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ABSTRACT

An integrated terrestrial ecosystem model and an atmospheric radiative transfer module are developed and
applied to evaluate aerosol direct radiative effects on carbon dynamics of global terrestrial ecosystems during
2003-2010. The Moderate-Resolution Imaging Spectroradiometer measurements of key atmosphere para-
meters have been used to quantify aerosol effects on downward solar radiation. Simulations with and without
considering the aerosol loadings show that aerosol affects terrestrial ecosystem carbon dynamics through the
effects on plant phenology, thermal and hydrological conditions as well as solar radiation. The simulations also
show that aerosol enhances the terrestrial gross primary production by 4.9Pg C yr~!, the net primary
production by 3.8 Pg C yr ™!, the net ecosystem production by 3.9Pg C yr~!, and the plant respiration by
1.1Pg C yr~ ' during the period. The aerosol loading at a magnitude of 0.1Pg C yr ~1 reduces ecosystem
heterotrophic respiration. These results support previous findings of the positive effects of aerosol light
scattering on plant production, but suggest there is a strong spatial variation due to cloud cover. This study
suggests that both direct and indirect aerosol radiative effects through aerosol—cloud interactions should be
considered to quantify the global carbon cycle.
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1. Introduction scattering effect, the aerosol loading normally induces lower
solar energy arriving at the land surface whereas plant
photosynthesis tends to decrease with weakening surface
irradiance. The positive effect lies in the advantage of diffuse

Atmospheric aerosol has been considered to be able to
scatter and reduce the total of downward solar radiation, but
enhance the diffusive fraction (Mahowald et al., 2011b),
which is referred to as the aerosol direct radiative effect.
Micrometeorological environment in the land surface is

solar radiation for plant carbon uptake. Comparing with
direct-beam solar radiation, diffuse solar radiation can be
more homogeneously absorbed by plant canopy and more
efficiently used for photosynthesis without the occurrence of
photosynthetic saturation. In contrast, direct-beam radia-
tion can only be absorbed by a sunlit canopy in which
photosynthesis is often light-saturated. Roderick et al.
(2001) conducted a theoretical analysis of the radiation—
photosynthesis relationship and emphasised the importance
of diffuse radiation fraction on canopy photosynthesis. They
further indicated that the eruption of the Mount Pinatubo
might increase plant productivity by the light scattering
effect of the erupted aerosols. Gu et al. (2003) reported an

therefore influenced by the aerosol-induced change of
downward solar radiation regime. Multiple studies have
suggested that the aerosol direct radiative effect has con-
siderable impacts on terrestrial plant productivity and
carbon budgets (Roderick et al., 2001; Gu et al., 2003;
Krakauer and Randerson, 2003; Niyogi et al., 2004; Oliveira
et al., 2007).

The impact of aerosol on terrestrial carbon sink could be
either positive or negative. Because of the strong light-
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forest site in North America. In contrast, Krakauer and
Randerson (2003) found that plant productivity decreased in
the boreal regions after the eruption of Mount Pinatubo
probably because of aerosol-driven temperature feedbacks.
Several other studies have suggested that both positive and
negative impacts of aerosol could happen on ecosystem
carbon uptake depending on the amount of aerosol loading,
cloud cover, canopy structure and other environmental
conditions. For example, by investigating the effect of
biomass-burning-derived aerosols on the terrestrial carbon
sink over the Amazon basin during the dry season, Oliveira
et al. (2007) found that forest productivity was enhanced
under the moderately thick smoke loading because of an
increase of diffuse solar radiation; their results also indicated
that large aerosol loading [i.e. the Aerosol Optical Depth
(AOD) >2.7] can result in lower net productivity of the
Amazon forest. Cohan et al. (2002) quantified the change in
plant net primary production (NPP) caused by aerosol
alteration of direct-beam and diffuse radiation and con-
cluded that the aerosol effect could be positive, neutral or
negative depending on the AOD values and cloud cover
fractions. By analysing the AOD, diffuse radiation and
carbon fluxes observed over widely distributed sites over
different terrestrial ecosystems, Niyogi et al. (2004) found
that high AOD with clear sky may increase daytime carbon
sink for forests and croplands but a negative effect on
grassland, and suggested that canopy structure could be an
important factor of the direction of the aerosol effect.

The change of surface solar radiation regime caused by
aerosol could potentially alter the energy partitioning and
the environmental conditions such as land surface tempera-
ture, and therefore the water cycle. Both the effects of
changing thermal and moist conditions are not negligible
while examining the aerosol direct radiative effect on
terrestrial ecosystem carbon dynamics. Given the consider-
able spatial and temporal variations of aerosol loading
amount, meteorological forcing, the environmental states
and the plant functional types in large areas, more ade-
quately estimating the aerosol direct radiative effect on
carbon dynamics is needed by simultaneously considering
the aerosol effect on radiation regime, thermal condition and
hydrological condition. To date, there are few studies
focusing on examining the aerosol direct radiative effect at
large spatial scales. Matsui et al. (2008) used a regional land
surface model to conduct simulations of surface carbon
fluxes and energy fluxes to examine the effect over the
eastern United States for the growing seasons in 2000 and
2001. The study suggested that the aerosol effect could vary
due to different leaf area index (LAI) of surface vegetation,
AOD and cloud optical depth (COD) by examining deeply
into the detailed biogeochemical processes in sunlit and
shaded leaves. These conclusions are useful for better
understanding the aerosol effect, but the study’s short period

and small region cannot present a view of the global pattern
of aerosol effects, which may have a considerable spatial
heterogeneity due to different climate patterns and land
cover. Mercado et al. (2009) utilised the land surface model,
the Joint UK Land Environment Simulator (JULES), to
examine the change of global carbon sink after the eruption
of Mount Pinatubo in 1992 and 1993, and found both
abnormally low air temperatures and enhanced carbon sinks
due to the contribution of diffuse radiation. Their study
examined both plant carbon uptake and ecosystem respira-
tion at the global scale under the changing radiation regimes
with the aerosol loadings, but lacking detailed mechanistic
information of the aerosol effect. Furthermore, the study
reconstructed the shortwave solar radiation using global
climate dataset [i.e. the Climatic Research Unit (CRU) data],
which is deviated from ground observations. Coupled-
carbon—climate studies by Mahowald et al. (2011a) pointed
out that the aerosols could significantly impact regional
climate and biogeochemistry, but not significantly impact
the globally averaged carbon cycle. However, their study
may underestimate the aerosols’ effect on the global carbon
cycle, since the terrestrial biosphere model they used is the
Community Land Model-Carbon Nitrogen (CLM—-CN),
which has not well simulated the thermal and hydrological
dynamics separately for sunlit and sunshade leaves, while
both theoretical and observational studies suggest these
dynamics are important to plant photosynthesis.

It is important to have both accurate estimations of
radiation and a realistic modelling framework of coupled
land-surface biophysical and biogeochemical processes to
evaluate the aerosol direct radiative effect on terrestrial
ecosystem carbon dynamics. Here we present a study that
aims to better understand the aerosol direct radiative effect
on terrestrial ecosystem carbon dynamics at the global scale.
Atmosphere profile parameters such as cloud fraction (CF)
and optical depth, AOD, water vapour amount and ozone
column amount are critical for atmosphere radiative transfer
models to estimate downward solar radiation and its par-
titioning. These parameters are available globally through
satellite measurements [e.g. the Moderate-Resolution Ima-
ging Spectroradiometer (MODIS)], which are considered to
be more accurate and have higher spatial resolution com-
pared to Global Climate Model (GCM) estimates. In
addition, a coupled ecosystem model, the integrated Terres-
trial ecosystem model (iTem), has also been developed to
simulate biophysical processes in both sunlit and shaded
leaves and the nutrient feedback to carbon dynamics.

Below, we first introduce the modelling framework
including the atmospheric radiative transfer module and
the iTem. We then describe the data used in this study and
the design of model simulations. Finally, we discuss aerosol
effects on the land-surface biophysical and biogeochemical



EVALUATING AEROSOL DIRECT RADIATIVE EFFECTS 3

processes, in turn, carbon dynamics of the terrestrial
ecosystems at the global scale.

2. Modelling framework

The modelling framework includes two components: (1) the
atmospheric radiative transfer module, providing the esti-
mation of solar radiation components (i.e. the direct-beam
and diffusive radiation in the visible and near infrared bands)
and (2) the terrestrial ecosystem module, representing the
land-surface biophysical and biogeochemical processes.

2.1. Atmospheric radiative transfer module

We use an atmospheric radiative transfer module that
combines a clear-sky solar radiation model and a cloud
transmittance algorithm to estimate incident downward
solar radiation over the land surface under all-sky condi-
tions. The clear-sky model, Reference Evaluation of Solar
Transmittance, 2 bands (REST?2), is a two-broadband model
that covers the visible and near-infrared bands and has been
well parameterised and validated (Gueymard, 2008, 2012).
REST2 is designed in a simple radiative-transfer manner to
estimate both direct beam and diffuse radiation under
cloudless conditions, which are calculated as functions of
individual transmittance and scattering coefficients of major
atmospheric constituents including well-mixed gases, ozone,
nitrogen dioxide, water vapour and aerosols. It considers
the scattering or absorbing processes of key atmospheric
components including aerosols, clouds, ozone and water
vapour and air molecules. The REST2 is optimised and
validated with observed direct and diffused solar radiation
data. The estimated diffuse solar radiation excludes the
strong forward-peak aerosol-scattered radiation by match-
ing the modelled data with the observations. The two-stream
approximation method developed by Stephens et al. (1984) is
then used to calculate cloud reflectance and transmittance
for incident solar radiation by assuming cloud is a single-
plane homogeneous layer. An additional d-function adjust-
ment is applied to cloud optical thickness and single
scattering albedo to incorporate the forward peak contribu-
tion to the direct-beam radiation in multiple scattering
processes (Liou, 2002). MODIS atmosphere products con-
tinuously provide instantaneous measurements of global
atmospheric profile parameters that are needed in our
computing scheme. The level-3 product (MODO08 for 8-d
and monthly) has been released for global application
purposes, which is averaged at a one-degree spatial resolu-
tion and contains all of the related atmospheric parameters.
We use the daily product since aerosol lifetime is normally
shorter than a week (Shekar Reddy and Venkataraman,
2000). The validation at observational sites all over the world
shows that the model-estimated direct-beam and diffuse

solar radiation are more accurate than the large-scale
reanalysis data and have a good agreement with the observed
data of the Baseline Surface Radiation Network (BSRN)
(Chen, 2013).

2.2. Terrestrial ecosystem module

We use a ecosystem model, the iTem (Chen, 2013), to
simulate land surface processes and the terrestrial ecosystem
carbon dynamics responding to aerosol direct radiative
effects. The structure of iTem combines the advantage of
the Land Surface Model 1.0 (Bonan, 1996), the Terrestrial
Ecosystem Model (TEM) (Raich etal., 1991; McGuire et al.,
1992, 1993; Zhuang et al., 2003; Lu and Zhuang, 2010; Chen
et al., 2011; Chen and Zhuang, 2012; Lu et al., 2013), and
incorporates acclimating temperature response of key bio-
geochemical processes such as photosynthesis and plant
respiration (Kattge and Knorr, 2007; Ziehn et al., 2011;
Chen and Zhuang, 2013). In iTem, the canopy is particularly
modelled in a one-layer, two-big-leaf approach (Dai et al.,
2004), which diagnoses energy budget, leaf temperature and
photosynthesis separately for sunlit and shaded leaves. The
model assumes the foliage has zero heat capacity (Dai et al.,
2004). The response of biogeochemical processes such as
photosynthesis and leaf respiration to temperature are
modelled as functions of the plant growing temperature
(i.e. the average daily minimum ambient air temperature in
the preceding month) rather than using constant parameters.
Prognostic LAI is used to scale up leaf level processes to the
canopy level. These algorithms adapted in iTem allow the
model to better simulate the response of land surface
processes to changing direct-beam and diffuse radiation
regime and the potentially caused different energy budget
and temperature distribution in canopy, which could con-
siderably influence the processes of carbon dynamics. The
incorporation of the Carbon—Nitrogen interaction mechan-
isms originally from TEM enables the iTem to simulate the
Nitrogen limitation effects on carbon-related processes
(McGuire et al., 1992). The iTem has been calibrated using
various sources of observation data. Technical details of the
iTem are documented in Chen (2013).

3. Modelling experiment design and the input
data

Using the iTem, two sets of model simulations are conducted
to estimate ecosystem dynamics with and without consider-
ing aerosol loadings. The first simulation (referred to as S0)
uses transient solar radiation data estimated with the atmos-
pheric radiative transfer model considering the aerosol
loadings and other meteorological forcings. The second
simulation (S1) uses the atmospheric radiative model
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estimated solar radiation data without considering the
aerosol loadings, but keeps using the same other meteor-
ological data forcing. The aerosol direct radiative effect
therefore can be evaluated by calculating the differences
between SO and S1 simulations and environmental variables
(S0—-S1). The experiments are designed to examine the offline
aerosol—terrestrial feedback, i.e. without including non-
linear feedback of atmospheric circulation. We shorten
‘aerosol direct radiative effect’ to ‘aerosol effect’ unless we
specify otherwise in this paper.

To analyse the aerosol effects, we use iTem to simulate
the following flux variables including the gross primary
production (GPP), NPP, the net ecosystem production
(NEP), the autotrophic respiration (Rs) and the hetero-
trophic respiration (Ry). In addition, we also simulated
land surface temperature (T;), leaf temperatures (T ,, and
T\ sha) and the carboxylation and electron transport rate in
both sunlit and shaded leaves (Jcsun, Jcsha, JEsun, and
JEsha); the first-layer soil temperature (ST1) and water
content (SM1) which represent the major controlling
factors on carbon cycling processes in the soil. The
subscripts ‘sun’ and ‘sha’ in the variables represent the
variable of sunlit and shaded leaves, respectively.

iTem is run at a 1° x 1° grid resolution for the whole
global land area except the Antarctic. The land cover map
adapts the potential natural vegetation distribution used in
TEM (Melillo et al., 1993) and is upscaled from 0.5° x 0.5°
to 1° x 1° resolution by allowing sub-grid plant functional
types (PFTs) to exist in each pixel (Fig. 1). The global

spatial explicit soil texture data describing the percentage of
sand, silt and clay in the soil are from the soil map of Food
and Agriculture Organization of the United Nations
(FAO/Unesco). Soil colour for each grid cell is from the
data used in LSM 1.0 (Bonan, 1996). Surface elevation data
is from Melillo et al. (1993). All these auxiliary data are
resampled to a 1° x 1° resolution to match the resolution of
the land cover data.

Meteorological forcing data including longwave radia-
tion (L), air temperature (Tgem), wind speed (Wyem), specific
humidity (qeem), and atmosphere pressure (Pyer,) are from
the global meteorological forcing dataset developed by the
Land Surface Hydrology Research Group in Princeton
University (Sheffield et al., 2006). These meteorological
data are gridded to a 1° x 1° resolution and at a 3-hourly
time step. Solar radiation data including the direct-beam
photosynthetic active radiation (PARy), diffuse photosyn-
thetic active radiation (PARy), direct-beam near infrared
radiation (NIRy,) and diffuse near infrared radiation (NIRy)
are estimated using the atmospheric radiative transfer
module and MODIS daily atmosphere products for each
1° x 1° grid cell of the global land area. Both MODIS Terra
and Aqua products (MODO08_D3 and MYDO08_D3, collec-
tion 051) are used to obtain solar radiation. The MODIS
Terra observation is assumed to be representative of
morning atmospheric conditions, while the MODIS Aqua
observation is used for the afternoon atmosphere (Van
Laake and Sanchez-Azofeifa, 2005). In addition, White-Sky
albedos of global land from the 8-d MCD43C3 products are
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Fig. 1.

Global potential natural vegetation map used in this study. The map shown here is the map of the dominant plant functional

types in each 1° x 1° grid cell. The labels are: (1) ice; (2) Alpine tundra and polar deserts; (3) wet tundra; (4) boreal forest; (5) temperate
coniferous forest; (6) temperate deciduous forest; (7) grasslands; (8) xeric shrublands; (9) tropical forests; (10) xeric woodland;
(11) temperate broadleaved evergreen forest; (12) Mediterranean shrublands.
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used for calculation of multiple scattering between the sky
and land surface. We assume that the land surface albedo
remains constant during each 8-d period. Missing values of
each parameter are filled using a gap-filling algorithm based
on discrete cosine transforms (Garcia, 2010, 2011). The
input MODIS parameters are listed in Table 1.

The solar radiation data are estimated at a 3-hourly time
step to match the temporal resolution of the meteorological
data. Both conditions with and without aerosol loadings are
considered to provide two sets of solar radiation data. We
use transient atmospheric CO, concentration data rather
than a constant value. The Mauna Loa monthly mean CO,
data (http://www.esrl.noaa.gov/gmd/ccgg/trends/) is used
with the assumption of no CO, concentration change in a
month and over the globe. The period of estimation of solar
radiation is over the MODIS era (2003-2010). Overlapping
the available period of the meteorological forcing data
(1948-2010), the model simulations are conducted for the
period 2003-2010 at an hourly time step. All the meteoro-
logical forcing data are linearly interpolated to an hourly
time step.

Driven by monthly NCEP/NCAR reanalysis meteorolo-
gical data from 1948 to 2002 (Kistler et al., 2001), TEM is
run globally to output all C and N state variables and the
values of the variables at the end of 2002 (i.e. December of
2002), which are extracted for each 0.5° x0.5° grid cell.
These 0.5° x 0.5° values are then organised as the initial C

Table 1.

and N states for each sub-grid PFT in the 1° x 1° grid cells
in iTem simulations. In addition, the soil moisture profile is
initialised with the 6-hourly soil moisture data (0—10cm
and 10-200 cm) from the NCEP/NCAR reanalysis datasets
of the end of 2002 (Kalnay et al., 1996). The surface
temperature, vegetation temperature, soil temperature are
initialised using air temperature at the beginning of the
simulation period.

4. Results

4.1. Aerosol-caused changes of downward solar
radiation

The aerosol loading decreases the total and direct downward
solar radiation but increases the diffuse component at the
global scale. Based on the estimates of the atmospheric
radiative transfer module, the existence of aerosols causes
18.7 and 12.8W m 2 decrease of direct-beam PAR and
NIR, and 5.2 and 4.4W m ~2 increase of diffuse PAR and
NIR, respectively, leading to a total 21.9 W m ~ 2 decrease of
total downward solar radiation over the global land surface.
However, the aerosol’s effect on solar radiation is spatially
heterogeneous (Fig. 2). The aerosol loading generally in-
creased diffuse solar radiation over all the global land area
and the magnitude is especially high in the area with high
AOD such as East Asia and northern India, and the arid area
in Sahara desert area, the Mid-east and Middle Asia.

MODIS parameters used in the calculation of downward solar radiation

Data fields

MODIS product name

Descriptions

Total_Ozone_Mean MODO08_D3/ Total ozone column (cm)
MYD08_D3

Cloud_Top_Pressure_Mean MODO08_D3/ Cloud top pressure (Pa)
MYDO08_D3

Cloud_Optical_Thickness_Combined_Mean MODO08_D3/ Cloud optical thickness
MYDO08_D3

Angstrom_Exponent_Land_Mean MODO08_D3/ Angstr(’im exponent (Land) for 0.47 and
MYDO08_D3 0.66 microns

Deep_Blue_Angstrom_Exponent_Land_Mean MODO08_D3/ Deep Blue Angstréom Exponent for land (0.412-0.47
MYDO08_D3 micron)

Angstrom_Exponent_1_Ocean_Mean MODO08_D3/ Angstrém Exponent (0.550 and 0.865 micron) best
MYDO08_D3 solution

Optical_Depth_Land_And_Ocean_Mean MODO08_D3/ Aerosol Optical Thickness at 0.55 microns for both
MYDO08_D3 Ocean and Land

Deep_Blue_Aerosol_Optical_Depth_550_Land_Mean MODO08_D3/ Deep blue aerosol optical depth at 0.55
MYDO08_D3 microns for land

Atmospheric_Water_Vapor_Mean MODO08_D3/ Total perceptible water vapour column (cm)
MYDO08_D3

Cloud_Fraction_Mean MODO08_D3/ Cloud fraction
MYD08_D3

Albedo_WSA_vis MCD43C3 White-Sky land Albedo for the VIS and NIR

Albedo_WSA_nir

broadbands
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Annual mean land surface solar radiation of 2003—2010 estimated with or without aerosols and their differences. The difference is

calculated as the estimates with aerosols subtract the estimates without aerosols.

Aerosol loading increased diffuse radiation in most terres-
trial area, but it decreased the diffuse radiation in Amazonia
forest area, forested region in South China, Indonesia
Islands and part of the East central Africa.

Two cloud parameters are involved in the calculation of
downward solar radiation, including the CF and the COD.
The spatial pattern of the estimated global solar radiation
indicates that the CF may have a stronger effect than the
COD (Fig. 3). Clouds with even small optical depths have
much stronger light-scattering effects than aerosols. The
regions where aerosol negatively affects diffuse radiation
were experiencing either low or high CODs but generally
high CFs (Fig. 3). On the one hand, aerosol loading
reduced total solar radiation over these regions, which
caused less solar radiation above clouds and resulted in
reduced direct and diffuse radiation under clouds. On the
other hand, aerosols-enhanced diffuse radiation is negligi-
ble comparing to the effects of the reduction of cloud on
diffuse radiation because of strong cloud scattering, there-

fore both direct and diffuse solar radiation are reduced
over these regions.

4.2. Global-scale aerosol effects on carbon dynamics

Over the period of 2003—2010, the SO estimated GPP, R 5 and
Ry of global terrestrial ecosystem are 130.0 +4.1, 66.5+0.6
and 52.1+ 1.8 Pg C yr ~', respectively. As a result, NPP and
NEP are 63.5+3.6 and 11.4+4.5Pg C yr !, respectively.
These results are within a reasonable range of existing
studies. For example, Yuan et al. (2010) used the EC-LUE
model with MODIS land products for the period 2000—2003
and found that global GPP is 110.5+21.3Pg C yr .
Cramer et al. (1999) suggested that global NPP ranges
from 39.9 to 80 Pg C yr ~ ! using 16 global ecosystem models.
The Rp, Ry and NEP values are close to the values reported
by the Intergovernmental Panel on Climate Change (IPCC)
report as about 60, 50 and 10 Pg C yr ~ !, respectively (IPCC,
2000). However, S1 estimates lower GPP, NPP, NEP and
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R4, which are 125.14+5.2, 59.7+4.3, 7.5+4.7 and 65.4+
1.0Pg Cyr —!, but very similar Rg; 52.2+2.0Pg C yr ~'. The
comparison suggests that over the study period, the atmo-
spheric aerosol loading enhanced the terrestrial ecosystem
carbon uptake at the global scale, and slightly affected the
autotrophic and heterotrophic respirations.

4.3. Spatial pattern of the aerosol effect on carbon
dynamics

Over the study period 2003—-2010, obvious positive aerosol
effects on terrestrial ecosystem production (GPP, NPP and
NEP) took place in vast areas in Central Africa, South and
East Asia, reaching as large as 400g C m ~2 yr ~'. Slightly
positive effects mainly happen in North America, Europe,
northern coast area of Australia and Central South
America. However, negative aerosol effects occurred in
Amazonia region (especially the West Amazonia) and
rainforest region in Indonesia Islands, as well as part of
densely vegetated area in South China and Indochina.
The aerosol loading caused a 0.25K decrease of the
global annual average land surface temperature due to the
reduction of solar energy received by the land surface
(Fig. 4f). Further, acrosols affect soil physical properties by
increasing 0.5% of the first-layer soil volumetric moisture
content (Fig. 4g) and decreasing 0.71 K of the first-layer
soil temperature (Fig. 4h). The spatial pattern of aerosol-
caused differences of Ry is similar to the patterns of NPP
because R4 is considered as a relatively constant propor-
tion of the vegetation carbon gains (Gifford, 1994, 1995,
2003). However, while the differences of ecosystem produc-
tion are high in East and Northeast China, the differences
of R4 are not significant in these regions. The cooling effect
of aerosol in these regions moderates the positive aerosol
effect on R, through the effect on GPP. In contrast,
aerosol loadings result in less Ry in most areas of the globe
except some regions in Central Africa, South and Southeast
Asia and South America (Fig. 4e). Since soil temperature
and soil moisture are positively correlated to the rate of
Ry, the aerosol’s positive effects on soil temperatures and
negative effects on soil moisture mediate each other, and

10 20 30 40 50 60 70 80 90 % 5 10 15 20 25 830 35

Gap-filled 2003—2010 mean values of MODIS AOD, COD and cloud fraction over the global land area.

together determine the spatial pattern of the differences of
Ry estimated by SO and SI.

Aerosol has a positive effect on GPP, NPP and NEP for all
the continents and the largest effect takes place in Africa
(Fig. 5). However, the effect is with a high inter-annual
variability in South America, showing that opposite effects
happened in this continent. All continents show that aerosols
enhanced Ry except Europe. Ry is negatively affected by
aerosol in most continents but is slightly increased in Africa
and Oceania.

5. Discussion

5.1. Aerosol effects associated with LAI and canopy
structure

LAI has been recognised as one of the most important
factors that exert direct or indirect influences on most land
surface biophysical and biogeochemical processes (Bonan,
1993). Different from the other studies [e.g. Matsui et al.,
(2008)], we use prognostic rather than prescribed LAI (e.g.
MODIS LAI). As a function of solar radiation, air tempera-
ture and humidity, LAI in the iTem, representing plant
phenology of an ecosystem, therefore could be affected by
the aerosol-induced changes of downward solar radiation
(Stockli et al., 2008, 2011). Our results show that aerosol
causes LAI decrease in most regions where AOD are high,
such as, in East Asia, Northern India, Amazonia forest area,
Southeast United States and Europe (Fig. 6). However,
aerosol loading increases LAI in vast area in Africa, South
America and Australia, but with very small magnitudes.
While the aerosol doesn’t change the fraction of sunlit and
shade LAI, which is purely determined by the solar zenith
angle and leaf orientation distribution, it changes the
magnitudes of sunlit and shaded LAI. The magnitude of
sunlit LAI is slightly decreased over the most area of the
globe because the aerosol reduces direct-beam solar radia-
tion. The aerosol changed LAI in shaded leaves (Fig. 4c) and
the spatial pattern of change of LAlgy, is very close to the
change of total LAI.
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Ts is the land surface temperature; ST1 and SM1 are the first soil layer temperature and volumetric moisture content, respectively.

The aerosol effects on terrestrial ecosystem carbon
dynamics are highly dependent on canopy LAI as previous
studies suggested (Niyogi et al., 2004; Matsui et al., 2008).
The positive relationship of LAI and the aerosol effects on
the global ecosystem carbon uptakes (Fig. 7a, b, c) suggests
that the aerosol effect is stronger for high-LAI ecosystems
because of the increase of the proportion of the shaded
leaves (Gu et al., 2003), which generally come with higher
light-use efficiency comparing to sunlit leaves. Although
aerosol loadings decrease land surface temperature (Tg),
the impact is smaller with higher LAI (Fig. 7f). The impact

of aerosol on Ry is positively correlated to LAI (Fig. 7d),
which can be explained by the similar relationships of
vegetation production and Tg. Overall the aerosol effect on
soil temperature is negative (Fig. 7g), but the effect on soil
moisture is positive (Fig. 7h) with LAI. They together
result in the complex aerosol effect on Ry (Fig. 7e).
Different plant functional types have distinct responses to
aerosols (Fig. 8). The tropical forest stands out to have the
strongest positive response with 56.5g C m ~2 yr ~ ! increase
of NEP. The magnitude of aerosol effect on xeric woodlands
and temperate forests is after one of the tropical forest,
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8-yr values.

suggesting that the aerosol loading enhances 29.4-41.9
g m > C yr ! net carbon uptake. Ecosystem production
in middle- and low-latitudes are also enhanced by aerosol
loadings (Fig. 8a, b, ¢). Although aerosol loading results in a
positive response of boreal forest NEP, the aerosol caused a
significant decrease of Ry, which compensates the negative
effect of aerosols on plant carbon uptake (Fig. 8e). Aerosol
inhibits the Ry for most PFTs because of its cooling effect
(Fig. 8f, h), but the aerosol effect on soil moisture may
moderate and even overwhelm the thermal effects on
enhancing Ry in tropical forest and grassland with high
inter-annual variability. Aerosol effects on R for each PFT
are generally similar to the effects on GPP, but with smaller
magnitudes. Forests generally have higher LAI (Fig. 9).
Generally, grassland in tropical Africa has higher LAI than
boreal forest. LAI varies little within the similar landscape
class across the globe. For example, average LAI of
temperature coniferous forest and temperate deciduous
forest are close to each other. LAI alone cannot explain
the distinct response of PFTs to aerosol effects (Figs. 8
and 9). The PFT specific canopy structure and physiological

Differences of the continent-based carbon fluxes over the study period. Error bars denote the standard deviation for the

functioning as well as the environmental conditions may
act together with LAI to determine the degree of the
aerosol effect on carbon cycling. Overall, aerosols have a
stronger effect on forest ecosystems. In addition, there are
stronger effects on lower-latitude ecosystems (e.g. tropical
forest) than that in higher latitudes (e.g. wet tundra). Most
positive effects on ecosystem carbon gain happen in low-
latitude areas, but negative effects exist widely in high-
latitude ecosystems. These findings are consistent with
previous studies (Gu et al., 2003; Krakauer and Randerson,
2003; Oliveira et al., 2007).

5.2. Sunlit versus shaded leaves

It is necessary to separate the canopy into sunlit and shaded
parts to investigate the aerosol effect on terrestrial ecosystem
carbon dynamics in detail since the two parts of canopy
leaves respond differently to the change of radiation regime
caused by aerosols (Wang and Leuning, 1998; Dai et al.,
2004). While the aerosol-induced decrease of direct solar
radiation might not affect photosynthesis of sunlit leaves
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because they are normally light-saturated, the enhancement
of diffuse radiation could stimulate photosynthesis in shaded
leaves. However, it is not necessarily true that aerosol always
enhances diffuse solar radiation according to our calcula-
tion. For instance, the diffuse PAR is decreased over the
Amazonia forest area due to aerosol radiative effects (Fig. 2)
because of the much stronger scatter ability of clouds. Our
results indeed show that the aerosol loading increases the
amount of global carbon assimilation over the study period.
The leaf-scale Rubisco-limited photosynthesis rate (Jc) and

RuBP regeneration-limited (i.e. light-limited) photosynth-
esis rate (Jg) are shown geographically for both sunlit and
shaded canopy photosynthesis (Fig. 10). In iTem, Jc is
modelled to be directly limited by environmental factors
including leaf temperature, plant nutrient supply and soil
water content; Jg is estimated depending on the plant
growing temperature, i.e. the average ambient temperature
over the canopy during the preceding month, and PAR.
Therefore Jg can be directly influenced by the aerosol light-
scattering effect, while Jc could be indirectly affected by the
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variation of thermal and hydrologic conditions caused by the
land surface radiation regime change. The actual leaf-scale
photosynthesis rate is then limited by the minimum of these
two rates (See descriptions of iTem in Chen, 2013).

For sunlit leaves, aerosol generally caused an increase of
Jc in all the vegetated area because of the moderate of leaf
temperature and the increased soil moisture (Fig. 4f, h and
10a). J in sunlit leaves are decreased because of the reduced
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Fig. 8.  Differences of plant functional type based carbon fluxes and environmental conditions over the study period. Error bars represent
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volumetric moisture content, respectively.
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direct-beam PAR. For shaded leaves, Jc are also increased;
however, the aerosol causes decrease of J in shade leaves in
most of the dense vegetated area such as the tropical forests
in Amazon and central Africa and the temperate forests in
eastern China and United States (Fig. 10d); and the spatial
pattern of the change of Jg is highly correlated to the change
of diffuse PAR (Fig. 2). Our results indicate that photo-
synthesis in sunlit leaves are often light-saturated (i.e. J¢ sun—
JE.sun <0), but it is opposite in shaded leaves for the densely
vegetated area (Fig. 10e, f). An outstanding exception
happens in the tropical forests in the Amazonian area and
the Indonesia Islands, where J¢ sh, and Jc gun are both larger
than Jg gha and Jg gun, respectively, suggesting that photo-
synthesis in these regions is light-limited. As discussed in
Section 4.1, this is mainly because of high CF and dense
water vapour concentration (Fig. 3) over these regions,
which causes relatively lower solar radiation in this area
(Cohan et al., 2002). The aerosol loading further reduces
both direct-beam and diffuse PAR in these regions (Fig. 2)
rather than enhancing the diffuse PAR. Together with the
possible small aerosol-induced LAI change, the canopy-
scale photosynthesis decreases in both sunlit and shaded
leaves (GPPy,,, and GPPy,,) in these regions (Fig. 6).

5.3. Aerosol impacts on thermal and hydrological
conditions

Evidence has shown that the leaf temperature can vary as
high as several degrees throughout a day in sunlit and shaded
leaves (Smith and Nobel, 1977). Aerosol loading can affect
land surface thermal and hydrological conditions through its
influences on surface radiation regime. According to this

Annual average leaf area index for each plant functional type of the SO simulation. Error bars represent the standard deviation

general hypothesis, because of the effect of reducing incom-
ing solar radiation, aerosol cools land surface and soil,
therefore inhibits surface water transpiration and keeps
higher soil moisture. On a global scale, our results are
generally consistent with these processes. The land surface
and the soil are cooled by aerosol loading (Fig. 4f, g and
10i, j) and the soil moisture is higher under aerosol
conditions (Fig. 4h). The simulated aerosol indirect thermal
and hydrological effects on carbon dynamics through
influencing the environmental conditions are summarised
in Fig. 11, indicating that the aerosol-caused change of
GPP and changes of Ts, ST1 and SM1 are correlated at the
global scale.

Figure 12 shows the relationship of the aerosol effect on
carbon cycle at different thermal (i.e. measured by Tyr,) and
moisture [i.e. measured by Vapor Pressure Deficit (VPD)]
conditions at the global scale. Unit change of aerosol reduces
GPP at cool (Tg <284 K) and humid (VPD <4hPa, close
to water-saturated) conditions, but stimulates carbon up-
take in hotter and drier conditions. The change of aerosol
affects Ry in more complicated ways: negative effects
happen at extreme conditions (both cool or hot, and dry or
moist), while positive effects happen at moderate conditions.
These findings are consistent with the Arrhenius-type of
relationships between carbon fluxes and the temperature and
the moisture conditions. The aerosol light-scattering effect
indirectly cools and keeps more water on the land surface,
and causes the major carbon cycling processes (photosynth-
esis and soil decomposition) either closer to or farther from
the optimum situations, and therefore results in the variable
responses of the carbon fluxes to the changing environ-
mental conditions.
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The strong seasonal variations of aerosol effects on global
carbon fluxes may further explain the aerosol thermal effect
(Fig. 13). In the low-latitude (between 30°S and 30°N) area,
the aerosol effect is mostly positive on GPP, NPP and NEP,
and the strongest effect happens in the cool months (i.e.
October, November, December and January for northern
hemisphere, and May, June, July and August for southern
hemisphere). The aerosol loading negatively affects the plant
production in subtropical regions of the Northern Hemi-
sphere (about 20°N) in summer months. In higher latitudes,
the aerosol effect mainly happens in summer months, either
positive (for Northern Hemisphere), or negative (for South-
ern Hemisphere). R, has the similar seasonal pattern as the
plant production. In higher-latitude area (above 30°),
aerosol effects on Ry are negative and mainly happen in
summer for both northern and southern hemispheres. Ry; in
tropical areas is negatively affected by aerosols in spring
months and positively affected in other months. All the
strongest effects happen under moderate to hot thermal
conditions in which the cooling effect of aerosols may be
significant in optimum thermal environments for carbon
cycling.

5.4. Limitations and future needs

Aerosol direct radiative effects on terrestrial ecosystem
carbon dynamics exist in various biophysical and biogeo-
chemical processes. The modelling framework describing
these processes may introduce uncertainties to the esti-
mates. First, the MODIS measurement of the key atmo-
spheric components has considerable errors (Levy et al.,
2005; Li et al., 2012; Remer et al., 2005). In addition, the

U SM1: R?=0.02, p<0.001.

ST1: R?=0.02, p<0.004.

T (K), ST1 (K), SM1 (%)

-2

-3

-4 .
-1000 -500 0 500

Scatterplots of aerosol-induced changes of key carbon fluxes (GPP and Ry) and environmental conditions (Ts, ST1 and SM1).

error of gap-filling the MODIS atmospheric products
(Garcia, 2010; Wang et al., 2012) and the inaccuracy of
the atmospheric radiative transfer model (Gueymard, 2008,
2012) may further contribute to the uncertainty of model
estimates of aerosol effect on the amount of downward
solar radiation and its partitioning. Second, uncertainties
exist in the model structure and parameterisation of iTem.
Although iTem has been carefully calibrated using ob-
served data and its estimation of carbon fluxes show a good
agreement with other results, there is always uncertainty
associated with model parameterisation to some degree
(Tang and Zhuang, 2008; Keenan et al., 2012). There are
more factors that may influence the aerosol effect on
carbon dynamics, but not considered in iTem, such as, a
better representation of radiation transfer in the canopy
(Bonan et al., 2011; Widlowski et al., 2011), dynamic
vegetation (Sitch et al., 2003), and nitrogen deposition
(Reay et al., 2008). Considering the importance of LAI in
terrestrial ecosystem carbon cycling, the estimation of LAI
in iTem may need to be improved in the future using better
algorithms of leaf carbon allocation (Litton et al., 2007).
In this study, model simulations were conducted with
different solar radiation regimes but with the same
meteorological drivers (e.g. air temperature, relative hu-
midity, etc.). While we recognise the importance of aerosol
indirect effects on the land surface micrometeorology, the
aerosol indirect effect, i.e. the aerosol can change the
weather and climate (Ramanathan et al., 2001; Hansen
et al., 2005; Rosenfeld et al., 2008), however, is not yet
considered. Besides the effects caused by aerosol-reduced
solar radiation, acrosol-enhanced diffuse radiation has also
been found to be related to the change of air temperature
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conditions. The units of the sensitivity of both the scatterplot and bar plots are g C mon ™ .

and VPD in terrestrial ecosystems (Gu et al., 2002). These
aerosol indirect effects are not included in our study, but
indeed they can considerably influence the ecosystem
carbon dynamics. To include these indirect effects, the
role of aerosol in the atmospheric circulation needs to
be well understood and substantial efforts of fully cou-
pled online atmosphere—ecosystem simulations should
be conducted in the future. These online simulations,

. _______“Il"I_..ln.lllllll----...-.n|||||||||||I|II|II“||I|-

| | | |

20 30 40 50 60
VPD (hPa)

Sensitivity of monthly averaged key carbon fluxes (GPP and RH) to unit change of AOD at different thermal and humid

1

configured with more processes and interactions, may alter
various conclusions made in this study.

The role of cloud has to be emphasised while evaluating
the aerosol effect on terrestrial ecosystems. As stated in our
study, the cloudiness is particularly critical to determining
the aerosol effect since cloud’s scattering effect is much
stronger and can overwhelm the radiative effect of aerosol.
Our results show that the parameter CF matters the most
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to the spatial pattern of solar radiation received by land
surface. Determination of which the limiting photosynthe-
sis rate (i.e. J¢ or Jg) is for both sunlit and shaded leaves
highly depends on the solar radiation intensity that the
leaves absorbed, which is mostly influenced by cloud
(Fig. 10). Aerosol could act as cloud condensation nuclei,
change the cloud droplet size distribution and change the
cloud albedo (Twomey, 1977; Costantino and Bréon,
2010). Since clouds have strong effects on influencing solar
radiation, this aerosol effect is referred to the aerosol
indirect radiative effect. Clouds have been considered to
have strong effects on ecosystem carbon uptake (Gu et al.,
1999), therefore this aerosol indirect radiative effect
couldn’t be neglected for a full investigation of the aerosol
radiative effects. Mercado et al. (2009) considered this
indirect radiative effect together with the aerosol direct
radiative effect by simply assuming an absolute reduction
in below-cloud PAR equal to the absolute reduction in
clear-sky PAR due to aerosols. However, the aerosol-
cloud interactions are more complicated than the simple
relationship suggested and remain a challenge in this field
of research (Spichtinger and Daniel, 2008). Here our study
is focusing on evaluating the aerosol direct radiative effect.
Going forward, further work is needed to investigate both
direct and indirect aerosol radiative effects.

6. Conclusion

Atmospheric aerosol has been considered to be able to
considerably affect biogeochemistry and therefore climate
change. One important aspect of aerosol effects is its
impact on global carbon cycling. This study examines the

Zonal mean differences between carbon fluxes (calculated as SO—S1) averaged over the study period.

aerosol influences on carbon dynamics of global terrestrial
ecosystems through its light-scattering effect. Solar radia-
tion estimated with and without consideration of aerosol is
used to drive the iTem to analyse the ecosystem responses
to different radiation regimes. We find that the aerosol
light-scattering effect changed the carbon budget of the
global terrestrial ecosystems during 2003—2010. The aero-
sol loading enhances both photosynthesis and plant auto-
trophic respiration, but moderately decreases heterotrophic
respiration. Overall the global NPP and NEP are enhanced
by aerosol. We found that aerosol also affects plant LAI,
surface thermal and moist conditions, which indirectly
affect carbon dynamics. Aerosol effects appear strongest in
low-latitude and high LAI regions and in the seasons with
moderate to hot thermal conditions. Our results suggest
that the aerosol light-scattering effect should be considered
in quantifying terrestrial ecosystem carbon dynamics
and their feedbacks to the global climate system in the
future.
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