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Abstract

A global Earth system model is applied to quantify the impacts of direct anthro-
pogenic aerosol effective radiative forcing on gross primary productivity (GPP) and iso-
prene emission. The impacts of different pollution aerosol sources (all anthropogenic,
biomass burning and non-biomass burning) are investigated by performing sensitivity5

experiments. On the global scale, our results show that land carbon fluxes (GPP and
isoprene emission) are not sensitive to pollution aerosols, even under a global decline
in surface solar radiation (direct+diffuse) by ∼9 %. At the regional scale, plant produc-
tivity (GPP) and isoprene emission show a robust but opposite sensitivity to pollution
aerosols, in regions where complex canopies dominate. In eastern North America and10

Europe, anthropogenic pollution aerosols (mainly from non-biomass burning sources)
enhance GPP by +8–12 % on an annual average, with a stronger increase during the
growing season (>12 %). In the Amazon basin and central Africa, biomass burning
aerosols increase GPP by +2–5 % on an annual average, with a peak in the Amazon
basin during the dry-fire season (+5–8 %). In Europe and China, anthropogenic pol-15

lution aerosols drive a decrease in isoprene emission of −2 to −12 % on the annual
average. Anthropogenic aerosols affect land carbon fluxes via different mechanisms
and we suggest that the dominant mechanism varies across regions: (1) light scatter-
ing dominates in the eastern US; (2) cooling in the Amazon basin; and (3) reduction in
direct radiation in Europe and China.20

1 Introduction

Terrestrial gross primary productivity (GPP), the amount of carbon dioxide (CO2) taken
up every year from the atmosphere by plant photosynthesis, is the largest single
flux in the carbon cycle and therefore plays a major role in global climate change.
GPP is tightly connected to climatic variables (e.g., temperature, water, light) (Beer25

et al., 2010). In turn, terrestrial vegetation provides the main source of isoprene to
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the atmosphere, which influences the loading of multiple short-lived climate pollutants
and greenhouse gases (ozone, methane, secondary aerosols). Isoprene production is
closely linked to plant photosynthesis (Pacifico et al., 2009; Unger et al., 2013). Hence,
both GPP and isoprene emission may be influenced by a change in surface solar radi-
ation (SSR, the sum of the direct and diffuse radiation incident on the surface) and sur-5

face atmospheric temperature (SAT). Anthropogenic aerosols affect directly the Earth’s
radiation flux via: (a) scattering, which alters the partitioning between direct and diffuse
radiation and increases the diffuse fraction of SSR (Wild, 2009); and (b) absorption,
which reduces SSR and SAT (Ramanathan et al., 2001). Furthermore, aerosols may
attenuate indirectly SSR by acting as cloud condensation nuclei, thus perturbing cloud10

cover and cloud properties (Rosenfeld et al., 2008).
In 1991, Mount Pinatubo (Philippines) injected 20 megatons of sulfur dioxide (SO2)

into the stratosphere causing a massive production of sulfate aerosols, with substantial
impacts on climate, and on the water and carbon cycles (Jones and Cox, 2001; Gu
et al., 2003; Trenberth and Dai, 2007). In the aftermath of the eruption, a loss in net15

global radiation at the TOA (Top Of the Atmosphere) and a concomitant cooling were
observed, and ultimately led to drying (Trenberth and Dai, 2007). By efficiently scatter-
ing light, the volcanic sulfate aerosol production caused a significant increase in diffuse
solar radiation. In 1991 and 1992, at two northern mid-latitude sites, Molineaux and
Ineichen (1996) recorded an increase in clear-sky diffuse radiation by +50%, compen-20

sated by a concomitant decrease in direct radiation by −30%. Over the same period,
in a deciduous forest in North-America, Gu et al. (2003) ascribed to increased diffuse
radiation an enhancement in plant productivity of +23 and +8% in the two years follow-
ing the Pinatubo eruption. On the global scale, enhancement in the terrestrial carbon
sink was proposed as one of the main drivers of the sharp and rapid decline in the25

rate of atmospheric CO2 rise observed in the post-Pinatubo period, which resulted
in a decrease of 3.5 ppmv by 1995 in atmospheric CO2 (Keeling et al., 1995; Jones
and Cox, 2001; Gu et al., 2003). The “Mount Pinatubo experiment” suggested a pos-
sible global response of terrestrial vegetation to the “diffuse fertilization effect” (DFE).
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Observational and theoretical studies show that plant productivity is more efficient un-
der multi-directional diffuse rather than direct light because shaded non-light-saturated
leaves increase their photosynthetic rate (Gu et al., 2002).

The DFE on plant photosynthesis has been extensively observed at ecosystem scale
under cloudy skies (e.g., Gu et al., 2002; Niyogi et al., 2004; Cheng et al., 2015) and5

a chronic aerosol loading (e.g., Gu et al., 2003; Oliveira et al., 2007; Cirino et al., 2014)
in diverse ecosystems (rainforest, deciduous and needleleaf forest, crop- and grass-
lands). The main conclusions of these studies are: (1) DFE prevails in complex and
closed canopies, such as forests (Niyogi et al., 2004; Kanniah et al., 2012); (2) interme-
diate aerosol optical depth (AOD) enhances plant productivity, while high AOD (> 2–3)10

reduces carbon uptake rate because of a large reduction in direct radiation (Oliveira
et al., 2007; Artaxo et al., 2013; Cirino et al., 2014). An ecosystem-scale measure-
ment study in a European mixed needleleaf and deciduous forest reported increased
isoprene emissions under conditions of higher diffuse light (Laffineur et al., 2013).

A few modeling studies have investigated aerosol-induced effects on plant productiv-15

ity. Regional- and daily-scale assessments have been performed over: the Yellow River
region (China), selecting a period of five days (Steiner and Chameides, 2005); and over
the eastern US, selecting two growing seasons (Matsui et al., 2008). Results in both
studies are consistent with the main conclusions of the local observational studies.
Steiner and Chameides (2005) demonstrated the importance of both aerosol-induced20

radiative (i.e., change in light amount and its partitioning) and thermal (i.e., change
in surface temperature) effects on plant transpiration and productivity. However, these
studies focus on short time periods and a limited number of ecosystems using offline
models with single-layer canopy schemes.

By applying a multy-layer canopy scheme in the framework of an offline modeling25

setup (i.e., aerosol, radiative transfer and land use models are coupled offline), Rap
et al. (2015) performed a regional- and decade-scale assessment of aerosol-induced
effects on plant productivity in the Amazon basin from 1998 to 2007. The authors
specifically focused on biomass burning aerosols (BBAs) and quantified that BBAs in-
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crease the annual mean diffuse light and net primary production (NPP) by, respectively,
∼ 5 and ∼ 2.5%. Deforestation fires play a key role and drive ∼ 40% of the estimated
changes in light and photosynthesis. Moreover, Rap et al. (2015) assessed that in the
Amazon basin during 1998–2007 the DFE (a) was larger than the CO2 fertilization
effect, and (b) it could counteract the negative effect of droughts on land carbon fluxes.5

A global-scale assessment of the aerosol-induced effects on the carbon cycle was
performed by Mercado et al. (2009) using an offline land-surface model (with a multi-
layer canopy scheme). The authors concluded that DFE enhanced the global land
carbon sink by +23.7% over the 20th century. Mercado et al. (2009) reconstructed
historical SSR using radiative transfer calculations and a global climate dataset for the10

“global dimming” (period 1950–1980) and the “global brightening” period (after 1990s)
(Wild, 2009, 2012; Streets et al., 2009). Recently, Chen and Zhuang (2014) applied
an atmospheric radiative transfer module coupled with a terrestrial ecosystem mod-
ule to quantify aerosol direct radiative effects on global terrestrial carbon dynamics
during 2003–2010. Using transient atmospheric CO2 and prognostic leaf area index15

(LAI, one-sided green leaf area per unit ground area), the authors evaluated aerosol
impacts on plant phenology, thermal and hydrological conditions as well as solar radia-
tion. Chen and Zhuang (2014) estimated that, on a global scale, aerosols enhance GPP
by 4.9 PgCyr−1 and slightly affect respiration. Chen and Zhuang (2014) accounted for
all atmospheric aerosols and they did not target anthropogenic pollution aerosols.20

Understanding all anthropogenic factors that influence the land carbon cycle is cru-
cial to better manage terrestrial vegetation and to any effort to mitigate climate change
by stabilizing atmospheric CO2 concentrations. In the present study, we quantify the
sensitivity of GPP and isoprene emission to the direct radiative effects of a realistic
present-day pollution aerosol loading. Using a global Earth system model that repre-25

sents vegetation–oxidant–aerosol–climate coupling, we perform sensitivity simulations
to isolate the impact of the present-day pollution aerosols on GPP and isoprene emis-
sion. We tackle the direct aerosol effect only (absorption + scattering) and its impact
on SSR and SAT that affects land carbon fluxes. Aerosol indirect effects on cloud prop-
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erties are not addressed in this study due to the large uncertainties (Boucher et al.,
2013; Myhre et al., 2013a). This study focuses on GPP because it is the first step in
the long-term storage of atmospheric CO2 in the living tissues of plants and is directly
affected by solar radiation. We do not address aerosol effects on other land carbon
cycle fluxes (e.g., respiration, net ecosystem exchange). We employ the effective ra-5

diative forcing (ERF) concept metric introduced in the IPCC AR5 in which all physical
variables are allowed to respond to the direct aerosol–radiation perturbations except for
those concerning the ocean and sea ice (Myhre et al., 2013b). The inclusion of these
rapid adjustments in the ERF metric allows us to investigate the multiple short-term
aerosol-induced concomitant meteorological impacts on the biosphere.10

Section 2 describes the global Earth system model tool (NASA ModelE2-YIBs) and
the experimental design. In Sect. 3, we evaluate simulated present-day atmospheric
aerosols and GPP against global observational datasets including AOD from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) and global gridded GPP that
was generated using data orientated diagnostic upscaling of site-derived GPP from15

FLUXNET (Beer et al., 2010; Bonan et al., 2011; Jung et al., 2011). In addition, we
present the analysis of results from the sensitivity simulations. In Sect. 4 we discuss
the results and summarize conclusions.

2 Methodology

2.1 Global Earth system model: NASA ModelE2-YIBs20

We apply the NASA GISS ModelE2 global chemistry-climate model at 2◦ ×2.5◦ lat-
itude by longitude horizontal resolution with 40-vertical layers extending to 0.1 hPa
(Schmidt et al., 2014). The Yale Interactive Terrestrial Biosphere Model (YIBs) is em-
bedded inside NASA ModelE2 in a framework known as NASA ModelE2-YIBs (Unger
et al., 2013). The global climate model provides the meteorological drivers for the veg-25

etation physiology. The land-surface hydrology submodel provides the grid cell level
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soil characteristics to the vegetation physiology. The model framework fully integrates
the land biosphere–oxidant–aerosol system such that these components interact with
each other and with the physics of the climate model. On-line oxidants affect aerosol
production and on-line aerosols provide surfaces for chemical reactions and influence
photolysis rates. The chemistry and aerosol schemes and their coupling have been5

well documented and extensively compared with observations and other global mod-
els (e.g., Bell et al., 2005; Bauer et al., 2007; Koch et al., 2006; Koch and Del Genio,
2010; Unger, 2011; Myhre et al., 2013a; Shindell et al., 2006, 2013a, b; Stevenson
et al., 2013).

The aerosol package includes mass-based simulation of sulfate, nitrate and sea salt10

(e.g., Koch et al., 2006), carbonaceous aerosols (black carbon, BC, and primary or-
ganic matter, OC) (Koch and Hansen, 2005), mineral dust (Miller et al., 2006), and bio-
genic secondary organic aerosol (BSOA) (Tsigaridis and Kanakidou, 2007). The model
assumes log-normal size distributions with effective radii: 0.2µm (sulfate); 0.3µm (ni-
trate); 0.1µm (BC); 0.3µm (OC). Sea salt aerosols are represented by two size bins15

with effective radii of 0.44 and 5µm. Mineral dust aerosols are tracked in four size bins,
ranging from 0.1 to 10µm, and can be coated by sulfate and nitrate aerosols. Hygro-
scopic aerosols (sulfates, nitrates, sea salt and organic carbon) increase in size as
the relative humidity increase, which increases the aerosol scattering efficiency and
radiative forcing (Schmidt et al., 2006).20

The direct effect interaction between aerosols and radiation is reproduced by the
on-line (two-way coupled) mode: aerosol fields are simulated at each model time step
(30 min) and influence the simulated short and longwave radiation through scatter-
ing and absorption in the radiation submodel, which in turn influences the climate
dynamics. Thus, aerosols induce (a) changes in simulated diffuse and direct photo-25

synthetically active radiation (PAR, spectral range of surface visible solar radiation,
400–700 nm, used by plants to photosynthesize) that are passed from the radiation
submodel to the vegetation model; and (b) fast feedback changes in meteorology (tem-
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perature, precipitation, circulation) that are passed from the model’s atmosphere to the
vegetation model.

The Yale Interactive Terrestrial Biosphere model (YIBs)

The vegetation structure describes eight plant functional types (PFTs): tundra, grass-
land, shrubland, deciduous broadleaf forest, savannah, tropical rainforest, evergreen5

needleleaf forest, and cropland. The PFT-specific vegetation cover fraction and LAI are
the standard atlas-based distribution in NASA GISS ModelE2 (Schmidt et al., 2014).
Leaf area index (LAI) for each PFT is prescribed according to regular seasonal si-
nusoidal variation between PFT-specific minimum and maximum seasonal LAI values
that is insensitive to climate drivers or carbon balances (Rosenzweig and Abramopou-10

los, 1997; Friend and Kiang, 2005). Each model PFT fraction in the vegetated part
of each grid cell represents a single canopy. The canopy radiative transfer scheme
assumes a closed canopy and distinguishes vertically canopy layers into sunlit and
shaded leaves, as well as the different contribution from direct and diffuse PAR (from
the climate model’s radiation scheme) at the leaf level (Spitters et al., 1986). The leaf-15

level carbon and water fluxes are scaled up to the canopy level by integrating over
each canopy layer, using an adaptive number of layers (typically 16) (Friend and Kiang,
2005). After upscaling from leaf to canopy, the carbon and water fluxes are exchanged
with the atmosphere on the 30 min physical integration time step of the global climate
model.20

The vegetation biophysical fluxes are calculated using the well-established
Michealis–Menten enzyme-kinetics leaf model of photosynthesis (Farquhar et al.,
1980; Von Caemmerer and Farquhar, 1981) and the stomatal conductance model of
Ball and Berry (Collatz et al., 1991). In the leaf model, the rate of net CO2 uptake in the
leaves of C3 plants is the result of three competing processes: Jc, the carboxylation-25

limited rate; Je, the electron transport-limited photosynthesis rate; and Js, the export-
limited rate to use photosynthesis products. The coupled photosynthesis and stomatal
conductance equations are solved analytically at the leaf level using a cubic function in
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net photosynthetic rate. Isoprene emission is calculated as a function of Je, intercellular
and atmospheric CO2 and canopy temperature (Unger et al., 2013).

This version of the land carbon cycle model captures the meteorological (light, tem-
perature, relative humidity, precipitation) responses of photosynthesis. The use of fixed
canopy structures and phenology means that leaf mass is not driven by photosynthetic5

uptake of CO2 and a closed carbon cycle is not simulated. Thus, the simulated GPP
and isoprene emission responses may be underestimated because the LAI is insensi-
tive to CO2 uptake and climate.

2.2 Simulations

The atmosphere-only configuration of NASA ModelE2-YIBs is used to perform a con-10

trol simulation (“SimCTRL”) representative of the present-day (∼2000s). Prescribed
decadal average monthly-varying sea surface temperature (SST) and sea ice obser-
vations for 1996–2005 from the HadSST dataset (Rayner et al., 2006) provide the
lower boundary conditions for the global climate model. The present day trace gas
and aerosol emissions are prescribed to year 2000 values from the historical inven-15

tory developed for IPCC AR5 (RCP4.5; Lamarque et al., 2010). Atmospheric levels of
long-lived greenhouse gases are prescribed to: CO2 = 370 ppmv; CH4 = 1733 ppbv in
Southern Hemisphere and 1814ppbv in Northern Hemisphere; N2O= 316 ppbv. A set
of three sensitivity perturbation simulations is performed that selectively remove an-
thropogenic short-lived gas-phase precursor and primary aerosol emissions: (a) all20

anthropogenic emissions including biomass burning (“SimNOant”), (b) biomass burn-
ing emissions only (“SimNObb”), and (c) industrial emissions (“SimNOind”, all anthro-
pogenic emissions are removed except biomass burning emissions).

The control and sensitivity simulations are run for 32 model years recycling the year
2000 boundary conditions every year but allowing the changes in atmospheric aerosol25

composition to influence meteorology and the land biosphere. By prescribing SSTs and
sea ice cover at climatological values, while letting all other physical components of the
Earth system to respond until reaching steady state, we capture short-term response
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of land surface climate to aerosol radiation perturbation. This fixed-SST technique al-
lows us to compute ERF, the forcing metric that accounts for rapid tropospheric adjust-
ments and better characterizes drivers in the troposphere (e.g., aerosols) (Myhre et al.,
2013b). Hence, the fixed-SST technique enables us to analyze multiple meteorological
effects of the direct aerosol–radiation interactions. The long run-time is necessary to al-5

low the fast land and atmosphere climatic feedbacks to respond to the aerosol perturba-
tions and the TOA radiation fluxes to equilibrate. The first 12 model years are discarded
as spin-up. The last 20 years of each simulation are used for analysis. Our goal is to
isolate the effects of aerosol pollution on the land biospheric fluxes. Therefore, we com-
pute the absolute differences in X variable as: ∆X = Xctrl −Xsens. Percentage changes10

in X are calculated relative to the control experiment (i.e., ∆%X = ∆X/Xctrl ×100) and
are illustrated in the Supplement.

3 Results

3.1 Evaluation of present-day control simulation

Present-day values of global mean aerosol column burden and ERF for aerosol–15

radiation interaction by component shown in Table 1 are consistent with ranges pre-
sented in the IPCC AR5 report (Boucher et al., 2013; Myhre et al., 2013b). Simi-
larly the present-day land carbon fluxes are in good agreement with previous esti-
mates (Table 2). Simulated global annual GPP (116.0 PgCyr−1) is in reasonable agree-
ment with current understanding of the present-day carbon cycle budget (based on20

FLUXNET: 123 ± 8 PgCyr−1, Beer et al., 2010; based on MODIS: 109.29 PgCyr−1,
Zhao et al., 2005; based on the Eddy Covariance-Light Use Efficiency model: 110.5 ±
21.3 PgCyr−1, Yuan et al., 2010). The global isoprene source is 402.8 TgCyr−1 and
agrees with previous global estimates (400–700 TgCyr−1, Guenther et al., 2006; 412–
601 TgCyr−1, Arneth et al., 2008).25
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3.1.1 Aerosol Optical Depth (AOD)

We use the quality assured Terra MODIS Collection 5 (C5.1) monthly mean product
(Level 3), a globally gridded dataset at 1◦ ×1◦ resolution regridded to at 2◦ ×2.5◦ res-
olution for comparison with the global model. To infer clear-sky (non cloudy) aerosol
properties in part of the visible and shortwave infrared spectrum, MODIS C5.1 relies5

on two algorithms depending on surface reflectance: (1) the Dark Target (DT) algo-
rithm, under conditions of low surface reflectance (e.g., over ocean, vegetation) (Levy
et al., 2010); (2) the Deep Blue (DB) algorithm, designed to work under high surface
reflectance, such as over desert regions (Hsu et al., 2004; Shi et al., 2014). To cover
both dark and bright surfaces, we merge the DT and DB AOD products (i.e., DT miss-10

ing data are filled in with DB values). We use MODIS TERRA C5.1 AOD data from
2000 to 2007 because DB AOD data are only available for this period due to cali-
bration issues (Shi et al., 2014). The MODIS instrument also measures the fine model
weighting (ETA) at 550 nm, consequently the fine-mode AOD can be computed as: fine-
AOD=AOD×ETA, where fine-AOD is a fraction of the AOD contributed by fine mode15

sized particles (i.e., effective radius � 1.0µm) (Levy et al., 2010; Bian et al., 2010).
Quantitative use of MODIS fine-AOD is not appropriate because fine-mode aerosols
play a main role in the scattering process (Levy et al., 2010).

NASA ModelE2-YIBs provides separately all-sky and clear-sky AOD diagnostics;
we focus on clear-sky output since that is more comparable to the spaceborne ob-20

servations. The model coarse-mode AOD (PM10, atmospheric particulate matter with
diameter < 10µm) includes all simulated aerosol species (sulfate, nitrate, organic and
black carbon, SOA, sea salt and mineral dust); the model fine-mode AOD (PM2.5, atmo-
spheric PM with diameter < 2.5µm) accounts for all simulated aerosol species except
sea salt and dust.25

Figure 1 compares the spatial distribution of annual and seasonal (boreal summer
and winter) mean coarse-mode AOD in NASA ModelE2-YIBs (control present-day sim-
ulation) with observations from the MODIS satellite instrument (averaged over 2000–
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2007). Model global mean coarse-mode AODs are consistent with MODIS AOD global
means. NASA ModelE2-YIBs reproduces strong biomass burning and dust episodes
over Africa. In contrast, on both annual and seasonal averages the model underesti-
mates the thickness of the aerosol layer over China and India, which is likely related
to dust. The model’s underestimate of Asian dust should not influence the focus of this5

study, to assess the impacts of anthropogenic pollution aerosols on the land carbon
fluxes. The spatial and temporal distribution of fine-mode aerosols in NASA ModelE2-
YIBs is consistent with MODIS observations (Fig. 2). In general, the model shows
a slightly higher fine-aerosol layer compared to MODIS, e.g., over Europe, India and
South America. Over China, model fine-AOD distribution is consistent with MODIS on10

the annual average; however, the model does not show the seasonal variability that
MODIS observes.

3.1.2 Gross Primary Productivity (GPP)

In Fig. 3, we compare the spatial distribution of annual and seasonal (boreal summer
and winter) mean GPP in NASA ModelE2-YIBs model (control present-day simulation)15

with a global FLUXNET-derived GPP product (averaged over 2000–2011). The model
is consistent with the broad spatio-temporal variability in FLUXNET-derived GPP. We
find a weaker annual and seasonal signal in the model GPP over the cerrado area in
central South-America.

3.2 Aerosol-induced changes to surface meteorology20

Table 1 shows the changes in aerosol column burden (ACB) and ERF for each sensi-
tivity simulation. Removal of all anthropogenic emissions (SimNOant): (a) reduces by
∼ 10% sulfate column burden and ERF; (b) decreases by ∼ 70–80% nitrate and SOA
column burden and reduces respectively by ∼ 80 and ∼ 60% sulfate and SOA ERF;
and (c) reduces nearly to zero both column burden and ERF of OC and BC. Removal25

of biomass burning emissions (SimNObb) results in (a) negligible column burden and
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ERF from OC and BC, (b) reduction by ∼ 30% on both nitrate ACB and ERF; and
(c) no impacts on the other aerosol components. Removal of anthropogenic emissions
except biomass burning emissions (SimNOind): (a) has the same effect of SimNOant
on sulfate burden and ERF; (b) decreases by ∼ 70% nitrate column burden and ERF;
(c) reduces nearly to zero both column burden and ERF of industrial OC and BC; and5

(d) decreases by ∼ 30% both ACB and ERF of SOA. Above-listed changes in the
aerosol burden ultimately affect solar radiation, temperature and relative humidity (RH)
at the Earth’s surface, as we explore below.

3.2.1 Surface solar radiation

The global annual average shortwave visible solar radiation (total, direct and diffuse) for10

each simulation are reported in Table 2. Hereafter, we shorten “shortwave visible solar
radiation” to “radiation”. Global total and diffuse radiation are slightly affected by the pol-
lution aerosol burden, and their changes have opposite sign but similar value (percent-
age changes range from 1.7 to 2.5%); on the contrary, direct radiation is highly sen-
sitive to change in the aerosol burden (percentage change spans from 3.6 to 11.2%)15

(Table 2). Referred to present-day conditions, anthropogenic emissions drive a de-
crease in global total and direct radiation by, respectively, −2.3% (−5.2 Wm−2) and to
−11.2% (−9.0 Wm−2), while global diffuse radiation increases by +2.5% (+3.7 Wm−2).
Biomass burning emissions have almost zero effects on global total and diffuse radi-
ation, while they reduce direct radiation by −3.6% (−2.9 Wm−2). Non-biomass burn-20

ing emissions (industry, power generation, road vehicles) decrease global total radi-
ation by −1.7% (−3.8 Wm−2) and increase global diffuse radiation by the same per-
centage (absolute change: +2.6 Wm−2), while global direct radiation reduces by −8%
(−6.4 Wm−2).

Anthropogenic aerosol burden affect globally annual average radiation (total, direct25

and diffuse) at the Earth’s surface (Fig. 4). Under the aerosol laden due to anthro-
pogenic pollution, total and direct radiation decrease, while diffuse radiation rises. Via
light absorption and scattering, anthropogenic aerosols drive a significant decrease
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in total and direct radiation by, respectively, −12 to −20 Wm−2 (−10 to −20%) and
by −20 to −36 Wm−2 (−20 to −40%) over industrialized (eastern North America, Eu-
rope and Asia) and biomass burning (the Amazon basin and central Africa) regions
(Fig. 4a–b). Over these regions, via light scattering, anthropogenic aerosols increase
diffuse radiation by +6–20 Wm−2 (+6–12%). Among industrialized regions, the east-5

ern US shows the largest increase in diffuse radiation (+8–20 Wm−2; +8–12%), most
likely due to sulfate and BSOA production that characterize this region (e.g., Carlton
et al., 2010; Ford and Heald, 2013) (Fig. 4c). Biomass burning aerosols drive a de-
crease in total radiation of −12 to −28 Wm−2 (−10 to −20%) in the Amazon basin
and central Africa, and a weaker decrease of −6 to −12 Wm−2 (−5 to −10%) over bo-10

real regions (Canada and Eurasia) (Fig. 4d). Diffuse radiation increases with a larger
signal over central Africa (+8–12 Wm−2; +8–10%) compared to the Amazon basin
(+6–8 Wm−2; +8–10%) (Fig. 4f). Changes in total and diffuse radiation are localized
over the main biomass burning regions (the Amazon basin, Africa, South-East Asia and
boreal regions), while decrease in direct radiation also affect robustly minor biomass15

burning regions such as North America and Australia (Fig. 4e). Pollution aerosols from
non-biomass burning sources are responsible of a strong reduction in total and direct
radiation over Europe and China (Fig. 4g and h).

During boreal summer, aerosol-induced impacts on solar radiation amplify over
aerosol-source regions, such as the eastern US, Europe, China, the Amazon basin and20

central Africa (Figs. S6 and S7 in the Supplement). Driven by anthropogenic pollution
aerosols, total radiation decreases by −15 to −30 Wm−2 (−3 to −15%), direct radia-
tion decreases by −20 to −50 Wm−2 (−25 to −80%) and diffuse radiation increases
by +10–25 Wm−2 (+6–22%), with largest signals over the eastern US (+15–20 Wm−2;
+10–14%) and central Africa (> 25 Wm−2; > 14%).25

In summation, anthropogenic pollution aerosols drive an overall SSR (direct + dif-
fuse) global decline of ∼ 5 Wm−2. In the literature, estimates for the overall SSR de-
cline during the “global dimming” (period 1950–1980) range from 3 to 9 Wm−2 (Wild,
2012). In percentage, anthropogenic pollution aerosols drive an overall SSR global
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decline of 8.7%. Regionally, on both annual and seasonal average, North America,
Europe, East Asia, the Amazon basin and central Africa are highly affected by aerosol-
induced changes in surface solar radiation. The eastern US shows the largest increase
in diffuse radiation among industrialized regions. Europe and China undergo a strong
reduction in total and direct radiation mainly due to non-biomass burning sources. Both5

Mercado et al. (2009) and Chen and Zhuang (2014) simulated a consistent increase
in diffuse solar radiation in East Asia; Mercado et al. (2013) estimated a increase in
diffuse fraction by 25–30% over East Asia and Europe during the “global dimming”
period. Due to biomass burning aerosols, the Amazon basin and central Africa record
comparable decrease in total and direct radiation; however, the Amazon basin expe-10

riences a weaker increase in diffuse radiation compared to central Africa. Over the
Amazon basin, Chen and Zhuang (2014) simulated an aerosol-driven decrease in dif-
fuse radiation; the authors ascribed this behavior to both (a) aerosol-driven decrease
in total radiation (less solar radiation to be scattered above, and subsequently under,
clouds) and (b) high cloud fractions over the Amazon basin (cloud scattering effectively15

limits aerosol light scattering).

3.2.2 Surface temperature and relative humidity

Compared to the global effect of pollution aerosols on surface solar radiation, in the
short-term pollution aerosols affect surface atmospheric temperature over a few re-
gions: Europe, part of Middle-East, central Africa, the Amazon Basin (Fig. 5a–c).20

Biomass burning aerosols reduce annual average SAT by −0.6 to −1 K (−0.2 to −0.3%)
in the Amazon basin; a weaker, but similar signal is observed over central Africa
(Fig. 5b). Concomitant to a cooling in the Amazon basin, surface RH increases by
+1.5–3% (Fig. 5e), with a maximum rise at the peak of the dry-fire season (+4–6%
during boreal summer, Figs. S11 and S12 in the Supplement). On annual average, an-25

thropogenic pollution aerosols drive a rise in surface RH by +1–1.5% in the eastern
North-America experiences. In this region, during the growing season (boreal sum-
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mer), SAT decreases by −1 to −1.5 K (−0.4 to −0.6%) and surface RH increases by
+4–6% (Figs. S11 and S12 in the Supplement).

The evolution of surface temperature and relative humidity are tightly connected
through vegetation. Cooler surface temperatures reduce canopy temperatures and fa-
vor an increase in canopy conductance and RH, via evapotranspiration; hence, aerosol-5

driven cooling may lastly induce a change in the water cycle. However, in our exper-
iment we do not observe robust changes in precipitation nor in total cloud cover. Re-
duction in surface temperature may favor plant productivity, if temperatures are above
the temperature optimum for photosynthesis (25 ◦C). The role of surface temperature
for plant photosynthesis might be important in tropical regions where carbonaceous10

aerosols from biomass burning efficiently absorb incoming solar radiation and induce
a cooling at the surface. Elsewhere, change in the quantity and quality of surface so-
lar radiation may play the main role in affecting plant photosynthesis. In the following
section, we analyze aerosol-driven changes in land carbon fluxes and we link them to
changes in SSR and SAT.15

3.3 Global sensitivity of GPP and isoprene emission to aerosol pollution

The global annual average GPP flux and isoprene emissions for each simulation are
reported in Table 2. Across all simulations global annual GPP and isoprene emission
are consistent with actual estimates of the present-day carbon cycle budget (GPP:
123 ± 8 PgCyr−1, Beer et al., 2010; isoprene: 400–700 TgCyr−1, Guenther et al.,20

2006).
Global GPP and isoprene emission are not sensitive to pollution aerosols (Table 2).

Global GPP is reduced by up to −2.0% (−2.4 PgCyr−1) at most for SimNOant. Global
isoprene emission increases by up to +2.0% (+6.9 TgCyr−1) for SimNOant. Removal
of biomass burning emissions has almost zero effects on global GPP and isoprene25

emission.
Under removal of all anthropogenic pollution aerosols, we observe a change in global

GPP that is half the value obtained by Chen and Zhuang (2014) (4.9 PgCyr−1). How-
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ever, Chen and Zhuang (2014) removed all atmospheric aerosols and simulated a de-
crease in total radiation of −21.9 Wm−2, which is four times the reduction we simu-
lated in total radiation (−5.2 Wm−2). Furthermore, they applied transient atmospheric
CO2 and prognostic LAI; hence, aerosol-induced changes in environmental parame-
ters (e.g., light, temperature, CO2 concentration) affect plant productivity as well plant5

phenology. In contrast with Mercado et al. (2009), we do not ascertain a significant
change in global GPP due to removal of pollution aerosols.

3.3.1 Regional sensitivity of GPP to aerosol pollution

Anthropogenic aerosol pollution drives regional increases in annual average plant pro-
ductivity (Fig. 6). The strongest increases in GPP occur in eastern North America and10

Europe (+0.2–0.4 gCm−2 day−1; +8–12%, Fig. 6a). Biomass burning aerosols drive in-
creases in GPP of +0.2–0.4 gCm−2 day−1 (+2–5%) in the Amazon basin, central Africa
and eastern Europe (Fig. 6b). Industrial pollution aerosols increase GPP by +0.05–
0.2 gCm−2 day−1 (+2–5%) in the eastern US (Great Lakes region), Europe and Asia
(China and South-Eastern Asia) (Fig. 6c).15

During boreal summer, anthropogenic aerosol pollution increases GPP in North
America and Europe by up to +12% (> 0.6–0.8 gCm−2 day−1, Fig. 7). Comparison
between SimCTRL-SimNOant and SimCTRL-SimNOind indicates that pollution emis-
sions from non-biomass burning sources (industry, power generation, road vehicles)
drive these increases (Fig. 7a vs. Fig. 7c). In the dry-fire season (boreal summer20

and fall; here, only summer is shown), biomass burning aerosols increase GPP by
+0.05–0.4 gCm−2 day−1 (+2–5%) in eastern Europe (boreal forests), and by +0.4–
0.6 gCm−2 day−1 (+5–8%) in the Amazon basin (Fig. 7b).

Pollution aerosols have largest impacts on GPP for PFTs with complex canopy ar-
chitectures such as deciduous broadleaf and evergreen needleleaf forests and rain-25

forests, in agreement with observational studies (e.g., Niyogi et al., 2004; Alton et al.,
2007; Cirino et al., 2014).
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Anthropogenic pollution aerosols, mainly from non-biomass burning sources, en-
hance plant productivity in industrialized regions such as eastern North America, Eu-
rope and China. These industrialized regions undergo considerable changes in surface
solar radiation due to anthropogenic pollution aerosols (Fig. 4). The eastern US records
the largest increase in diffuse radiation that likely induces a reduction in SAT and,5

consequently, in canopy temperature. On the contrary, Europe and China experience
a strong reduction in total and direct radiation. Simulated enhancement in plant pro-
ductivity in the cited regions agrees with both observational and modeling studies (e.g.,
Niyogi et al., 2004; Steiner and Chameides, 2005; Knohl and Baldocchi, 2008; Matsui
et al., 2008). In eastern North America, Europe and China, Mercado et al. (2009) sim-10

ulated a substantial land carbon uptake due to diffuse-fraction contribution between
1950 and 1980 (“global dimming” for SSR, Wild et al., 2009). However, the authors ob-
served changes in land carbon uptake due to diffuse-fraction contribution that are one
order of magnitude smaller than our results (+0.03–0.07 gCm−2 day−1; see Fig. 2d
in Mercado et al., 2009); moreover, diffuse fraction seems to be unchanged over the15

eastern North America (see Fig. 2c in Mercado et al., 2009). Chen and Zhuang (2014)
simulated positive aerosol effects on GPP in North America, Europe, central Africa and
South and East Asia; however, they recorded the largest increase in GPP in central
Africa and Asia (+0.8–1 gCm−2 day−1; see Fig. 4a in Chen and Zhuang, 2014).

Biomass burning aerosols enhance plant productivity in the Amazon basin and cen-20

tral Africa. These biomass burning regions observe a comparable decrease in total
and direct radiation; however, the Amazon basin experiences a weaker increase in dif-
fuse radiation, but a larger cooling compared to central Africa (Fig. 5). In the Amazon
basin, previous studies observed enhancement in CO2 uptake at ecosystem scale dur-
ing biomass burning season; these observational studies mainly attributed rise in CO225

uptake to the increase in diffuse light, although significant changes in surface temper-
ature and humidity were measured (e.g., Oliveira et al., 2007; Doughty et al., 2010;
Cirino et al., 2014). Notably, aerosol-induced reduction in surface temperature directly
affects leaf temperature and might be important for sunlit leaves (Doughty et al., 2010).
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Based on a modeling study, Rap et al. (2015) estimated that BBAs enhance GPP by
0.7–1.6%, under an increase in diffuse radiation by 3.4–6.8%. These perturbations are
weaker than our results; Rap et al. (2015) stated that their results might be conserva-
tive because they do not accounted for aerosol-induced reduction in leaf temperature.
In contrast with our results, Chen and Zhuang (2014) simulated a negative aerosol5

effects on GPP in the Amazon basin. The authors ascribed this reduction in GPP to
the high cloud fraction and water vapor concentration over the region that both reduce
incoming solar radiation and, consequently, aerosol light-scattering. Due to the large
cooling and the role of high cloud fraction and water vapor concentration in limiting
diffuse radiation in the Amazon basin, we hypothesize that the aerosol-induced cooling10

is the main driver of GPP enhancement.
Anthropogenic aerosol pollution significantly enhances plant productivity at a re-

gional scale. The aerosol-driven enhancement in GPP seems to result from three
different mechanisms: (1) light scattering, which partly reduces canopy temperature
(eastern US), (2) reduction in direct radiation (Europe and China), and (3) cooling (the15

Amazon basin).

3.3.2 Regional sensitivity of plant isoprene emission to aerosol pollution

Compared to GPP, isoprene emission has an opposite and uneven sensitivity to pol-
lution aerosols (Fig. 8). Anthropogenic aerosol pollution drives a decrease in annual
average isoprene emission of −0.5 to −1 mgCm−2 day−1(−2 to −12%) over Europe20

and China (Fig. 8a). Pollution emissions from non-biomass burning sources are the
main drivers, as comparison between SimCTRL-SimNObb and SimCTRL-SimNOind
indicates (Fig. 8b vs. Fig. 8c). During boreal summer, pollution aerosols do not affect
isoprene emission (Fig. 9).

On both annual and seasonal average, Europe and China have a lower isoprene flux25

compared to the main isoprene source regions (the Amazon basin, central Africa and
the eastern US). Under aerosol pollution, Europe and China record a larger decrease
in direct radiation (< −40%), and a weaker increase in diffuse radiation (+8–10%),

25451

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/25433/2015/acpd-15-25433-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/25433/2015/acpd-15-25433-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 25433–25475, 2015

Sensitivity of
photosynthesis and
isoprene to aerosols

S. Strada and N. Unger

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

compared to high-isoprene regions such as the eastern US and central Africa (∆%
Direct Radiation from −40 to −30%; ∆% Diffuse Radiation > +10%) (Fig. 4a–c). Over
Europe and China aerosol-driven reduction in direct light is not adequately sustained
by an increase in diffuse radiation and may considerably limit isoprene emission, due
to a reduced light supply (reduced Je). Recently, Stavrakou et al. (2014) analyzed the5

interannual variability in isoprene source in Asia for the period 1979–2012 by applying
sensitivity simulations, in-situ measurements and formaldehyde (HCOC used as VOC
proxy) spaceborne observations. Compared to a well-established inventory of biogenic
emissions, the authors found that isoprene source in Asia is a factor of 2 lower. The
decreasing trend in isoprene source is confirmed by satellite-derived isoprene emission10

estimates: inferred isoprene fluxes decrease by 2.1 Tg over China between 2007 and
2012 (Stavrakou et al., 2014). In China, we find that lower SSR caused by the aerosol
loading drives a decrease of ∼ 10% in the isoprene source, on an annual average. Over
Europe and China, the sensitivity of isoprene emission to aerosol pollution diverges
from GPP sensitivity. We discuss below this divergent regional response of GPP and15

isoprene to aerosol pollution.

3.3.3 Divergent regional sensitivity of GPP and isoprene emission to aerosol
pollution

The divergent response over Europe and China (i.e., aerosol-driven GPP increase and
concomitant isoprene decrease) suggests a “decoupling” between the modeled pro-20

cesses of photosynthesis and isoprene emission over these regions. In Europe and
China, we posit that aerosol-induced reduction in direct radiation drives isoprene de-
creases and concomitant GPP increases. In the model, the rate of net CO2 uptake re-
sults from the minimum of three competing processes: supply of the Rubisco enzyme
(Jc); supply of light (Je) and supply of nutrients (Js). As theoretical and observational25

studies have demonstrated, the aerosol effect on plant photosynthesis strongly de-
pends on the canopy separation into sunlit and shaded leaves. These two parts of the
canopy have different responses to the change in light partitioning driven by aerosols
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(Knohl and Baldocchi, 2008). Under low PAR, both shaded and sunlit leaves are in
a light-limited environment (Je controls the photosynthetic rate). Under high PAR, sunlit
leaves are light-saturated and in a Rubisco-limited environment (Jc controls the photo-
synthetic rate), while shaded leaves are in a light-limited environment (Je). Hence, sun-
lit canopy photosynthesis depends on both direct and diffuse light, and on both the Jc5

and Je photosynthesis rate; while shaded canopy photosynthesis is directly influenced
by diffuse light and depends on the Je photosynthesis rate. The aerosol light-scattering
directly influences Je, hence it mainly affects shaded leaves (Matsui et al., 2008; Chen
and Zhuang, 2014).

At the same time, in the model, isoprene emission depends on light supply (Je),10

hence isoprene emission continues to rise under increasing PAR, even when photosyn-
thesis is light-saturated (in a Rubisco-limited environment) (Morfopoulos et al., 2013).
This response was observed at the ecosystem scale and showed an important depen-
dence on both light quantity and temperature (Sharkey and Loreto, 1993). At 20 ◦C and
at any photon flux, the authors recorded nearly no isoprene emission; at 30 ◦C isoprene15

emission increased with photon flux up to 1600 µmolm−2 s−1, while photosynthesis was
already saturated; at 40 ◦C, isoprene emission maximized at 1000 µmolm−2 s−1, after-
wards it decreased when the photon flux raised to 1600 µmolm−2 s−1.

In the model, isoprene emission in the Amazon basin is not sensitive to pollution
aerosols. Over this region, absorbing and scattering aerosols from biomass burning20

significantly reduce direct radiation and surface temperature, with a smaller increase
in diffuse radiation compared to central Africa. Isoprene synthase has a larger temper-
ature optimum (35 ◦C) compared to photosynthesis (25 ◦C), hence isoprene emission
will decrease under cooling conditions. Since in the Amazon basin isoprene emission
does not respond to the aerosol-driven decrease in direct radiation, implying offsetting25

thermal and radiative responses, we deduce that aerosol-driven cooling in the Amazon
basin plays a role in increasing the plant productivity there on an annual and seasonal
scale.
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We posit that the aerosol-induced rise in diffuse radiation (the diffuse fertilization
effect) drives enhancement in plant productivity in the eastern US This region expe-
riences one of the largest increase in diffuse light that may enhance GPP via the in-
crease of Je photosynthesis rate in shaded leaves. The concomitant cooling observed
in the eastern US may limit the sensitivity of isoprene emission to an increase in the5

supply of light.
To conclude, anthropogenic aerosols affect GPP and isoprene emissions via three

mechanisms: (1) light scattering, (2) cooling, and (3) reduction in direct radiation. We
suggest that the dominant aerosol-driven mechanism that influences land carbon fluxes
varies across regions: (1) light scattering, and concomitant cooling, dominates in the10

eastern US; (2) cooling dominates in the Amazon basin; and (3) reduction in direct
radiation dominates in Europe and China.

4 Discussion and conclusions

Aerosol-induced effects on land carbon fluxes (GPP and isoprene emission) were in-
vestigated using a coupled vegetation–chemistry–climate model. By performing sensi-15

tivity experiments, we isolated the role of pollution aerosol sources (all anthropogenic,
biomass burning and non-biomass burning).

We acknowledge three main limitations in our study. Firstly, we tackled the direct
aerosol effects only and did not consider 1st and 2nd indirect effects of aerosols.
Hence, we are partly missing the impact of aerosol–cloud interactions on the land20

carbon fluxes. Secondly, we used the fixed SST-technique, hence we accounted only
for rapid adjustments of land surface climate to aerosol radiation perturbation. Thirdly,
we prescribed LAI, hence plant phenology does not respond to the changes in aerosol
pollution. We are likely underestimating the magnitude of aerosol-induced effects on
plant productivity by not including these feedbacks.25

Despite these limitations, our results suggest that global-scale land carbon fluxes
(GPP and isoprene emission) are not sensitive to the direct effects of pollution aerosols,
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even under a robust overall SSR (direct + diffuse) global change (∼ 9%). We found
a significant, but divergent, sensitivity of GPP and isoprene emission to pollution
aerosols at the regional scale, in locations where complex canopies dominate. In east-
ern North America and Europe, anthropogenic pollution aerosols (mainly from non-
biomass burning sources) enhance GPP by +8–12% on an annual average, with5

a stronger increase during the growing season (> 12%). In the Amazon basin and cen-
tral Africa, biomass burning aerosols increase GPP by +2–5% on an annual average
(+5–8% at the peak of the dry-fire season in the Amazon basin). In Europe and China,
anthropogenic pollution aerosols (mainly from non-biomass burning sources) drive
a decrease in isoprene emission of −2 to −12% on annual average. This study high-10

lights the importance of accounting for both aerosol-induced radiative and thermal ef-
fects on plant productivity (Steiner and Chameides, 2005). Our model results imply that
a further reduction of anthropogenic pollution aerosols over Europe may trigger an en-
hancement in isoprene emission, with consequences on ozone production/destruction
(depending on NOx levels), methane lifetime and secondary aerosols (through BSOA15

production). In future research, we will (1) assess co-impacts of aerosol indirect effects,
(2) apply a fully coupled ocean-atmosphere global climate model (GCM) to quantify the
long-term aerosol climate effects (e.g., Koch et al., 2009); (3) apply a full land carbon
cycle model with dynamic LAI and tree growth, and respiration responses (Yue and
Unger, 2015).20

The Supplement related to this article is available online at
doi:10.5194/acpd-15-25433-2015-supplement.
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Table 1. Global annual average of aerosol column burden (ACB, mgm−2) and of the effec-
tive radiative forcing (ERF) for aerosol–radiation interactions (Wm−2) as simulated by NASA
ModelE2-YIBs in the control present-day simulation (20 run years) for, in the order: sulfates,
nitrates, organic (OC) and black carbon (BC) from industrial (ind) and biomass burning (bb),
and secondary organic aerosols (SOA). Empty cases refer to negligible values (i.e., order of
magnitude is: pgm−2 for ACB; µWm−2 for ERF).

Simulation SO4 NO3 OCind OCbb BCind BCbb SOA

SimCTRL ACB (mgm−2) 2.41 5.16 0.48 0.97 0.17 0.09 1.37
ERF (Wm−2) −0.76 −0.45 −0.06 −0.11 0.18 0.12 −0.16

SimNOant ACB (mgm−2) 1.55 0.69 0.39
ERF (Wm−2) −0.45 −0.07 −0.06

SimNObb ACB (mgm−2) 2.42 3.54 0.48 0.17 1.14
ERF (Wm−2) −0.76 −0.31 −0.06 0.18 −0.13

SimNOind ACB (mgm−2) 1.51 1.47 0.82 0.08 0.90
ERF (Wm−2) −0.46 −0.14 −0.10 0.10 −0.11
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Table 2. Global annual average gross primary productivity (GPP), isoprene emission and short-
wave visible (SW VIS) total, direct and diffuse solar radiation as simulated by NASA ModelE2-
YIBs in the control and sensitivity present-day simulations (20 run years).

Simulation GPP Isoprene SW VIS Solar Radiation
Total Direct Diffuse

(PgCyr−1) (TgCyr−1) (Wm−2)

SimCTRL 116.0 402.8 230.9 80.3 150.6
SimNOant 113.6 409.7 236.1 89.3 146.8
SimNObb 114.8 402.9 232.6 83.2 149.4
SimNOind 114.7 407.8 234.7 86.7 148.0
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Figure 1. Annual and seasonal average coarse aerosol optical depth (AOD) seen by: (a, c, e)
the MODIS instrument (at 550 nm; averaged over 2000–2007), and (b, d, f) NASA ModelE2-
YIBs in the control present-day simulation (20 run years; ∼ 2000s). Global mean values are
given in the upper left corner of each map. Only boreal summer (JJA) and winter (DJF) seasonal
averages are shown. For NASA ModelE2-YIBs, only clear-sky (CS) values in the visible (Vis)
range are used to define PM10 optical thickness (OT).
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25

Figure 2. As Fig. 1 for fine-mode aerosol optical depth: (a, c, e) MODIS fine-AOD, and
(b, d, f) model PM2.5 OT.
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Figure 3. Annual and seasonal average gross primary productivity (GPP, in gm−2 day−1) as
seen by: (a, c, e) a global FLUXNET-derived GPP product (averaged over 2000–2011), and
(b, d, f) NASA ModelE2-YIBS in the control present-day simulation (20 run years; ∼ 2000s).
Global mean values are given in the upper left corner of each map. Only boreal summer (JJA)
and winter (DJF) seasonal averages are shown.
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Figure 4. Spatial distribution of annual absolute change in short-wave visible (SW VIS)
(a, d, g) total, (b, e, h) direct and (c, f, i) diffuse solar radiation (in Wm−2). Changes are com-
puted between the control experiment (SimCTRL) and sensitivity experiments: (a, c) without all
anthropogenic emissions (SimNOant); (d, f) without biomass burning emissions (SimNObb);
and (g–i) without anthropogenic emissions except biomass burning (SimNOind). All experi-
ments are set in a present-day climatic state. Shaded regions indicate areas where the change
in solar radiation is significant at the 95 % confidence level. The difference has been computed
using last 20 year averages for each experiment.
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Figure 5. Spatial distribution of annual absolute change in surface atmospheric temperature
(SAT, in K; left column panels) and relative humidity (RH, in %; right column panels) between
the control experiment (SimCTRL) and sensitivity experiments: (a, d) without all anthropogenic
emissions (SimNOant); (b, e) without biomass burning emissions (SimNObb); and (c, f) with-
out anthropogenic emissions except biomass burning (SimNOind). All experiments are set in
a present-day climatic state. Shaded regions indicate areas where the change in SAT (RH) is
significant at the 95 % confidence level. The difference has been computed using last 20 year
averages for each experiment.
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Figure 6. Spatial distribution of annual absolute change in Gross Primary Productivity (GPP, in
gCm−2 day−1) between the control experiment (SimCTRL) and sensitivity experiments: (a) with-
out all anthropogenic emissions (SimNOant); (b) without biomass burning emissions (Sim-
NObb); and (c) without anthropogenic emissions except biomass burning (SimNOind). All ex-
periments are set in a present-day climatic state. Shaded regions indicate areas where changes
in GPP are significant at the 95 % confidence level. The difference has been computed using
last 20 year averages for each experiment.
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Figure 7. As Fig. 6 for seasonal (boreal summer) absolute change in Gross Primary Pro-
ductivity (GPP, in gCm−2 day−1) between the control experiment (SimCTRL) and sensitivity
experiments: (a) SimNOant, (b) SimNObb and (c) SimNOind.
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Figure 8. Spatial distribution of annual absolute change in isoprene emission (in
mgCm−2 day−1) between the control experiment (SimCTRL) and sensitivity experiments:
(a) without all anthropogenic emissions (SimNOant); (b) without biomass burning emissions
(SimNObb); and (c) without anthropogenic emissions except biomass burning (SimNOind). All
experiments are set in a present-day climatic state. Shaded regions indicate areas where the
changes in isoprene emission are significant at the 95 % confidence level. The difference has
been computed using last 20 year averages for each experiment.
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Figure 9. As Fig. 8 for seasonal (boreal summer) absolute change in isoprene emission
(in mgCm−2 day−1) between the control experiment (SimCTRL) and sensitivity experiments:
(a) SimNOant, (b) SimNObb and (c) SimNOind.
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