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Abstract Atmospheric aerosol scatters solar radiation increasing the fraction of diffuse radiation and
the efficiency of photosynthesis. We quantify the impacts of biomass burning aerosol (BBA) on diffuse
radiation and plant photosynthesis across Amazonia during 1998-2007. Evaluation against observed aerosol
optical depth allows us to provide lower and upper BBA emissions estimates. BBA increases Amazon basin
annual mean diffuse radiation by 3.4-6.8% and net primary production (NPP) by 1.4-2.8%, with quoted
ranges driven by uncertainty in BBA emissions. The enhancement of Amazon basin NPP by 78-156 TgCa ™"
is equivalent to 33-65% of the annual regional carbon emissions from biomass burning. This NPP increase
occurs during the dry season and acts to counteract some of the observed effect of drought on tropical
production. We estimate that 30-60TgCa ™' of this NPP enhancement is within woody tissue, accounting for
8-16% of the observed carbon sink across mature Amazonian forests.

1. Introduction

An increase in carbon storage has been observed in undisturbed forests across Amazonia during the last few
decades [Phillips et al., 2009]. Several mechanisms have been suggested as possible causes of this carbon
sink, including changes in temperature, carbon dioxide, precipitation, clouds, and solar radiation [Nemani
et al, 2003; Lewis et al, 2004; Davidson et al, 2012]. Here we explore the impact of biomass burning
aerosol (BBA) on diffuse radiation and Amazon forest productivity.

The efficiency of plant photosynthesis increases under diffuse sunlight, a phenomenon that has been
explained theoretically [Roderick et al, 2001] and widely observed [Gu et al, 2003; Niyogi et al, 2004;
Oliveira et al, 2007; Doughty et al, 2010]. Leaf photosynthesis increases nonlinearly with solar radiation,
becoming saturated at light levels that can be exceeded on bright days [Gu et al, 2003; Mercado et al.,
2009]. Under clear-sky conditions, sunlight is mainly direct, resulting in sunlit leaves being light saturated,
whereas shaded leaves receive little sunlight. In the presence of optically thin clouds or atmospheric
aerosol, direct radiation incident on the plant canopy is reduced due to sunlight scattering, while diffuse
radiation is increased. The reduction in direct solar radiation has an inhibiting effect on photosynthesis,
while the increase in diffuse radiation illuminates parts of the canopy that would otherwise be shaded,
increasing photosynthesis. The net effect on photosynthesis is determined by the balance of these two
competing effects, and it is in tropical regions such as the Amazon basin where this balance leads to the
largest positive effect: while canopy carbon assimilation is often greatly reduced around midday as leaves
shut down stomata (due to bright, hot, and high vapor pressure deficit conditions), diffuse light acts to
reduce this depression. However, if clouds and aerosols are optically thick, then both direct and diffuse
radiation incident on the plant canopy are reduced, resulting in a decrease in photosynthesis.

Previous work has shown that increased diffuse radiation due to anthropogenic aerosols has led to a 25%
increase in the global land-carbon sink in recent decades [Mercado et al,, 2009]. Across the Amazon, emissions
from fossil fuel combustion are limited and the wet season atmosphere is relatively pristine, being dominated
by emissions of aerosols produced by the vegetation itself [Martin et al, 2010]. In contrast, during the dry
season, numerous fires [Aragdo et al, 2008] emit large quantities of carbonaceous aerosol into the
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atmosphere, increasing aerosol concentrations across the Amazon basin [Martin et al,, 2010; Andreae et al.,, 2012],
altering surface radiation [Schafer et al, 2002], and potentially plant productivity. Observations of smoke
increasing Amazon forest productivity through changes to radiation have been recorded [Oliveira et al., 2007;
Doughty et al., 2010; Artaxo et al., 2013], but the impact of regional smoke pollution on diffuse radiation
and Amazon vegetation has not yet been explored. Here we quantify the impact of biomass burning on
atmospheric aerosol, solar radiation, and plant productivity of the Amazon basin biosphere.

2. Methodology

We simulate atmospheric aerosol concentrations using a global aerosol model [Mann et al., 2010] combined
with satellite-derived biomass burning aerosol (BBA) emissions [van der Werf et al, 2010]. The impact of
changing aerosol on surface radiation is quantified using a radiative transfer model [Rap et al, 2013].
Finally, plant photosynthesis is simulated using a land surface model [Mercado et al., 2009].

2.1. Aerosol Model

We simulated aerosol using the 3-D GLObal Model of Aerosol Processes (GLOMAP) [Mann et al, 2010]. The
aerosol size distribution is simulated using a two-moment modal scheme. The model includes a description
of nucleation, coagulation, condensation of gas phase species, in-cloud and below-cloud aerosol scavenging
and deposition, dry deposition, and cloud processing. The aerosol species included in GLOMAP are black
carbon (BC), particulate organic matter (POM), sulfate, sea salt, and dust. The model is driven by analyzed
meteorology from the European Centre for Medium Range Weather Forecasts (ECMWF), updated every 6 h
and linearly interpolated onto the model time step (30 min). Using analyzed meteorology allows us to isolate
the impact of BBA on diffuse radiation from the highly uncertain impacts of aerosol on atmospheric
circulation and rainfall [Andreae et al, 2004; Tosca et al, 2013]. The horizontal resolution of the model is
2.8°%2.8°, with 31 vertical model levels between the surface and 10 hPa. Yearly varying, monthly mean fire
emissions of SO,, BC, and POM were taken from the Global Fire Emissions Database (GFED3) [van der Werf
et al, 2010]. The GFED3 emissions are derived using estimates of burnt area, active fire detections, and plant
productivity from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument, combined
with estimates of fuel loads and combustion completeness for each monthly time step from the Carnegie-
Ames-Stanford-Approach (CASA) biogeochemical model [van der Werf et al,, 2010]. The injection heights of
the fire emissions were distributed in GLOMAP between the surface and 6 km [Dentener et al., 2006].

2.2. Radiative Transfer Model

The aerosol effect on direct and diffuse radiation was calculated using a radiative transfer model [Edwards
and Slingo, 1996; Rap et al., 2013] with six bands in the short-wave and nine bands in the long-wave,
based on the two-stream equations at all wavelengths. Aerosol scattering and absorption coefficients
together with asymmetry parameters are calculated for each aerosol size mode and spectral band, as
described in Bellouin et al. [2013]. We used a monthly mean climatology for water vapor, temperature, and
ozone based on ECMWF reanalysis data, together with surface albedo and cloud optical depth fields from
the International Satellite Cloud Climatology Project (ISCCP-D2) [Rossow and Schiffer, 1999]. The diffuse
radiation flux was obtained by subtracting the direct flux (calculated using an Eddington two-stream
scattering solver) from the total flux (calculated using a delta-Eddington solver).

2.3. Land Surface Model

The Joint UK Land Environment Simulator (JULES) land surface model represents the fluxes of water, energy,
and carbon between the land and the atmosphere [Best et al., 2011; Clark et al., 2011]. This study employs the
canopy radiation-photosynthesis scheme in JULES that accounts for effects of diffuse radiation on sunlit
and shaded photosynthesis [Mercado et al,, 2007, 2009], using a multilayer canopy model with 10 layers.
The model estimates radiation interception and photosynthesis at each layer, by splitting leaves into sunlit
and shaded categories depending on sunlit fraction. Sunlit leaves receive both direct and diffuse radiation,
and shaded leaves only receive diffuse radiation. The standard photosynthesis equations described by
Clark et al. [2011] are used, while leaf area index (LAI) is prescribed for each plant functional type based
on the MODIS LAl product. The radiation model is the two-stream model from Sellers [1985] with a
modification to include sunfleck penetration [Dai et al, 2004; Mercado et al., 2007, 2009]. The model is
run with a spatial resolution of 0.5° across the domain and forced with meteorological driving data
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with a temporal resolution of 3 h. The meteorological components consist of 2m air temperature and
specific humidity, precipitation, 10 m wind speed, and surface pressure. The data were derived using the
methodology for bias correction [Weedon et al.,, 2011] of the ECMWF ERA-Interim reanalysis product. The
model uses downward direct and diffuse short-wave and long-wave radiation derived from our radiative
transfer model. The soil hydrology utilized the van Genuchten relationships [van Genuchten, 1980] and
parameters derived from the Harmonized World Soil Database [2012].

2.4. Model Simulations

We performed five simulations for the period January 1998 to December 2007: (i) all BBA emissions included
(the control simulation), (ii) deforestation fires (as classified by the fire emissions inventory [van der Werf et al.,
2010]) switched off, (iii) all fires switched off, (iv) BBA emissions scaled by a factor of 3 (3 x BBA), and (v) BBA
emissions scaled by a factor of 6 (6 x BBA). These simulations account for uncertainty in the magnitude of BBA
emissions, with previous studies [Kaiser et al., 2012; Tosca et al., 2013] increasing emissions by up to a factor of
6 to match observed aerosol optical depth (AOD).

2.5. Observations Used in Model Evaluation

The simulated concentrations of particles less than 2.5 um diameter (PM2.5), AOD, total and diffuse radiation,
and gross primary productivity (GPP) were evaluated using observations across the Amazon. The PM2.5
measurements were made using gravimetric filter analysis at two ground stations in Brazil: Balbina (1.917°S,
59.487°W; October 1998 to May 2003), a remote forest site in central Amazonia, and Porto Velho (8.687°S,
63.866°W; September 2009 to December 2011), a heavily biomass burning impacted site in southwestern
Amazonia. Measurements of AOD at 500 nm were made using Sun-sky scanning spectral radiometers at
four stations in the Aerosol Robotic Network (AERONET): Rio Branco, Alta Floresta, and Cuiaba-Miranda
in Brazil and Santa Cruz in Bolivia. These sites are strongly influenced by biomass burning emissions in
the dry season [Hoelzemann et al, 2009]. We used Level 2 data available between 1998 and 2008, with
all years of data available at Alta Floresta and Santa Cruz, ~7years at Cuiaba-Miranda, and ~8years at
Rio Branco. At Caxiuana, Brazil (1.738°S, 51.453°W), total and diffuse radiation observations [Butt et al, 2010]
have been collected every 2 min between March 2005 and August 2006, using a BF3 sunshine sensor [Wood
et al, 2003] (Delta-T Devices, Cambridge, UK), located at a height of 50 m, about 20 m above the top of the
forest canopy. At Tapajos, Brazil (2.857°S, 54.959°W), total and diffuse radiation were measured using a BF3
sunshine sensor (2004-2006), and C fluxes were measured using a close-path eddy covariance (EC) system
[Saleska et al, 2003; Restrepo-Coupe et al, 2013]. The high-frequency flux data were averaged to hourly values
for the January 2002 to January 2006 period. The EC sensor is placed at a height of 63 m over a height of
35-40 m evergreen forest canopy. At Guyaflux, French Guiana (5.280°N, 52.926°W), total and diffuse radiation
were measured using a BF3 sunshine sensor and GPP data calculated using eddy flux data [Bonal et al., 2008]
collected every 30 min between January 2007 and December 2009, at a height of 57 m (approximately 22 m
above the canopy height) from an undisturbed mature evergreen broadleaf tropical wet ecosystem (for the
GPP observations, only measurements between 9 A.M. and 5 P.M. local time were used).

To estimate the contribution of increased diffuse radiation to the observed carbon sink, we compared against
the RAINFOR network of forest inventory plots across the Amazon basin [Phillips et al, 2009]. This network
indicates that in the decades before 2007, mature forests across the Amazon basin have been accumulating
carbon in wood at an estimated rate of 0.37PgCa™"'. To partition our calculated change in net primary
productivity (NPP) to woody NPP, we used a global data set of ecosystem NPP allocation in tropical forests
[Malhi et al., 2011] that suggests a 39 + 10% partitioning into wood.

3. Results and Discussion

Figure 1 shows simulated AOD, radiation, and GPP compared to observations from several sites across the
Amazon basin. As in previous studies [Kaiser et al, 2012; Tosca et al, 2013], when using standard BBA
emissions, simulated AOD underestimates the observed values (normalized mean bias (NMB)=—41%). With
BBA emissions scaled by a factor of 3, the model typically overestimates AOD (NMB=19%), while the
correlation coefficient between the modeled and the observed values remains high (r=0.89 for both cases).
We therefore use these two simulations as a rough lower and upper bound estimate of BBA emissions. As we
show later, this uncertainty in emissions results in a factor of ~2 uncertainty on the impact of BBA on forest
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Figure 1. Scatterplot of monthly mean observed (with error bars showing 1 standard deviation in daily mean) against
1 x BBA modeled (blue) and 3 x BBA modeled (green) (a) AOD, (b) short-wave total radiation, (c) short-wave diffuse radiation,
and (d) GPP at various Amazonian sites (locations shown in Figure 3a). The Guyaflux GPP values were calculated from values
corresponding to 9 A.M. to 5 P.M. local time only, assuming zero GPP between 5 P.M. and 9 A.M. Lines of best fit between
modeled and observed values for all sites, together with correlation coefficients (r) and normalized mean biases (NMB), are
included in each panel.

carbon uptake. Simulated radiation and GPP compare reasonably well against observations (NMB < 10%).
The model also simulates the observed seasonal cycle with PM2.5, AOD, and total radiation peaking
during the dry season, while GPP peaks during the wet season (Figure S1 in the supporting information).
Compared to AOD, radiation and GPP are less sensitive to increasing BBA emissions, due to their larger
sensitivity to other factors such as clouds. However, the model is able to simulate the reduction in total
radiation and the increases in diffuse radiation and GPP (Figures 1b-1d) when BBA emissions are increased.

Figure 2 shows the simulated and observed response of GPP to photosynthetically active radiation (PAR), under
both direct and diffuse radiation conditions. Observed and simulated GPP increase with increased PAR, saturating
at high PAR. Also, for the same amount of PAR, both observed and simulated GPP are increased by ~45% under
diffuse compared to direct light conditions. The comparison demonstrates that the model is capable of
simulating the observed increase in photosynthesis in tropical forests of the Amazon basin under diffuse sunlight.

Figure 3 shows the simulated effect of biomass burning on PM2.5, diffuse radiation, GPP, and NPP in the
Amazon region. Biomass burning has the greatest impact during the Amazon basin dry season (considered
here as June to November), with little impact during the wet season (December to May). This is due to
the seasonal cycle of Amazonian fires which peak in the dry season [van der Werf et al., 2010], combined
with an opposing seasonal cycle in cloud fraction. The large cloud fraction over the Amazon basin during
the wet season dominates diffuse radiation, masking any aerosol-driven changes in radiation. Biomass
burning typically has the largest impact in August, when fire emissions are strong and cloud cover is
minimal [Holben et al., 2001].
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Figure 2. Observed (black) and modeled (blue) light response of GPP to
direct (triangles) and diffuse (squares) photosynthetically active radiation
(PAR) averaged over bins of 200 pmol quanta m2s ' at (a) Tapajos
(2002-2005) and (b) Guyaflux (2006-2007). Error bars show 1 standard A large fraction of fire across Amazonia is
deviation of all values. Data points are split into “diffuse” and “direct”
conditions using diffuse fractions > 80% and < 25% to discriminate
between these two cases.

caused by human activity, with fire used
to clear forested land for agriculture
[Aragdo et al, 2008]. We simulated the
impact of these Amazon deforestation
fires on diffuse radiation and forest productivity using a satellite-derived fire classification scheme
[van der Werf et al, 2010] to isolate deforestation fires from other types of landscape fires over the
period 1998-2007. We estimate that deforestation fires result in increases of 15%, 1.7%, 0.4%, and 0.6%
in PM2.5, diffuse radiation, GPP, and NPP, respectively (supporting information Figure S3), ~40% of the
impact we calculated for all BBA.

The largest NPP increases are simulated in the southern part of the Amazon basin where NPP is enhanced
up to 10% in the dry season (Figure 3). When integrating changes in NPP over 1997-2008, we calculate
that forests in some southern Amazonia areas are accumulating an additional 400kgCha™'a™"
(supporting information Figure S4). Amazon basin average NPP is increased by 128-258kgCha~'a™',
representing an increase of 78-156 TgCa~' when integrated across the basin. This compares with a
decrease in terrestrial carbon storage of ~240TgCa~' over the same period caused by direct emission
of C by the fires [van der Werf et al, 2010]. Thus, in terms of the terrestrial carbon budget, we estimate
that the increase in productivity caused by impacts on diffuse radiation represents 33-65% of the direct
emissions from biomass burning during 1998-2007. That is, remaining forests respond to changes in
diffuse radiation by absorbing additional carbon and offsetting some of the original carbon emission
from fires. However, it should be noted that this offset occurs only once, while the loss of forest caused
by deforestation persists for decades. We also compared our calculated increase in NPP due to changes
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Figure 3. Modeled 1998-2007 mean percentage changes in (a-c) PM2.5, (d-f) diffuse radiation, (g—i) GPP, and (j-I) NPP
during the wet (defined here as December to May) season (Figures 3a, 3d, 3g, and 3j), dry (June to November) season
(Figures 3b, 3e, 3h, and 3k), and August (Figures 3c, 3f, 3i, and 3l) due to BBA emissions. Values above panels are Amazon
basin (black line area boundary shown) averages. Figure 3a shows locations of the observation sites in Figures 1 and S1. (ALF:
Alta Floresta; BAL: Balbina; CAX: Caxiuana; CBM: Cuiaba-Miranda; GUY: Guyaflux; POR: Porto Velho; RBR: Rio Branco; SCZ:
Santa Cruz; TAP: Tapajos).

in diffuse radiation against the observed carbon sink [Phillips et al., 2009]. Using a global data set of NPP
allocation in tropical forests [Malhi et al, 2011], we estimate that 30-60TgCa™' of the simulated NPP
increase corresponds to woody tissue, which represents 8-16% of the observed carbon sink across mature
Amazonian forests [Phillips et al., 2009].

Fires in Amazonia exhibit strong interannual variability driven by variability in climate [Aragdo et al., 2008],
with the largest fractional changes in PM2.5 and diffuse radiation occurring during the dry seasons of
1998, 2005, and 2007, matching years with the largest fire emissions [van der Werf et al,, 2010] (supporting
information Figure S5). We simulated greater NPP enhancement in these years with large fire emissions
(Figure 4), though as a fraction of direct emissions of C by fires this enhancement decreased from 40-50%
in low fire years to 25-30% in large fire years. During years with large fire activity, the reduction in total
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Figure 4. Amazon basin annual mean NPP enhancement caused by BBA
as a function of BBA emissions (black: standard BBA emissions; blue: The diffuse radiation fertilization effect of
3 x BBA emissions; and green: 6 x BBA emissions), for each year during

BBA occurs mainly during the dry season,
1998-2007.

when there is a simultaneous impact
from moisture stress on GPP and NPP.
A recent analysis of carbon flux measurements from Amazonian forest plots [Gatti et al, 2014] shows
that photosynthesis suppression during drought years has an important effect on the Amazonian
carbon balance. This is also simulated in our model, where the Amazon basin NPP anomaly during the
year 2005 (a drought year) compared to the 1998-2007 mean is —40 to —50TgCa ™. A similar value of
—50+110TgCa " is calculated as the multimodel mean 2005 NPP anomaly from nine DGVMs [Sitch
et al,, 2015] for the tropical South America region. However, in our simulation with no BBA impacts on
radiation, the 2005 NPP anomaly is —80TgCa~', indicating that fertilization from diffuse radiation
mitigates a substantial fraction (40-50%) of the moisture-generated decline in NPP in drought years. We
therefore argue that the direct impact of moisture shortage on tropical production [Gatti et al., 2014]
may be larger than is observed, because in practice aerosols have tended to counteract its impacts
through increased diffuse radiation.

We have accounted for uncertainty in BBA emissions; additional uncertainty is caused due to uncertainty in
the composition of BBA and in aerosol optical properties. Increased aerosol absorption leads to reductions
in downward irradiance without increasing diffuse radiation [Jacobson, 1999]. In this study we use the
GLOMAP-mode aerosol optical properties from Bellouin et al. [2013] and simulate an Amazon basin dry
season single-scattering albedo (SSA) at 0.55um of 0.94+0.03 in our control simulation. Although
toward the higher end, this is in relatively good agreement with existing Amazon SSA estimates such as
0.93+0.03 from an AERONET site analysis [Rosdrio et al, 2011], 0.92+0.03 from MODIS retrievals [Zhu
et al., 2011], or 0.90-0.95 from lidar-derived estimates [Baars et al., 2012]. To investigate the sensitivity of
our results to BBA absorption properties, we performed additional simulations where we increased the
BC fraction of BBA by factors of 2 and 4, which resulted in corresponding SSA values of 0.90 + 0.05 and
0.85+0.08, respectively (supporting information Figure S6). Increasing the BC fraction corresponds to an
increase of BBA absorption properties, which alters the balance between the reduction in direct and the
increase in diffuse radiation. The simulated increase in basin-wide annual mean NPP changes from 1.4% in
the control simulation to 0.9% in the 2xBC and 0.4% in the 4 x BC simulations, demonstrating sensitivity
to optical properties of BBA, but with NPP enhancements even with more strongly absorbing aerosol. Our
work demonstrates that the system is not just sensitive to the total emission of BBA but to the optical
properties of the aerosol providing additional rationale for better constraining BBA single-scattering albedo.

The aim of this study was to isolate the impact of fires on vegetation through changes to diffuse radiation.
Aerosol from fires may also increase CO, uptake by tropical forests through a reduction in leaf temperature.
While this effect is minor for shaded leaves [Doughty et al., 2010], this might not be the case for sunlit leaves,
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implying that our estimated enhancement of NPP may be conservative. Biomass burning aerosol may also
cause increased dry season length [Bevan et al.,, 2009], alter patterns of precipitation [Andreae et al.,, 2004;
Tosca et al,, 2013], and change evapotranspiration, potentially causing further impacts on rainfall [Spracklen
et al, 2012]. Reductions in rainfall will reduce forest productivity, counteracting some of the changes
that we simulate due to diffuse radiation. Fires also release a range of gas phase pollutants resulting in the
production of ozone which can damage vegetation [Pacifico et al, 2014]. Our coarse-resolution global
model does not simulate the suppression of total radiation and photosynthesis under dense smoke plumes.
A suggestion for further work beyond the scope of that presented here is repetition with higher-resolution
models. Future studies also need to explore the impacts of fire in fully coupled Earth system models,
although the complexity of these interactions, particularly aerosol-cloud interactions [Rosenfeld et al, 2008],
mean that uncertainties in the overall impact of BBA on the biosphere are likely to be large.
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