during 1995-2013 [US 2015], and the
data wgS scdled to account for the unmonitored sources in these two categories, with the
assummhat their geographical distribution is the same. We used the standard SO, emissions
inventﬁ year 2000 for all sources outside the U.S., as well as for mobile sources, wildfires,

agricultural burning, volcanoes, and domestic emissions within the U.S.[Lamarque et al., 2010].

Chemigissions of other species, including NOy, were unchanged from the standard year

2000 nmnput [Lamarque et al., 2010].

2.1.2§stry, aerosol, and land models

We simulated the effect of SO, emission reductions on photosynthesis using a two-step
processe™igst, we used the Community Atmosphere Model (CAMA4.0) [Neale et al., 2013] to
simulate changes in diffuse and direct light as a consequence of SO, emissions reductions.
Secd® sed these radiation fields as input conditions to the Community Land Model

)

(CLMZSawrence et al., 2012; Lawrence et al., 2011] to simulate their impacts on land

carbon uptafe.
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CAMA4.0 was run at a horizontal resolution of 1.9" x 2.5 using a finite volume dynamical
core with 26 vertical levels. Ocean boundary conditions for this run were provided from a
merged product that combines Hadley Centre sea ice and surface temperature data with higher
resolMOAA optimum interpolation analysis [Hurrell et al., 2008]. Within CAM4.0, we
used t!QﬁAerosol Model (BAM) to calculate gas- and aqueous-phase oxidation of SO, to

- —

sulfategrﬂ[s contribution to aerosol mass [Lamarque et al., 2012]. BAM efficiently computes
the tot@ of aerosol using an assumed lognormal size distribution. The optical properties of
sulfatemol are computed in 14 shortwave bands (from 0.2-12.2 um) using the Rapid
Radiati nsfer Model (RRTMG) [Mlawer et al., 1997]. RRTMG distinguishes between
direct Q:fuse solar radiation by parameterizing the scattering phase function using the
Henyegnstein approximation. These optical properties influence diffuse and direct
radiatimisible (0.2-0.7 um) and near-infrared (> 0.7 um) wavelengths. To isolate the
impﬁz emissions reductions, other precursor emissions and greenhouse gas mole

frac e fixed at their year 2000 values. We ran the model for 19 years (1995-2013) and
archiv@ four radiation values (direct and diffuse radiation at visible and near-infrared

W&VGlE@ at hourly resolution. We also archived AOD values for the 442-625 nm

Wavﬁand.

_mirect and diffuse visible and near-infrared radiation values from a single ensemble
member Weje subsequently used as boundary conditions within CLM4.5 with reanalysis

metew derived from Hadley Centre Climate Research Unit observations and National
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Centers for Environmental Prediction (CRUNCEP) reanalysis data. We did not run a coupled
land-atmosphere simulation due to coupling problems between CAM4 and CLM4.5 that have
since been resolved in CAMS5 (D. Lawrence, personal communication), but our approach
provfﬂ'!ﬁ'é!ﬂistic boundary conditions to the land model. We used annually repeating
meteor, data to isolate the impact of diffuse light from interannual climate variability.
= —
CLM4§si_mulates biogeophysical interactions between the land surface and the atmosphere,
incIudi@sible and latent heat fluxes [Lawrence et al., 2011]. Photosynthesis is simulated
within w4.5 using a modified Ball-Berry model to relate stomatal conductance to net
assimilgiiga.fl awrence et al., 2011]. Compared to prior versions, CLM4.5 better represents light
use by;uﬁand shaded leaves [Bonan et al., 2011], and the maximum rate of carboxylation,

V Gulated separately for sunlit and shaded leaves since nitrogen allocation decreases

C,max?

with dm the canopy. For our simulations, leaf area index in CLM4.5 was fixed according to

satel Ived phenology.

We spun-up CLM4.5 with the CRUNCEP temperature, precipitation, wind data, and year
1995 @MAO diffuse and direct radiation until photosynthesis achieved steady state after
appro 4@ y 200 years. We then used the archived radiation fields from CAM4.0/BAM to
simulaﬂeffect of decreasing diffuse fraction on monthly mean photosynthesis in CLM4.5
over w We assessed correlations between growing season (June, July, August; JJA)
photos@is and radiation fields, but also calculated the annually integrated gross carbon

uptalwr analysis. We calculated absolute trends in the data using ordinary least squares
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regression, and calculated relative trends (% y™) using ordinary least squares regression for the

natural log of the variable.

2.2 Amh 2: Flux tower upscaling to determine GPP

%he large range of model predictions for GPP-diffuse light correlations, we
evalJa@e accuracy of CESM GPP trends against an upscaling calculation constrained by
eddy ctz'jnce flux observations. We used published relationships between radiation and GPP
for differegt ecosystem types [Cheng et al., 2015], and matched these to 17 land cover types
determmrom satellite observations (Table S1). Finally, we used direct and diffuse visible
radiatig'n CAMA4.0/BAM to calculate trends in photosynthesis during 1995-2013. This
approa: wed us to make a simple calculation of the trend in photosynthesis, independent of

the biofje m ysics represented in the CLM4.5 model.

2.2.1§over and radiation

Land cover type was taken from the Moderate Resolution Imaging Spectroradiometer
(MODIS)LL 3 annual data (MCD12C1) with 0.05 resolution [Friedl et al., 2010]. We used the
Internaﬁ Geosphere-Biosphere Programme (IGBP) classification scheme, which includes 11
natuni.lgation classes, three developed and mosaicked land classes, and three non-vegetated
land W[Loveland and Belward, 1997]. We neglected land cover changes in the U.S. over

the stutmiod, and used the 2001 land cover assignments for all years.

<C
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Direct and diffuse visible radiation were taken from CAM4.0/BAM, as described in
Section 2.1.2. We scaled CESM visible radiation (0.2-0.7 um) by 0.94 to match PAR (typically

defined as 0.4-0.7 um), based on observed ratios [Gueymard, 1989; Papaioannou et al., 1993].

e

2.2.2 F@d relationships between GPP, direct, and diffuse radiation

Cﬁeng et al. [2015] used data from AmeriFlux towers in temperate forests and

-

agriculjramgites to calculate site-specific relationships between GPP, PARgirect and PARitfuse-

We repﬁjted GPP as:

ayPAR girect
3 GPP = PARy; 1
% + aPARdirect + .31 dif fuse ( )

where Ee canopy quantum efficiency, y is the canopy photosynthetic potential, and g is the

slope df theYyelationship between photosynthesis and diffuse light, accounting for confounding

impEect light, air temperature, and vapor pressure deficit. We use the reported

para

a

r a, 1, and y from Cheng et al. [2015] averaged for solar zenith angles less than
60, bu&glected the effects of vapor pressure deficit and air temperature. We matched the four
measur t locations (shown as open green circles in Fig. 3) from Cheng et al. [2015] to the 17
land cogpes from the IGBP classification scheme. Further information and «, 1, and y

valu in Table S1 of the Supplementary Material.

Auth
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2.2.3 Error estimation

The uncertainty in the flux tower upscaling was calculated analytically from Eq. (1) for
each 1.9 x 2.5 deg grid cell. The variability in visible direct and diffuse radiation modeled by

CESMQ(;termined from three CAM4.0/BAM model repetitions with identical emissions

but dif

tterns of climate variability during the 19-year runs due to the sensitivity of the
atmos;huo initial conditions. Interannual climate variability affects the chemical conversion
of SO,Ko syffate aerosol, the transport of both SO, and sulfate from source regions, and the
influerWOD on diffuse and direct radiation because it is modulated by clouds. The average
uncertdmﬁ a, 1, and y values were estimated to be 16%, 16%, and 2%, respectively (pers.
comm. JaddleS. J. Cheng). The uncertainty in MODIS IGBP land cover classifications was
neglecge average calculated uncertainty in the flux tower upscaling for the eastern U.S.

was 27%.
2.3 Ztasets

2.3.1 S&Eﬂ'ﬂe measurement of aerosol optical depth for model evaluation

Qrends and magnitude of AOD at 550 nm from the CAMA4.0 model were validated

using-@ngle Imaging Spectroradiometer (MISR) L3 data at 555 nm with 0.5 deg resolution
e r—

[Kahn et al., 2009] for summer periods (JJA) during 2001-2013. AOD trends in the eastern

-
<
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United States during 2001-2013 [-0.003 to -0.015 y™*; Attwood et al., 2014] were much greater

than the MISR uncertainty [+0.0003 y*; Zhang and Reid, 2010].

3. Results and discussion

3.1 T@in sulfur dioxide and aerosol optical depth

@emissions data indicate that total SO, emissions for the continental United States
declinefhnore than 70% between 1995 and 2013 (Fig. 1c), from 1.6 x 10" kg y™* in 1995 to
0.4 x 1Qeckeg v in 2013. The largest absolute changes occurred in the eastern and southeastern
U.S. (ﬁ), and can be attributed to emission regulations implemented under the 1990 Clean

Air Ac its amendments [Burns et al., 2011; Hand et al., 2012] (Fig. 1c).

m likewise decreased over the eastern and southeastern U.S. during this time period.
Both th R satellite and the CESM model simulated AOD decreases of several percent per
year across the eastern US, and the largest decreases were geographically coincident with
decreawz emissions (Fig. 2). During the period from 2001 to 2013, when both MISR and
CESMre available, MISR measured an average AOD trend of -3.0 + 0.6% y™ with a mean
AODE over the eastern U.S. (yellow outlined area in Fig. 2a, b). For the same area and
time Whe CESM model simulated an average AOD trend of -4.9 + 0.3% y™ with a mean
AOD OE, using an accurate SO, emissions inventory and other emissions held constant at

theirwo values. In addition to decreasing aerosol SO, mass, the MISR measurements are

13
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influenced by smaller trends due to decreasing aerosol nitrate, elemental carbon, and organic
carbon mass [Hand et al., 2014], so we do not expect absolute agreement with the CESM model.
However, the fact that CESM simulates both absolute values and trends in AOD that are similar
to thé'l'ﬂgﬁ observations indicates that the CAM4.0/BAM model is able to accurately simulate
aeroso@mion based on SO, emissions, and further suggests that CAM4.0 reasonably

represqpts direct and diffuse radiation trends.

3.2 Trgl'lgn diffuse radiation and photosynthesis from CESM model

c@CESM model simulates an absolute decline in diffuse radiation of 0.2-0.3W m?y™*
during ;om 1995-2013 over the eastern U.S., equivalent to a relative trend of -0.6 + 0.2%
y! (Fiﬁ Diffuse and direct radiation covary, and CESM simulates an increase in direct
radiatign .3+ 0.2% y™* for the same time period, resulting in a total visible radiation increase

of 0. == \ '

these radiation values are input as boundary conditions to the Community Land

ModeliCLM4.5) with CRUNCEP reanalysis meteorology, the simulated trend is -0.11 +
0.04%@ JJA GPP and -0.07 + 0.03% y* for annual GPP from 1995-2013 over the Eastern
u.S. ‘&. 3b). The absolute decline was 4.5 + 2.0 Tg C y2. Modeled GPP for a control
simulﬁ*ﬂﬂﬂith diffuse and direct radiation fields fixed at their 1995 values does not show

signifiaends (Fig. S1). Over the 19 years of our study, these trends represent a cumulative

redu@gross carbon uptake of 1.1 = 0.04% over the eastern U.S., which is equivalent to

14
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about 0.5 Pg C of omitted photosynthesis due to reductions in SO, emissions relative to the

control.

Differences in the GPP trend across the eastern U.S. were tied primarily to the magnitude
of ch;r!_"diffuse light. Because atmospheric variables were prescribed from CRUNCEP
reanalﬁgbtation temperature increased by only 0.003 K y™* averaged over the eastern U.S.,

= —
and trem the grid cell level were not statistically significant at the 95% confidence level.
Rathergthe gelative trend in photosynthesis was correlated with the magnitude of the diffuse light
decreaw southeastern U.S. (south of 40 N) saw both the largest trend in diffuse light and
the Iarglative trend in photosynthesis, about one-third greater than the relative trend north
of 40 NEig 3b, c). The grid cells with the largest trends contained plant functional types in
equal pﬁ\ion to the entire domain, suggesting that vegetation distributions did not drive the
spatialmﬂlity. Multiple linear regression did not show statistically significant differences for

the di ight efficiency for different plant functional types, nor did it yield robust results for

separating the influence of direct and diffuse light.

-

3.3 T@n photosynthesis from flux tower upscaling

sgidiic 4 shows temporal trends in AOD, diffuse radiation, and GPP from the CESM
model ior t&e eastern U.S., together with the trend in GPP determined from the flux tower
upscaliShotosynthesis decreased on average by -0.97 + 0.19 gC m2 y* over 19 years for the

easte&(ﬁg 4a) when calculated using Eg. 1 with direct and diffuse visible radiation from

15
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CESM. The trends are geographically consistent with those from the CESM model (Fig. 3b, d.).
For the Eastern U.S., the trend predicted by CEMS is consistent with the flux tower upscaling
within 9% (Table 1) while a scatter plot of the individual values shows consistency of 20% (Fig.
3e). F‘Jﬁm'and ¢ show model and flux tower upscaling results for the SEARCH site in
Centre@ﬂabama where large reductions in AOD have occurred and the UMBS field site

from Ggeng et al. [2015] where more modest reductions in AOD have occurred.

4. Dichn and Conclusions

; !; CESM model predicts that the reduction in SO, emissions associated with the Clean

Air Ac; ;mendments has led to a 4.9 + 0.3% y™ change in AOD and a 3.0  0.6% y*decline in

diffuse radigtion over the eastern U.S. between 1995 and 2013. We confirmed that simulation of
AOD vﬁﬁCESM IS in good agreement with MISR data for accurate historical SO, emissions.
The @f these changes on photosynthesis rates is confirmed by a simple flux tower
upscaling calculation, which finds a consistent change in GPP over the eastern U.S. during the

same pLind- These results suggest that the 1990 Clean Air Act Amendments, while improving

air qua d a small adverse impact on the U.S. carbon sink attributed to changes in direct and

diffusﬂaglaliion.

"U'Uﬂesults suggest that over a 19 year period, only 0.5 Pg C of GPP was omitted over the
easternEespite significant changes in AOD and diffuse radiation. The small effect that we

find @CESM and the observationally constrained upscaling disagrees with recent results

16
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from Strada and Unger [2016], who report that anthropogenic aerosols enhance GPP by 5-8%
annually over temperate ecosystems in eastern North America. Given that in our observationally
constrained upscaling, the cumulative reduction in GPP was only 1%, their model result likely
overémgs the influence of anthropogenic aerosol on GPP. Our results are more consistent
with X@I_[ZOlG], who used CLMA4 to calculate that a ~3 W m™ increase in diffuse light

= —
under wngineering scenario increases temperate forest photosynthesis by ~0.07 umol C m™
st whwees within a factor of two with our sensitivities from both CESM using CLM4.5
and thegflytower upscaling. The disparate results from different models underscores the
import f simulating quantities that can be compared to available observations. While our
study cﬁem only the impacts on photosynthesis, not net ecosystem exchange, we expect that
the ovmcrease to the land carbon sink is smaller than 0.5 PgC integrated over 20 years due
to resp a . Although this value only comprises the Eastern U.S., the small change to
phot esis resulting from a large change in sulfate aerosol does not support a substantial role
for d Ryht impacts from anthropogenic aerosol as a driver of the historical land carbon sink

(e.g., [Wercado et al., 2009]). Our results also suggest a minimal trade-off between future

reducti@ anthropogenic aerosol for improved air quality and their indirect impacts on the

land i&ink, at least in temperate ecosystems.

IThe giecrease in SO, and NOy (NO + NO;) emissions due to the Clean Air Act
Amenom are expected to have other impacts on carbon uptake that may enhance or offset the

impa&«lfate aerosol. Both SO, and NOy contribute to acid deposition, which depletes

17

This article is protected by copyright. All rights reserved.



nutrients such as calcium, magnesium, and potassium in the soil, and may contribute to tree
mortality [Driscoll et al., 2001]. Ozone is produced through photochemistry that requires NOx,
and its presence causes plant cellular damage through the degradation of stomata and reduced
watef'@'!l*iciency [Holmes, 2014; Lombardozzi et al., 2015]. Decreased acid deposition and
ozone &uation would both increase photosynthesis over the period from 1995-2013,

= —
counteﬂg the effect of reduced sulfate aerosol. Alternatively, decreased nitrogen deposition
due to @d NOy emissions may decrease photosynthesis in nitrogen-limited ecosystems.
This efm likely small because eastern forests are only moderately sensitive to nitrogen
additio delhoffer et al., 1999], and chronic nitrogen additions may actually slow rates of
carbonﬁ; [Aber et al., 1989]. In contrast to our simulations, which were run with fixed
cIimatgeased AOD may lead to increased surface temperatures and reductions in
photos%is. We designed our simulations to minimize this effect and to facilitate
comgwith the observational scale factors derived from Cheng et al. [2015]. Likewise, we
have mrcd only the influence of sulfate aerosol on the aerosol direct effect and
photosygnthesis, independent from other factors which may have changed direct and diffuse
radiati@ing the period from 1995-2013. Biogenic emissions that contribute to secondary
organic ol may decrease as diffuse light decreases [Strada and Unger, 2016; Wilton et al.,
20111,'ﬁgh the magnitude is not well constrained and may be counteracted by covarying

temperﬁ'ncreases [Knohl and Baldocchi, 2008]. Surface radiation data has shown increasing

trends in bggh clear-sky total and diffuse shortwave radiation in the U.S., and this has been

18
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attributed to factors such as high-altitude cirrus or cloudiness [Gan et al., 2014; Long et al.,

2009].

Uncertainty persists in the net impact anthropogenic activity has on ecosystem carbon
upt<';1ke,|z:,jI climate change predictions require accurate accounting of the radiative forcing of
CO,, a

Althouligye found that the effect of diffuse radiation on photosynthesis was small for the U.S.,

accurate accounting of numerous climate feedbacks that are driven by aerosol.

quantifying Jhis interaction is an important step that should be considered for ecosystems

gIobaIIWure aerosol trends will likely be dominated by changes in anthropogenic emissions

from Tnd other countries.
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Table 1_Jaeaylts for AOD, diffuse PAR response

L&atid Lat, Lon (deg) AOD Trend (% y™) Diffuse Radiation Trend Diffuse PAR Response, 3;  GPP Trend GPP Trend
2001-2013 Modeled? (umol CO, / umol photon) ~ Upscaled? Modeled?

. — Satellite'  Modeled® (Wm?y")  (%y?) Published®  Modeled® (gCm?y?"  (gCm?y™) (%y"h)
Eastern Suiad States -3.0 -4.9 -0.26 -0.6 NA 0.008 -0.97 -1.05 -0.11
SEARwreville 32.903,272.750 .46 45 -0.37 -0.8 NA 0.001 -1.49 -1.40 -0.13
Howlan erence 45.207, 291.275 -3.0 -2.8 -0.08 -0.2 0.005 0.016 -0.11 -0.69 -0.08
MorgarfVifndle  30.323,273587  -4.9 31 -0.32 0.7 0.009 0.000 -1.81 0.73 -0.07
UMBS 45559, 275287 0.2 3.2 -0.09 -0.3 0.011 0.008 013 0.05 0.01

IMISR 3
2This w

Cheng e&OlS, average of measurements at SZA < 60 deg
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Figure 1. SO, emissions from EPA CEMS data, scaled to include “stationary fuel combustion”
and “industrial and other process” sources not monitored by CEMS (see text). (a) SO, emissions

for 1995. (b) Difference in SO, emissions between 1995 and 2013. (¢) Total U.S. SO, emissions

Oy

Figu're!z. Annual trends in AOD from 2001-2013 for summer (JJA) from (a) MISR Level 3 at
555 nn@CESM model at 550 nm. (c) AOD values for MISR and CESM, showing JJA
average(fbhe eastern U.S., as defined by the yellow outline in (a) and (b). Stipples in this

figure indicate p values < 0.05.

Figure nual trends from 1995-2013 for summer (JJA) for (a) modeled diffuse radiation
(FSDSVI) from CESM; (b) modeled GPP trend from CESM in absolute units; (c) modeled GPP
trend f ESM in % y*; (d) calculated GPP trend from flux tower upscaling in absolute units,
using visitym direct and visible diffuse radiation from CESM model, MODIS landcover, and
relationships between GPP, visible direction, and visible diffuse reported by Cheng et al. (2015).
Stipleis figure indicate p values < 0.05. (e) Correlation plot showing GPP trends from the
CESMI and flux tower upscaling for 1995-2013. The slope (solid black line) is 1.2 £ 0.2
withrzﬂi, and the one-to-one line (grey dotted line) is shown. In all panels, the open green
circhthe flux tower sites from Cheng et al. (2015) used for the upscaling calculation, and

the open yeiow circle shows the Alabama SEARCH site.
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Figure 4. CESM modeled trends for AOD, diffuse radiation (FSDSVI), and GPP, shown
together with GPP determined from flux tower upscaling. AGPP is equal to GPP — GPP1ggs5 for
each time series. Panels show: a) spatially averaged trends for the eastern U.S. (as defined by the
yeIIoWbﬂ'H'Iﬂe in Fig. 2a); (b) the SEARCH site in Centreville, Alabama; (c) the UMBS site, in

Michi

ip
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Figure 4
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