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Terrestrial vegetation releases large quantities of plant volatiles into the atmosphere that can
then oxidise to form secondary organic aerosol. These particles affect plant productivity via the
diffuse radiation fertilisation effect through altering the balance between direct and diffuse
radiation reaching the Earth’s surface. Here, using a suite of models describing relevant
30

coupled components of the Earth system, we quantify the impacts of biogenic secondary
organic aerosol on plant photosynthesis via this fertilisation effect. We show that this leads to a
net primary productivity enhancement of 1.23 Pg C a-1 (range 0.76-1.61 Pg C a-1 due to
uncertainty in biogenic secondary organic aerosol formation). Notably, this productivity
enhancement is twice the mass of biogenic volatile organic compound emissions (and ~30 times
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larger than the mass of carbon in biogenic secondary organic aerosol) causing it. Hence, our
simulations indicate that there is a strong positive ecosystem feedback between biogenic
volatile organic compound emissions and plant productivity via plant-canopy light-use
efficiency. We estimate a gain of 1.07 in global biogenic volatile organic compound emissions
resulting from this feedback.
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Biogenic volatile organic compounds (BVOCs) such as isoprene and monoterpenes, produced by
plants in large quantities1, play an important role in biosphere-atmosphere-climate interactions and
feedbacks2,3. While controlled by physiological processes, and modulated by biotic stresses such as
herbivory, the emission rates of BVOCs also respond promptly to changes in temperature, levels of
45

photosynthetically active radiation, and carbon dioxide1,4. These strong environmental controls link
BVOC emission to the climate mean state and its variability5-8. Once emitted, BVOCs affect climate
through various processes such as modifying the atmospheric oxidising capacity, which in turn
changes the concentration of important greenhouse gases (i.e. ozone and methane), and contributing
to secondary organic aerosol (SOA) formation9. Like all atmospheric aerosol, SOA alters the
2
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radiative balance of the Earth both directly (through scattering and absorption of solar radiation) and
indirectly (through changing cloud properties)10,11. In addition, atmospheric aerosol decreases the
amount of radiation reaching the Earth surface, while concomitantly increasing its diffuse fraction.
The vegetation response to this change in radiation regime is given by two competing effects on
photosynthesis: inhibition due to reduction in total radiation and enhancement due to the diffuse
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radiation fertilisation effect12-16. The latter effect occurs because, under diffuse radiation conditions,
light penetrates deeper into the canopy, illuminating leaves that may otherwise be in shade and thus
enhancing photosynthesis overall. These interactions, together with the dominance of the SOA
component in observed aerosol composition17,18, point to the hitherto untested hypothesis that global
BVOC emissions feedback on terrestrial primary production by SOA-induced changes in radiation
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quality and quantity. While this feedback has previously been identified regionally using
observations from a boreal forest site19, it has not yet been quantified at a global scale.

In this study we quantify the impact of biogenic SOA on terrestrial net primary productivity (NPP)
through changes in direct and diffuse radiation at the surface. We use a modelling framework based
65

on a combination of a global aerosol model20, a radiation model21, and a land surface scheme16 (see
Methods), previously used to quantify the response of plant photosynthesis to Amazonian biomass
burning15 and global fossil fuel burning22.

The effect of biogenic secondary organic aerosol on radiation
70

To isolate the effect of biogenic SOA on radiation and plant productivity, we contrast simulations
with and without BVOC emissions, holding other emissions of natural and anthropogenic primary
aerosol, anthropogenic secondary aerosol source gases and concentrations of greenhouse gases at
3

present-day values. Current understanding of the global SOA production rate remains poor due to
uncertainties in anthropogenic and biogenic VOC sources and emission rates, as well as the process
75

of SOA formation. Here we focus on the biosphere-atmosphere interactions resulting from the
emission of biogenic VOCs, and subsequent SOA formation. Previous estimates of global presentday isoprene emission range from 309–706 Tg C a-1 whilst total monoterpene emissions have been
estimated at between 30–156 Tg C a-1 23-25. These wide ranges reflect differences in BVOC emission
algorithms, as well as model representations of leaf area index, the distribution of plant functional
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types, and the driving meteorology. Accordingly, aerosol models give a wide range of global SOA
formation totals with best estimates ranging between 13-121 Tg SOA a-1 according to a large
intercomparison study26. To capture the uncertainties associated with BVOC emission and SOA
production, we performed a series of sensitivity experiments that cover a range of global SOA
production totals (17-100 Tg a-1), together with an additional simulation using the GEOS-Chem
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model27 (17 Tg a-1) which includes a more complex treatment of SOA formation28,29 (see Methods).
We assess the ability of our modelling framework to capture the extent to which SOA alters the
radiation regime by comparing against aerosol optical depth (AOD) observations. Figure 1a shows
the simulated AOD against measurements at various AERONET sites with substantial BVOC
emissions (see Methods, Supplementary Figure 1). We find the best agreement with observed AOD
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for simulations with a biogenic SOA source of between 34 Tg a -1 (1×SOA, Normalised Mean Bias,
NMB=-14%) and 67 Tg a-1 (2×SOA, NMB=10%), consistent with previous evaluations of the
biogenic SOA source in our model11. We use these two simulations as lower and upper bound
estimates of SOA yields, and 50 Tg a-1 (1.5×SOA, NMB=0%) as our best estimate. This range
encompasses the AOD simulated in our additional GEOS-Chem simulation (NMB=-6%) and is also
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in good agreement with the AeroCom models that parameterise SOA chemical production (median
of 51 Tg a−1, mean of 59 Tg a−1 with standard deviation of 38 Tg a−1)26. We obtain a similar best

4

estimate for SOA yield if we restrict our evaluation to tropical and sub-tropical latitudes (30°N-30°S)
(Figure 1b and Supplementary Figure 2).

100

The effect of biogenic SOA on surface short-wave radiation in our best estimate simulation is shown
in Figure 2 (and is consistent with the effects estimated in the additional GEOS-Chem simulation,
Supplementary Figure 3). The presence of SOA in the atmosphere leads to a 0.03% global mean
decrease in total surface radiation (annual global mean of -0.08 Wm-2, Figure 2a), which largely
results from a more pronounced decrease in direct radiation (annual global mean of -1.09 Wm-2,
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Figure 2b). However, the presence of SOA in the atmosphere also leads to an increase in diffuse
radiation (annual global mean of 1.01 Wm-2, Figure 2c). As expected from the geographical
distribution of BVOC emissions1, the rate of formation of SOA from BVOCs and the lifetime of
SOA in the atmosphere, the largest effect is in the tropics, with transfer of direct radiation to diffuse
radiation reaching ~10 Wm-2 over South America and central Africa.

110

Vegetation response to surface radiation changes
The changes in the surface radiation regime driven by biogenic SOA affect land vegetation via the
diffuse radiation fertilisation effect12-16, thus altering gross primary productivity (GPP) and net
primary productivity (NPP). Figure 3a shows the simulated impact on NPP; we estimate that SOA
115

leads to NPP increases over most of the globe, with regional increases of up to 0.2 gC m-2 day-1 in
parts of South America, central Africa and Indonesia. While modest NPP decreases are simulated in
a few regions where the inhibition of photosynthesis caused by the decrease in direct radiation
dominates over the diffuse radiation fertilisation effect (e.g. high northern latitudes), the large NPP
increases elsewhere result in an integrated annual mean global NPP enhancement of 1.23 Pg C a -1
5
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(0.76-1.61 Pg C a-1 range, when allowing for uncertainties in SOA yield, encompassing the 0.96 Pg C
a-1 value simulated in the additional GEOS-Chem simulation). This corresponds to ~1.7% (range 1.02.2%) of the total NPP simulated in our model, i.e. 74 Pg C a-1, within the 52-76 Pg C a-1 multimodel range from nine Dynamic Global Vegetation Models30. Most of the NPP enhancement comes
from lower latitudes (30°N-30°S), which dominate the increases throughout the year, with smaller
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contributions from higher latitude regions (Figure 3b). The annual cycle reflects the contrast in land
surface area between hemispheres; the smallest NPP increase is recorded in February and the largest
in August, partly due to a substantial contribution from mid 30°-60° (30%) and boreal 60°N-90°N
(10%) latitudes (Figure 3b).
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Remarkably, this 1.23 Pg C a-1 increase in NPP is approximately 30 times larger than the SOA
causing it (which is 50 Tg SOA a-1 or 40 Tg C a-1) and approximately twice the 603 Tg C a-1 of
BVOC source (513 Tg C a-1 isoprene and 90 Tg C a-1 monoterpenes, see Methods) that is responsible
for forming the SOA. This means that at the global scale the terrestrial biosphere benefits from
emission of BVOC, with an NPP enhancement that is twice as large as the initial carbon investment
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into the atmosphere. The ratio between the NPP enhancement and BVOC emissions (i.e. the
efficiency of this return on the carbon investment in BVOC) is larger than 1 at most latitudes (Figure
3c), reaching values of ~10 in some areas such as the Great Lakes region of North America and
central Africa (Figure 3d).
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The change in diffuse to total radiation caused by biogenic SOA primarily drives an increase in gross
primary productivity (GPP), and this follows a similar geographical pattern as the NPP enhancement
(Supplementary Figure 4). The regional GPP changes due to biogenic SOA are of the same order of
6

magnitude with those driven by diffuse radiation fertilisation due to present day levels of
anthropogenic pollution aerosol (Supplementary Figure 5). This effect from pollution aerosol16,
145

estimated here by contrasting present-day and pre-industrial aerosol simulations, is found to be in
good agreement with recent work31 based on results from a global Earth system model, where a 2%
global GPP increase (with increases of up to 8% in some key regions such as North America and
Eurasia) was estimated due to pollution aerosol.

150

Emissions of BVOCs and biogenic SOA formation are sensitive to increasing atmospheric CO2
concentrations32,33 and to future climate and land-use change5-7,34. Previous work estimated that
changes in climate and CO2 concentrations between 2000 and 2100 could lead to an 18% increase in
SOA production rate34. Using a series of experiments investigating the sensitivity of NPP
enhancement due to diffuse radiation fertilisation on a range of biogenic SOA production rates (see
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Methods), we estimate that an 18% increase in SOA production rate leads to an additional NPP
enhancement from diffuse radiation fertilisation of 0.22 Pg C a-1. This is equivalent to approximately
2.3% of the 9.4±0.5 Pg C a-1 fossil fuel and other industrial emissions in 201635. In contrast, nutrient
limitations36,37 and future land-use change5,34 will likely have an opposite effect, inhibiting SOA
formation. This suggests that diffuse radiation fertilisation from biogenic SOA may play a modest
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role in future carbon sequestration. We also note that our evaluation of AOD helps to constrain
uncertainties in SOA formation as well as aerosol lifetime, SOA burden and aerosol optical
properties. Additional complexities in the response of vegetation to changing levels of direct and
diffuse radiation (e.g. variability in canopy structure, changes in plant species, efficiency of
scattering by SOA) are not explored, meaning that the full uncertainty range may be larger than
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calculated here.

7

Global feedback between plant emissions and plant productivity
Our modelling study provides a first global quantification of the positive feedback loop in the Earth
system in which vegetation expends carbon that, mediated by atmospheric chemistry and physics,
170

enhances its primary productivity. This feedback loop is part of the continental biosphere-aerosolcloud-climate feedback mechanism19, previously estimated to cause a regional gain in GPP of 1.3
(range 1.02-1.5)19 for boreal forest ecosystems. We calculate that a 10% increase in global BVOC
emissions results in a 2.1% increase in global terrestrial mean AOD, a 0.2% increase in global
terrestrial mean diffuse fraction, a 0.08% increase in global GPP (0.13% in NPP), and finally a
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0.73% increase in BVOC emissions (Figure 4). Thus we estimate that this feedback loop leads to a
gain in global BVOC emissions of 1.07, within the range estimated by the previous regional-scale
study. Our estimated feedback is dampened by approximately a factor 5 reduction in sensitivity
between BVOC emissions and AOD (from 10% to 2.1%, due to the contribution of other aerosol
sources to AOD) and a factor 10 reduction in sensitivity between AOD and diffuse fraction (from
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2.1% to 0.2%, due to the dominant role of clouds). The magnitude of this feedback is also likely to
rise as global climate warms and anthropogenic aerosol emissions decline. We note that other
contributing effects of biogenic SOA which are not included here, such as aerosol cloud albedo 10,11
and lifetime effects, or aerosol-induced reductions in temperature38, will affect the actual strength of
this feedback. While our offline modelling framework cannot account fully for all these interactions,
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a sensitivity simulation with an imposed reduction in surface temperature (see Methods) indicates
that the dominant effect in this feedback loop is the diffuse radiation fertilisation effect
(Supplementary Table 1). Thus, we argue that future assessments of the terrestrial carbon sink within
fully coupled Earth system models should account for the diffuse radiation fertilisation effect from
biogenic SOA.
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Figure captions
Figure 1. Comparison of monthly-mean simulated AOD against AERONET observations. (a)
Modelled vs. observed AOD values from 23 AERONET sites located in regions with large BVOC
emissions in South America, Africa, North America and Europe (see Methods; site locations shown
320

in Figure 2c); lines of best fit (least absolute deviation method) and normalized mean biases (NMB)
are included. (b) Box plot of modelled and observed AOD from the subset of 9 AERONET sites
located between 30°N-30°S (boxes show medians and 25-75% interquartile ranges, asterisks means,
and whiskers minimum-maximum ranges). The colours correspond to the seven simulations (see
Methods): no SOA (grey), 17 Tg SOA a-1 (0.5×SOA, orange), 34 Tg SOA a-1 (1×SOA, red), 50 Tg
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SOA a-1 (1.5×SOA, blue), 67 Tg SOA a-1 (2×SOA, green), 100 Tg SOA a-1 (3×SOA, cyan) and
GEOSChem (magenta).

Figure 2. Simulated impact of biogenic SOA on surface radiation. Annual mean changes in (a) total,
(b) direct, and (c) diffuse solar radiation at the surface [W m-2] caused by the 50 Tg a-1 (1.5×SOA)
330

biogenic SOA source. Values above panels are global averages. The blue crosses in panel (c) show
locations of the observation sites used in Figures 1 and Supplementary Figure 1. Hatches show areas
where the changes are significant to the 95% confidence level.

Figure 3. Simulated diffuse radiation fertilisation effect caused by the 50 Tg a-1 biogenic SOA
335

source. (a) Annual mean ΔNPP [in gC m-2 day-1], with hatches showing areas where the changes are
significant to the 95% confidence level. (b) Monthly mean global NPP enhancement [in Tg C] for
different latitudinal bands (error bars correspond to the uncertainty in SOA formation). (c) Zonal

13

mean BVOC emissions and ΔNPP [in gC m-2 day-1] (black lines) and their ratio ΔNPP/BVOC (blue
line). (d) Distribution of the annual mean ratio between ΔNPP and BVOC emissions.
340

Figure 4. Simulated global feedback loop between plant emissions and plant productivity. A 10%
increase in biogenic volatile organic compounds (BVOC) emissions, leads to increases of 2.1% in
global terrestrial aerosol optical depth (AOD), 0.2% increase in global terrestrial diffuse fraction (i.e.
the fraction between diffuse and total surface radiation), 0.08% increase gross primary productivity
345

(GPP), and a 0.73% increase in BVOC emissions. This corresponds to a 1.07 gain in BVOC
emissions resulting from this feedback loop.
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Methods
Aerosol model. The mass and number of size resolved atmospheric aerosol particles were simulated
with the modal version of the 3-D GLObal Model of Aerosol Processes (GLOMAP-mode)20,39,40,
350

which is an extension to the TOMCAT chemical transport model41. TOMCAT is driven by analysed
meteorology (ERA-Interim) from the European Centre for Medium-Range Weather Forecasts
(ECMWF), updated every 6 hours and linearly interpolated onto the model time-step. Our
simulations are performed for the year 2000 (i.e., one year duration), with 6 months spin-up. The
horizontal resolution of the model is 2.8º×2.8º, with 31 vertical model levels between the surface and
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10 hPa and 6 vertical levels within the lowest 1.5 km of atmosphere (approximately encompassing
the convective boundary layer). The aerosol size distribution is treated using a two-moment modal
scheme with 5 modes: hydrophilic nucleation, Aitken, accumulation and coarse modes and nonhydrophilic Aitken mode20. The aerosol species included in GLOMAP are black carbon (BC),
particulate organic matter (POM), sulphate and sea salt. Within each mode the different aerosol
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components are internally mixed. GLOMAP includes representations of nucleation, particle growth
via coagulation, condensation and cloud processing, wet and dry deposition, and scavenging. This
configuration of GLOMAP-mode includes annual mean emissions of BC and POM from fossil and
biofuel combustion42, monthly biomass burning emissions of BC and POM for the year 2000 from
the Global Fire Emissions Database (GFEDv3) inventory43 and parameterised44 emission of primary
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sea-salt aerosol. We prescribe six-hourly mean offline oxidant (OH, O3, NO3, HO2, H2O2)
concentrations from a previous TOMCAT simulation45. Emissions of monoterpenes and isoprene are
simulated for the year 2000 using the BVOC model46 inside the Joint UK Land Environment
Simulator (JULES) land surface model47,48, giving total global emissions of 90 and 513 Tg C a-1,
respectively. A gas-phase secondary organic species is generated at fixed molar yields of 13% and
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3% from the oxidation (by O3, NO3 and OH) of monoterpenes and isoprene respectively;
15

monoterpenes are modelled using reaction rates characteristic of α-pinene. We assume that BVOCs
oxidise to form non-volatile organic material which condenses irreversibly onto existing aerosol
according to their Fuchs-Sutugin corrected surface area49; we examine the sensitivity of radiative
effects to this approach elsewhere50. GLOMAP includes phytoplankton emissions of dimethyl375

sulphide (DMS), calculated using monthly sea-water DMS concentrations51, and gas-phase sulphur
dioxide (SO2) emissions from anthropogenic sources52, biomass burning43, and both continuous53 and
explosive54 volcanic eruptions.
The additional GEOS-Chem27 (v11-01) simulation was run at the 2º×2.5º resolution, with 47 vertical
layers using the NOx-Ox-hydrocarbon-aerosol-bromine tropospheric chemistry mechanism
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(tropchem). The SOA scheme28,29 uses lumped oxidation products, with SOA formation rates derived
from experimentally determined rate constant and aerosol yield parameters. The tropchem
mechanism covers NOx-Ox-hydrocarbon chemistry in the troposphere, including both kinetic and
photolysis reactions. The reaction rates were calculated using experimentally derived rate constants
and photolysis cross sections; the combined tropchem + SOA simulation includes 95 advected
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species. The simulations were run using Global Modeling and Assimilation Office (GMAO)
Goddard Earth Observing System Forward Processing (GEOS-FP) meteorology.
Aerosol output fields from both GLOMAP and GEOS-Chem simulations are coupled off-line to the
SOCRATES radiative transfer model.
Radiative transfer model. The aerosol effect on direct and diffuse radiation was calculated at each
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model level using output from the aerosol model and the SOCRATES radiative transfer model10,21
with six bands in the short-wave and nine bands in the long-wave, based on the two-stream equations
at all wavelengths. The surface diffuse radiation flux available for photosynthesis 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). Aerosol optical properties were calculated for all
16

395

aerosol modes using RADAER55. Due to the optical properties prescribed to SOA particles in our
model, together with their size and location, most SOA scattering occurs in the forward direction,
leading to a relatively low annual global mean upscatter fraction of 0.07. For comparison, the
upscatter fraction of anthropogenic aerosol in our model is 0.28, within the 0.17-0.29 range from
existing estimates56. We used a monthly mean climatology for water vapour, temperature and ozone
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based on ECMWF reanalysis data, together with surface albedo and cloud optical depth fields from
the International Satellite Cloud Climatology Project (ISCCP)-D257. Previous work has shown that
aerosol radiative effects simulated using the SOCRATES radiative transfer model combined with the
GLOMAP aerosol model are in good agreement with other estimates of observed and modelled
effects for both natural10,11,15 and anthropogenic58,59 aerosols. We have also found our model’s
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partitioning of diffuse/direct radiation caused by year 2000 biomass burning aerosol (Supplementary
Figure 6) to be in good agreement with results from NASA E2-YIBs Earth System model
simulations31.
Radiation output fields from SOCRATES simulations are coupled off-line to the JULES land surface
model.
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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 47,48. This
study uses the canopy radiation-photosynthesis scheme in JULES version 3.2 that accounts for
effects of diffuse radiation on sunlit and shaded photosynthesis16,60. The model is run with a temporal
415

resolution of three hours and a spatial resolution of 0.5º×0.5º across the domain and forced with
meteorological driving data. The meteorological components consist of 2 m air temperature and
specific humidity, precipitation, 10 m wind speed and surface pressure. The data were derived using
the methodology for bias correction61 of the ERA Interim reanalysis product. The model uses
17

downward direct and diffuse short-wave and long-wave radiation at the surface, derived from our
420

radiative transfer model, as shown in Figure 2. The soil hydrology utilises the van Genuchten
relationships62 and parameters derived from the Harmonised World Soil Database63. The BVOC
emissions simulated interactively in the model46 are based on a semi-mechanistic isoprene emission
module4,32 and a semi-empirical approach for monoterpenes. We use the following PFT-specific
emission factors for broad-leaf trees, needle-leaf trees, C3 grass, C4 grass, and shrubs: 39, 14, 14, 14,
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and 23 μg g-1 h-1 for isoprene46 and 1.39, 8.4, 1.4, 4.2, and 1.58 μg g-1 h-1 for monoterpene (based on
existing monoterpene to isoprene emission factor ratios from the LPJ-GUESS model64). For the year
2000 simulated in this work, the global total monoterpene and isoprene emissions are 90 and 513 Tg
C a-1 respectively, in good agreement with previous estimates of present-day BVOC emissions (i.e.
30 – 156 Tg C a-1 and 309 - 706 Tg C a-1 for monoterpenes and isoprene respectively)23-25. The
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JULES land surface scheme used here has previously been shown to reproduce the observed plant
carbon uptake response to changes in direct and diffuse radiation at both tropical15 and temperate16,22
forest sites. The simulated enhancement of GPP as a function of diffuse fraction is also in good
agreement with high-frequency flux data measurements from two South American sites15,65,66
(Supplementary Figure 7).
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Observations used in AOD evaluation. Simulated monthly mean AOD values at 505 nm were
compared with corresponding Version 2 Level 2.0 cloud-screened and quality assured daytime
average AOD retrieved at 500 nm using CIMEL sun-sky spectral radiometers at 23 stations in the
Aerosol Robotic Network67 (AERONET): Abracos Hill (10S,62W), Alta Floresta (9S,56W), Balbina
(1S,59W), Rio Branco (9S,67W), and Santa Cruz (17S,63W) in South America; Ilorin (8N,4E),
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Mongu (15S,23E), and Skukuza (24S,31E) in Africa; Cart Site (36N,97W), Chequamegon
(45N,90W), HJ Andrews (44N,122W), Howland (45N,68W), La Jolla (32N,117W), Maricopa
(33N,111W), MD Science Center (39N,76W), Saturn Island (48N,123W), Sevilleta (34N,106W),
18

Sioux Falls (43N,96W), Stennis (30N,89W), Table Mountain (40N,105W), Tucson (32N,110W),
Walker Branch (35N,84W) in North America; Gotland (57N,18E) in Europe. The AERONET AOD
445

values used to evaluate the simulated AOD (and shown in Figure 1 and Supplementary Figures 1 and
2) are multi-annual monthly means calculated from all years of data available at each station. To
minimise the effect of other aerosol (e.g. biomass burning, pollution aerosol), we only include values
from January-June (South America, Mongu and Skukuza) and June-November (Ilorin, North
America, and Europe) corresponding to AERONET sites where biogenic SOA contributes more than
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20% of total simulated monthly mean AOD.
Simulations. Using emissions of isoprene (513 Tg C a-1) and monoterpenes (90 Tg C a-1) simulated
interactively in the JULES land surface model, we performed several one-year simulations with the
GLOMAP aerosol microphysics model: noSOA, with all BVOC emissions switched off; 0.5×SOA,
1×SOA, 1.5×SOA, 2×SOA, and 3×SOA, with SOA yield production (molar yields of 13% and 3%

455

for the oxidation of monoterpenes and isoprene respectively) scaled by a factor of 0.5, 1, 1.5, 2, and
3, respectively. Our simulations represent the year 2000 and follow a 6 month spin-up period. An
additional experiment using biogenic SOA simulated by the GEOS-Chem model27-29 has also been
performed to explore the uncertainty introduced by our SOA treatment. For each experiment,
monthly-mean output from the aerosol model was combined with SOCRATES to determine changes

460

to direct and diffuse shortwave radiation fluxes, relative to the noSOA simulation. These radiation
fields are then used to drive the JULES land-surface model to determine changes in plant
productivity and biogenic emissions. To investigate the gain in BVOC emissions resulted from the
feedback between plant emissions and plant productivity, we performed an experiment with an
artificial 10% increase in BVOC emissions (thus using of 565 Tg C a-1 isoprene and 99 Tg C a-1 of

465

monoterpenes). Finally, to obtain a first order estimate of how this gain is affected by the aerosol
induced reduction in surface temperature, an additional JULES simulation used a constant imposed
19

change in global surface temperature of -0.012 K (calculated by multiplying the -0.02 Wm-2 aerosol
radiative effect due to the 10% BVOC emissions increase with the multi-model mean68 aerosol
transient climate sensitivity value of 0.595 K W-1m2).
470
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Figure 1. Comparison of monthly-mean simulated AOD against AERONET observations. (a)
Modelled vs. observed AOD values from 23 AERONET sites located in regions with large BVOC
emissions in South America, Africa, North America and Europe (see Methods; site locations shown
in Figure 2c); lines of best fit (least absolute deviation method) and normalized mean biases (NMB)
are included. (b) Box plot of modelled and observed AOD from the subset of 9 AERONET sites
located between 30°N-30°S (boxes show medians and 25-75% interquartile ranges, asterisks means,
and whiskers minimum-maximum ranges). The colours correspond to the seven simulations (see
Methods): no SOA (grey), 17 Tg SOA a-1 (0.5×SOA, orange), 34 Tg SOA a-1 (1×SOA, red), 50 Tg
SOA a-1 (1.5×SOA, blue), 67 Tg SOA a-1 (2×SOA, green), 100 Tg SOA a-1 (3×SOA, cyan) and
GEOSChem (magenta).
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Figure 2. Simulated impact of biogenic SOA on surface radiation. Annual mean changes in (a) total,
(b) direct, and (c) diffuse solar radiation at the surface [W m-2] caused by the 50 Tg a-1 (1.5×SOA)
biogenic SOA source. Values above panels are global averages. The blue crosses in panel (c) show
locations of the observation sites used in Figures 1 and Supplementary Figure 1. Hatches show areas
where the changes are significant to the 95% confidence level.

2

Figure 3. Simulated diffuse radiation fertilisation effect caused by the 50 Tg a-1 biogenic SOA
source. (a) Annual mean ΔNPP [in gC m-2 day-1], with hatches showing areas where the changes are
significant to the 95% confidence level. (b) Monthly mean global NPP enhancement [in Tg C] for
different latitudinal bands (error bars correspond to the uncertainty in SOA formation). (c) Zonal
mean BVOC emissions and ΔNPP [in gC m-2 day-1] (black lines) and their ratio ΔNPP/BVOC (blue
line). (d) Distribution of the annual mean ratio between ΔNPP and BVOC emissions.
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Figure 4. Simulated global feedback loop between plant emissions and plant productivity. A 10%
increase in biogenic volatile organic compounds (BVOC) emissions, leads to increases of 2.1% in
global terrestrial aerosol optical depth (AOD), 0.2% increase in global terrestrial diffuse fraction (i.e.
the fraction between diffuse and total surface radiation), 0.08% increase gross primary productivity
(GPP), and a 0.73% increase in BVOC emissions. This corresponds to a 1.07 gain in BVOC
emissions resulting from this feedback loop.
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Enhanced global primary production by biogenic aerosol via diffuse radiation fertilisation
Supplementary Information

Supplementary Figure 1. Comparison of multi-year average observed AERONET (black lines) and
simulated AOD at 18 different sites (see Methods), with error bars showing one standard deviation in
multi-annual daily mean values. The colours correspond to the different simulations (see Methods):
no SOA (grey), 17 Tg SOA a-1 (0.5×SOA, orange), 34 Tg SOA a-1 (1×SOA, red), 50 Tg SOA a-1
(1.5×SOA, blue), 67 Tg SOA a-1 (2×SOA, green), 100 Tg SOA a-1 (3×SOA, cyan) and GEOSChem
(magenta).
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Supplementary Figure 2. Monthly-mean simulated AOD against corresponding observed values
from 9 AERONET sites between 30°N-30°S (Abracos Hill, Alta Floresta, Balbina, Rio Branco,
Santa Cruz, Ilorin, Mongu, Skukuza, Stennis) where biogenic SOA contributes more than 20% of
total simulated monthly mean AOD. The AERONET AOD values shown are multi-annual monthly
means calculated from all years of data available at each station. To minimise the effect of other
aerosol (e.g. biomass burning), only values corresponding to January-June (South America, Mongu,
Skukuza) and June-November (Ilorin, Stennis) were included. The colours correspond to the seven
different simulations (see Methods): no SOA (grey), 17 Tg SOA a-1 (0.5×SOA, orange), 34 Tg SOA
a-1 (1×SOA, red), 50 Tg SOA a-1 (1.5×SOA, blue), 67 Tg SOA a-1 (2×SOA, green), 100 Tg SOA a-1
(3×SOA, cyan) and GEOSChem (magenta). Lines of best fit (least absolute deviation method)
between modelled and observed values for all sites and normalized mean biases (NMB) are included.
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Supplementary Figure 3. Simulated annual mean changes in (a) total, (b) direct, and (c) diffuse
solar radiation at the surface [W m-2] caused by the biogenic SOA source simulated with
GEOSChem. Values above panels are global averages. Hatches show areas where the changes are
significant to the 95% confidence level.
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Supplementary Figure 4. Simulated distribution of annual mean (a) absolute [in gC m-2 day-1] and
(b) percentage [in %] changes in GPP from diffuse radiation fertilisation caused by the 50 Tg a-1
biogenic SOA emissions. Hatches show areas where the changes are significant to the 95%
confidence level.
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Supplementary Figure 5. Simulated distribution of annual mean (a) absolute [in gC m-2 day-1] and
(b) percentage [in %] changes in GPP from diffuse radiation fertilisation caused by present day
anthropogenic aerosol emissions.
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Supplementary Figure 6. Simulated annual mean changes in (a) total, (b) direct, and (c) diffuse
solar radiation at the surface [W m-2] caused by biomass burning aerosol (BBA). Values above
panels are global averages. Hatches show areas where the changes are significant to the 95%
confidence level.
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Supplementary Figure 7. Comparison of observed (green) and modelled (blue) GPP values as a
function of diffuse radiation fraction at (a) Tapajos and (b) Guyaflux. Error bars show 1 standard
deviation of all values. Data points are split into low (<500 µmol m-2 s-1), medium (500<PAR<1000
µmol m-2 s-1), and high (>1000 µmol m-2 s-1) PAR conditions. The Guyaflux values correspond to 9
a.m.-5 p.m. local time only.
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Supplementary Table 1. Simulated changes in global mean GPP and BVOC emissions due to the
increase in diffuse radiation and the reduction in temperature resulting from a 10% increase in
BVOC emissions.
Diffuse radiation effect

Temperature effect

GPP

+0.08%

+0.01%

BVOC emission

+0.73%

-0.15%

8

