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[1] This study reports the first regional-scale assessment of aerosol effects on plant
productivity and surface energy fluxes over the eastern United States. Analysis is
conducted using an established modeling framework, which is composed of a regional
land surface model, regional daily aerosol optical depth (AOD) estimates, and
meteorological forcings. The sensitivity experiments were conducted from May to
September in 2000 and 2001 over the eastern United States with and without the aerosol
light scattering effect. Results show that the aerosol light scattering effect results in
enhanced productivity for high-LAI and optimum temperature environments under
cloudless-sky conditions around noon, while it results in least productive for low-LAI,
low-temperature environments under cloud-sky conditions in early morning or late
afternoon. As a result, domain-averaged plant productivities, measured as net primarily
production, are changed by �0.71 g C m�2 (�0.09%) in 2000 and +5.00 g C m�2

(+0.5%) in 2001. These responses of plant productivity and photosynthesis to the aerosol
light scattering effect uniquely modulate the surface flux as follows. The aerosol light
scattering effect reduces the surface downwelling solar radiation (14.9 W m�2 in 2000 and
16.0 W m�2 in 2001) and net radiation in vegetation canopy, but simultaneously increases
the photosynthesis and stomatal conductance. Consequently, surface latent heat flux
(transpiration and evaporation) is reduced by a small amount particularly over the forests,
while aerosol loading often results in larger reduction in the sensible heat flux. For the
whole domain, latent heat flux is changed by �3.10 W m�2 (�2.1%) in 2000 and
�3.12 W m�2 (�2.1%) in 2001, sensible heat flux is changed by �7.57 W m�2

(�12.9%) in 2000 and �8.36 W m�2 (�11.3%) in 2001, and surface skin temperature is
changed by �0.25 K (�0.1%) in 2000 and �0.27 K (�0.1%) in 2001.
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terrestrial plant productivity and energy fluxes over the eastern United States, J. Geophys. Res., 113, D14S14,
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1. Introduction

[2] Diffuse solar radiation is suggested to be more ad-
vantageous for plant productivity than direct radiation [e.g.,
Goudriaan, 1977; Gu et al., 2002; Law et al., 2002; Niyogi
et al., 2004; Rocha et al., 2004; Min, 2005]. This is because
diffuse solar radiation is absorbed on the plant canopy more
homogeneously than direct radiation, and is efficiently

utilized in the photosynthesis process without exceeding
the plant photosynthesis capacity. Direct solar radiation is
absorbed by the sunlit canopy and usually exceeds the
plant photosynthesis capacity when solar elevation is high
[Goudriaan, 1977; Gu et al., 2002].
[3] Recently the impact of aerosol light scattering on

terrestrial plant productivity and carbon sink has been
addressed [Roderick et al., 2001; Cohan et al., 2002; Gu
et al., 2003; Niyogi et al., 2004; Chang, 2004;Misson et al.,
2005; Kanniah et al., 2006; Oliveira et al., 2007]. Follow-
ing the massive eruption of Mt. Pinatubo in 1991, abnormal
carbon sinks were observed on the global scale the follow-
ing year. Roderick et al. [2001] and Gu et al. [2003]
proposed that the volcano eruption-derived sulphate aero-
sols in the upper troposphere enhanced solar radiation
scattering that ultimately increased the terrestrial carbon
sink by increasing plant productivity.
[4] Niyogi et al. [2004] and Chang [2004] provided

the first observational evidence of links between variability
of routine aerosol optical depths (AODs), diffuse solar
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radiation, and terrestrial carbon sink for different landscapes
over the United States. The statistical results indicated that
high AODs tend to increase the daytime carbon sink for
forests and croplands sites under cloudless-sky conditions.
Misson et al. [2005] also reported that the aerosol-driven
diffuse radiation contributed to an abnormal increase in the
late afternoon carbon sink at the Blodgett Forest (young
ponderosa pine plantation) site. Oliveira et al. [2007]
investigated the effect of biomass-burning-derived aerosols
on the terrestrial carbon sink over the Amazon basin during
the dry season, and found that plant productivity of forests
is enhanced under the moderately thick smoke loading
because of an increase of diffuse versus direct solar radia-
tion. Cohan et al. [2002] quantitatively analyzed the impact
of atmospheric aerosol light scattering on plant productivity
using a two-canopy model and idealized sets of environ-
mental parameters, and reported that plant productivity is
increased because of moderately thick aerosol loading in
cloudless sky.
[5] Several studies, however, have reported a net negative

impact of aerosols on plant productivity. Chameides et al.
[1999] reported that the regional aerosols over China, which
are often with accompanied with other pollutants, decreased
the net surface solar radiation by up to 30%, and could
decrease the crop yields. Mera et al. [2006] used two crop
models to show that a small decrease in radiation level can
help increase crop productivity in both C3 and C4 crops
(soybean and corn) but a larger decrease in the in coming
radiation would ultimately result in reduced yields. Obser-
vational analysis by Niyogi et al. [2004] and Chang [2004]
showed that under high aerosol loading and high diffuse
radiation conditions, productivity has been increased in
croplands and forest sites, in the same study they showed
that the carbon sink at both C4 and C3 grass sites is not
enhanced for high AODs. Kanniah et al. [2006] showed
that regional smoke loading tends to depress the carbon sink
at a savanna site with a C4 grass understory in northern
Australia. These studies agree that high aerosol loadings
do not provide advantage for landscape dominated by
grasslands.
[6] Krakauer and Randerson [2003] investigated tree

rings in North America, Europe, and Northern Eurasia,
and found that estimated plant productivity in the boreal
regions decreased after the eruption of Mt Pinatubo prob-
ably because of aerosol-driven temperature feedbacks, as
opposed to the hypothesis by Roderick et al. [2001] and Gu
et al. [2003]. Cohan et al. [2002] also showed that aerosol
loading reduces plant productivity on cloudy sky, and very
high aerosol loading can reduce plant productivity even on
cloudless sky. Oliveira et al. [2007] results indicated that
aerosol optical depth larger than 2.7 tends to reduce the net
productivity of the Amazon forest. These previous studies
indicated that the impact of aerosol light scattering on plant
productivity varies depending on the amount of aerosol
loading, canopy structure, and environmental conditions.
[7] At present, the impact of aerosol light scattering

effects have been tested by statistical analysis using local
surface eddy covariance observations [Gu et al., 2002,
2003; Niyogi et al., 2004; Chang, 2004; Misson et al.,
2005; Kanniah et al., 2006; Oliveira et al., 2007], tree ring
observations [Krakauer and Randerson, 2003] and by
idealized simulations [Chameides et al., 1999; Cohan et

al., 2002; Mera et al., 2006]. The next step is to realistically
estimate the aerosol light scattering effect on seasonal plant
productivity on the regional scale by establishing a regional-
scale modeling framework. In addition, it is relatively
unclear how aerosol light scattering contributes to changes
in surface latent and sensible heat fluxes or radiative
temperature [Chang, 2004]. Therefore, the impact on aero-
sol light scattering on surface energy fluxes must be
investigated simultaneously, since plant productivity (car-
bon sink) and surface energy fluxes are tightly coupled by
surface water vapor exchange via plant stomata [Collatz et
al., 1991].
[8] To that end, this study establishes a realistic regional-

scale modeling framework, including (1) a detailed, well-
calibrated land surface model with sun-shade canopy
considerations and a set of surface boundary conditions and
(2) meteorological forcings and aerosol loading to drive the
land surface model. Then, model experiments using an off-
line land surface model with and without aerosol loading are
conducted to investigate the aerosol light scattering effect
over the eastern United States, where Niyogi et al. [2004] and
Chang [2004] found robust statistical relationships of the
aerosol light scattering effect on the plant photosynthesis
rate. Indeed, the eastern United States is an ideal region to
establish this modeling framework, because of a dense
network of local energy and carbon fluxes and aerosol
radiation monitoring in different landscapes [Hicks et al.,
1996; Baldocchi et al., 2001].
[9] This paper is organized as follows. Section 2

describes the modeling framework and validation and how
the meteorological forcings for the experiments were con-
structed. Section 3 shows the result of the sensitivity
experiment using an offline land surface model over the
eastern United States. Section 4 discusses the results with
respect to previous studies, and summarizes the understand-
ing of aerosol impacts on land surface processes with
different landscapes and environmental factors.

2. Regional Modeling Framework

2.1. Land Surface Model

[10] This study uses the Colorado State University (CSU)
Unified Land Model (ULM) [Matsui, 2007; Matsui et al.,
2007] as integrated within the NASA Land Information
System (LIS) [Kumar et al., 2006]. CSU ULM includes a
ten-layer soil and up to 13 subgrid tiles. The canopy energy
budget and photosynthesis are separately diagnosed for
sunlit and shade canopies at every model time step, on the
basis of the scaled photosynthesis capacity, leaf area index
(LAI), and direct and diffuse radiation [de Pury and
Farquhar, 1997; Wang and Leuning, 1998; Dai et al.,
2004] (see details in Appendix A). This scaled sun-shade
canopy scheme is essentially a big-leaf (one-layer canopy)
scheme, but it scales sunlit and shaded components of
radiation and canopy photosynthesis properties much more
efficiently than a multilayer canopy scheme does [de Pury
and Farquhar, 1997].
[11] A unique feature of CSU ULM is its tuning-oriented

structure. Tuning parameters are identified and hardwired to
a parameter estimation model, which enables a rapid and
robust development of the land surface scheme on the local
and regional scales [Matsui et al., 2007; Matsui, 2007].
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Hereafter, we briefly discuss the performance of the ULM
during the period of May to September 2000 at seven
Fluxnet sites: two sites for deciduous broadleaf forest, four
sites for mixed forest, and one site for croplands [Baldocchi
et al., 2001] (Table 1). The local-scale simulations are
forced by the Fluxnet-observed meteorological variables.
Diffuse radiation is estimated from the downwelling broad-
band shortwave radiation as a function of atmospheric
transmittance through the empirical relationship derived
from the Integrated Surface Irradiance Study (ISIS) data
[Hicks et al., 1996] (see Appendix B). The derived empir-
ical relationship can be considered to be unbiased if
integrated over long-term periods. Instantaneous estimation
of diffuse radiation has large noise due to three-dimensional
radiation scattering [e.g., Gu et al., 2002]. Thus, the model
results and observations are compared in terms of long-term
averaged values in this study. LAI, land cover, and soil
types are estimated from the 1-km-grid product [Miller and
White, 1998; Myneni et al., 2002; Hansen et al., 2000].
[12] Fluxnet-observed and ULM-computed seasonally

averaged diurnal cycles (from May to September) of surface
CO2, latent and sensible heat fluxes are plotted in Figure 1.
The ULM-predicted daytime diurnal cycles of latent heat
and CO2 fluxes are in very good agreement with those
observed from the Fluxnet sites. There are slight discrep-
ancies (up to 4mmol m�2s�1) in the nighttime CO2 flux at
the UMic, Gret, Duke, and Will sites mainly due to uncer-
tainties in the nocturnal dark respiration rate parameterized
in the soil model. ULM accurately predicts the diurnal
cycles of latent heat flux; however, it tends to slightly
underestimate the sensible heat flux for most of the sites
because of the uncertainties in surface aerodynamic resis-
tance [Matsui, 2007].
[13] In addition to these fluxes, we computed light use

efficiency (LUE: defined as CO2 flux [mmol m�2 s�1] per
photosynthetically active radiation flux [mmol m�2 s�1]
(and multiplied by 100) when the cosine of solar zenith
angle is greater than 0.5), and compared it as a function of
the diffuse radiation fraction (DRF). LUE is an important
metric for examining the aerosol light scattering effect on
plant photosynthesis [Gu et al., 2002; Niyogi et al., 2004].

Fluxnet observations confirmed the theory and observa-
tions in previous studies; namely, LUE increases in a high
diffuse to direct radiation environment (high DRF) [e.g.,
Goudriaan, 1977; Gu et al., 2002; Law et al., 2002; Rocha
et al., 2004; Min, 2005]. The ULM also predicted a linear
increase in LUE as a function of DRF, similar to the Fluxnet
observations. Particularly in this study, slopes of LUE as a
function of DRF are important for assessing the sensitivity
of the aerosol light scattering effect. Although the ULM
predicts slightly larger LUE-DRF slopes than those of the
Fluxnet observations in Morg, Gret, Harv, and Duke sites,
the ULM reasonably captures most of the observed fluxes
and LUE-DRF slopes. Therefore, the ULM is appropriate to
examine the aerosol light scattering effect on the plant
photosynthesis over different landscapes over the eastern
United States.

2.2. Meteorological Forcings

[14] In this study, the ULM is run at a 0.25� grid spacing
from May to September in 2000 and 2001 over the eastern
United States, and is driven by the North American Land
Data Assimilation System (NLDAS) meteorological forcing
at a 15-min model time step [Cosgrove et al., 2003]. The
NLDAS meteorological forcings are composed of a radar-
gauge-assimilated hourly precipitation data set, satellite-
estimated surface downwelling solar radiation, surface air
temperature, water vapor mixing ratio, horizontal wind, and
surface pressure derived from NCEP Eta Data Assimilation
System (EDAS) output fields. The NLDAS shortwave
radiation product does not explicitly separate the radiation
effect due to aerosol light scattering. Considering the
importance of the aerosol light scattering effect in our
analysis, we recalculated the surface shortwave radiation
for the sensitivity experiments.
[15] First, we use daily satellite-model-assimilated maps

of column aerosol optical depth (AOD) from Matsui et al.
[2004]. Figure 2a shows the AOD averaged from May to
September in 2000 and 2001. The highest AODs (�0.32)
appear around Lake Erie and Chesapeake Bay, and gradu-
ally decrease toward the outside of the domain down to 0.1.
Distribution patterns and magnitude of AODs appear to be
quite similar in 2000 (domain-averaged value, m = 0.191)

Table 1. A List of the FLUXNET Observation Sites Used in the Study

ID Site Species Land Cover Classes
Latitude,

Longitude (deg)

Morg Morgan Monroe State Forest,
Indiana

sugar maple, tulip poplar, sassafras, white oak,
black oak, etc.

deciduous broadleaf
forests

39.321, –86.413

Umic University of
Michigan Biological
Station, Michigan

bigtooth aspen, quaking aspen, eastern white pine,
and northern red oak

deciduous broadleaf
forests

45.560, –84.714

Gret Great Mountain
Forest, Norfolk,
Connecticut

red maple, eastern white pine, and hemlock mixed forests 41.967, –73.233

Harv Harvard Forest,
Massachusetts, USA

oak, red maple, black birch, white pine, hemlock,
white oak, black oak, and hickory

mixed forests 42.536, –72.172

Duke Duke Forest, Pine,
North Carolina

loblolly pine with red maple, sweetgum,
and white oak in the understory.

mixed forests 35.978, –79.094

Will Willow Creek,
Wisconsin

white ash, sugar maple, basswood, green ash,
and red oak with sugar maple and ironwood saplings,
leatherwood, maidenhair, bracken ferns,
and blue cohosh in the understory.

mixed forests 45.906, –90.080

Bond Bondville, Illinois annual rotation between corn (C4), 2001,
and soybeans (C3), 2000

croplands 40.006, –88.292
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and in 2001 (m = 0.190). Detailed discussions and analysis
of these AOD maps are given by Matsui et al. [2004].
[16] Second, cloud optical properties (liquid water path

and optical depth) are estimated from the NLDAS short-

wave radiation at every hour (see Appendix C). Figure 2b
shows the seasonally averaged daily cloud optical depth
(COD). CODs become larger toward the northeastern por-
tion of the domain, and the domain-averaged value is nearly

Figure 1. Seasonally averaged diurnal cycles (May–September) of CSU ULM-estimated (open circle)
and FLUXNET-observed (solid circle) surface CO2 flux (A) (mmol m�2 s�1), latent heat flux (E) (W m�2),
sensible heat flux (H) (Wm�2), and light use efficiency (LUE: defined as CO2 flux (mmol m�2 s�1) divided
by the photosynthetically active radiation flux (mmol m�2 s�1) and multiplied by 100). Note that latent heat
flux is not available from the Harv site.

Figure 2. Seasonally averaged (a) MODIS-GOCART assimilated aerosol optical depth AOD (0.55 mm)
and (b) NLDAS-derived cloud optical depth (COD). m represents a domain-averaged value. The range,
mean, and scatter are also given.
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twice as high in 2000 (m = 10.82) as in 2001 (m = 5.99).
Analysis of the COD variability between 2000 and 2001 is
not attempted here. Note that estimated clouds are assumed
to be plane parallel (cloud fraction is always unity) in
quarter-degree grid boxes. Thus, the effect of highly broken
clouds is ignored in this study, although such clouds can
create highly diffusive environments [Min, 2005].
[17] Using the hourly cloud optical properties, the vertical

profiles of pressure, temperature, humidity, and ozone
concentrations from sounding climatology for the upper
troposphere [McClatchey et al., 1972] and NCEP/NCAR
reanalysis for the lower troposphere [Kalnay et al., 1996],
downwelling shortwave radiation was computed with and
without the satellite-model-assimilated daily AODs by
NASA-Langley Fu-Liou radiative transfer model [Fu and
Liou, 1993; Charlock et al., 2004]. AODs are vertically
profiled according to measurements by Spinhirne et al.
[1980], which confine the aerosol extinction mostly to the
boundary layer. Aerosol compositions are estimated from
the chemical transport model [Chin et al., 2004], while
aerosol optical properties are derived from the Optical
Properties of Aerosol and Cloud (OPAC) values [Hess et
al., 1998]. The dominant types of aerosol compositions are
sulfate and its precursors over the eastern United States
[Malm et al., 2004]. Single scattering albedo of these
aerosol compositions is nearly unity and effectively enhan-
ces downwelling diffuse solar radiation. A seasonally aver-
aged composite of the reconstructed shortwave radiation is
compared with the original NLDAS shortwave radiation at
each grid point. The result (not shown here) demonstrated
that the reconstructed shortwave radiation successfully
replicates the NLDAS product within errors of 30 W m�2,
while it can separate the radiation effect with and without
aerosols. Diffuse and direct radiation components are sep-
arated using an empirical relationship (Appendix B).

2.3. Sensitivity Experiments

[18] Using the land surface model (ULM), sensitivity
experiments are conducted for shortwave radiation with
(a control experiment with the current aerosol loading:
CTL) and without aerosol light scattering effect (a potential
experiment without the current aerosol loading: POT).
Except for the perturbation of downwelling shortwave
radiation due to the aerosol light scattering effect, CTL

and POT experiments have the identical NLDAS meteoro-
logical forcing and boundary conditions (soil texture and
vegetation cover). Thus, the difference between CTL and
POT can diagnose the aerosol light scattering effect. The
simulation periods and study area are consistent with
the calibration/validation study [Matsui, 2007], which
ranges from 1 May to 30 September in 2000 and 2001
over the eastern United States.
[19] Seasonally averaged differences (CTL-POT) in sur-

face downwelling solar radiation (dSW, i.e., the shortwave
aerosol direct effect at the surface) ranges from �22 to
�13 W m�2 (Figure 3a). The domain-averaged differences
in dSWare �14.9 W m�2 in 2000 and �16 W m�2 in 2001.
Seasonally averaged differences in diffuse radiation fraction
(dDRF) ranges from 2% around the Canadian boreal region
in 2000 up to 5% around Lake Erie and Chesapeake Bay in
2001 (Figure 3b). Spatial patterns of dSW and dDRF are
clearly correlated, because of the empirical separation of
direct and diffuse radiation as a function of atmospheric
optical thickness (see Appendix A).
[20] Spatial patterns of dSW and dDRF appear to be

correlated with, but slightly different from those of the
AODs (see Figures 2 and 3a). These difference are primarily
due to the distribution of CODs and the latitudinal trend in
solar elevation. For example, AODs in 2000 are relatively
larger than those in 2001 over the eastern United States.
However, reductions in downwelling shortwave radiation
and associated increases in diffuse radiation fractions are
relatively larger in 2001. This is because in 2000, cloud
cover dominated the region and significantly reduced the
incoming solar radiation within the boundary layer. There-
fore, the magnitude of the aerosol direct (light scattering)
effect is suppressed, since aerosols are mostly concentrated
within the boundary layer.
[21] A subgrid land cover map was compiled from the

MODIS University of Maryland (UMD) -type 1 km land
cover data [Hansen et al., 2000]. The minimum tile fraction
was set to 0.13% in the 0.25� grid in order to fully utilize the
1 km information of the MODIS land cover data. Crop-
lands, mixed forest, and deciduous broadleaf forest are the
three dominant land cover classes in the study area
(Figure 4). Croplands are located mainly in the midwestern
United States with some portions close to coastal regions in
the southeast. Mixed forests are located in two regions

Figure 3. Differences (CTL-POT) in (a) shortwave radiation (dSW) and (b) diffuse radiation fraction
(dDRF). m represents a domain-averaged value.
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including the southern United States and Canadian boreal
region (at the northern edge of the domain). Broadleaf
forests exist in the middle to eastern portions of the domain.
Subgrid LAI and stem/dead leaf area index (SAI) are
initialized and updated from monthly composites of the
1 km MODIS LAI from Boston University [Myneni et al.,
2002]. Details on the surface boundary layer prescription
within the ULM are outlined by Matsui et al. [2007] and
Matsui [2007].

3. Results

[22] This section sketches various aspects of the sensitiv-
ity experiment results and a detailed discussion is presented
in section 4.
[23] Figure 5 shows the spatial map of seasonal (May–

September) net primary production (NPP =
R
Atotdt, where

Atot = Asun + Asha; Atot is total canopy net photosynthesis;
Asun sunlit canopy (direct and diffuse radiation based) net
photosynthesis; and Asha is shaded canopy (diffuse radiation
based) net photosynthesis) in the CTL experiments and the
sensitivity experiments (CTL-POT). The seasonally aver-
aged daily (i.e., integrated over the daytime diurnal cycle)
surface latent heat flux (E), sensible heat flux (H), and land
surface temperature (LST: skin temperature in this study)
are also shown.
[24] The CTL experiment shows that the largest NPP

(�1200 g C m�2) appeared in the deciduous broadleaf and
mixed forests in United States, while the smallest NPP is in
urban regions, which are scattered in the domain as tiny
spots (the first row in Figure 5). NPP is also small in the
western edge of the domain. The domain-averaged NPP is
787.0 g C m�2 in 2000 and 873.5 g C m�2 in 2001. The
higher domain-averaged NPP in 2001 is due to less cloud-
iness in 2001 estimated from the NLDAS radiation
(Figure 2b). Sensitivity experiments (CTL-POT) show that
aerosol loading increases the NPP up to +35 g C m�2 (about
3% increase from the CTL experiment) over forest regions
in 2000 and 2001. The value of dNPP in Canadian boreal

regions appears to be slightly positive (up to +14 g C m�2)
in 2001, but slightly negative (down to �14 g C m�2) in
2000. dNPP appears to be negligible or slightly negative
over the croplands and grasslands regions with values as
large as �14 g C m�2. The domain-averaged dNPP are
�0.71 g C m�2 in 2000 and +4.97 g C m�2 in 2001, which
correspond to about �0.1% and +0.5% change from the
CTL experiment, respectively (the first row in Figure 5).
[25] The CTL experiment shows large E (>160 W m�2)

over the southern portion of the domain, while smallest E
(down to 40 W m�2) exists over the Canadian boreal region,
and is loosely coupled with the spatial distribution of
seasonal NPP (the second row in Figure 5). The sensitivity
experiments show that E is mostly decreased by aerosol
loading over croplands and grasslands by as much as �6 W
m�2. This is due to the contribution of bare soil evaporation,
which represents a high fraction of total evaporation in low-
LAI land cover classes, such as grasslands and croplands in
the MODIS LAI product [Myneni et al., 2002]. dE is less
than 2 W m�2 over mixed and deciduous broadleaf forests
in the southeastern United States and Canadian boreal
region. The domain-averaged dE are slightly negative in
2000 (�3.10 W m�2: �2.1% of the CTL experiment) and in
2001 (�3.12 W m�2; �2.1% of the CTL experiment; the
second row in Figure 5).
[26] The CTL experiment shows that H is the highest

over the mixed and needleleaf forest in the Canadian boreal
region and the southern United States (the third row in
Figure 5). The domain-averaged H (58.7 W m�2 in 2000
and 73.8 W m�2 in 2001) are approximately 50% of E.
There are low-H regions in the vicinity of these two
highest H regions. The domain-averaged total available
energy (H + E) is greater in 2001 (218.9 W m�2) than in
2000 (191.5 W m�2) possibly because of less cloudiness
in 2001 (Figure 2b). The sensitivity of H to the aerosol
loading (dH) is mostly negative over the whole domain
with value as large as �12 W m�2, and a domain-averaged
dH of �7.57 W m�2 (�12.9% of the CTL experiment) in

Figure 4. Land cover maps (% of cover within a 0.25� grid box) in the ULM for deciduous broadleaf
forest (Broadleaf F.), mixed forest (Mixed F.), and croplands (Croplands).
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Figure 5. Seasonally averaged control (CTL) and sensitivity (CTL-POT) values of net primary
production (NPP), latent heat flux (E), sensible heat flux (H), and land surface temperature (LST). Note
that LST, H, and E are values integrated over the daytime diurnal cycle. m represents a domain-averaged
value.
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2000 and �8.36 W m�2 (�11.3% of the CTL experiment)
in 2001, all of which are much greater than those of dE.
[27] The CTL experiment shows that LST peaked in the

southwest edge of the domain (up to 308 K), and is
decreased toward the northern edge of the domain (down
to 290 K) (the fourth row in Figure 5). The northern boreal
regions have lower LST in 2000 than in 2001 because of
higher cloudiness in 2000 and lower mean solar zenith
angle (Figure 2b). Similar to dH, dLST are mostly negative
over the entire domain. The lowest value in dLST appears in
the East Coast with values as low as �0.5 K.
[28] Figure 6a shows the seasonally averaged daytime

diurnal cycles of the sensitivity of total canopy (sunlit plus
shaded canopy) net photosynthesis (dAtot) to the aerosol
light scattering effect averaged over the entire domain,
including the deciduous broadleaf forests, the mixed forests,
and the croplands. The diurnal cycles of the domain-
averaged dAtot peaked at 1800 UT (+0.16mmol m�2 s�1

in 2000 and +0.30 mmol m�2 s�1 in 2001), and have the
lowest values in early morning (at 1200 UT) and late
afternoon (at 2400 UT). All three land cover classes have
similar diurnal cycles; however, their magnitudes are dif-
ferent from each other. The deciduous broadleaf forests
have the largest noontime peak values of dAtot (+0.31 mmol
m�2 s�1 in 2000 and +0.66 mmol m�2 s�1 in 2001), and
most values of dAtot are positive throughout the daytime.

Croplands have the smallest noontime peak values of dAtot

(+0.05 mmol m�2 s�1 in 2000 and +0.09 mmol m�2 s�1 in
2001), and dAtot values are mostly negative throughout the
day. There are 1-h differences in the timing of the peak dAtot

among the three land cover classes. This is simply explained
by the longitudinal locations of these land cover classes; for
example, most of the croplands are located in the western
portion of the domain, while most of the mixed forests are
located in the middle to eastern portion of the domain
(Figure 4). Thus, noontime over forest classes are 1 h earlier
than in the croplands.
[29] The sensitivity of the surface energy fluxes (dH, dE,

and dLST) to the aerosol light scattering effect is simulta-
neously examined in Figures 6b–6d. Peak reductions in dH
are �10.5 W m�2 and �11.7 W m�2 in 2000 and 2001.
Among the three land cover types, mixed forest has the
largest reductions in dH (�12.7 W m�2 in 2000 and
�15.7 W m�2 in 2001). The domain-averaged dE is
consistently negative with a slight increase around local
noon. Particularly in 2001, dE becomes positive around
noon in the mixed forest. As seen in Figure 5, the results
highlighted that the aerosol light scattering effect tends to
reduce sensible heat flux more than latent heat flux. The
diurnal cycles of response of LST (dLST) are somewhat
similar to those of dH. However, broadleaf forest has the

Figure 6. Daytime diurnal cycles of the aerosol light scattering effect on (a) total canopy photosynthesis
(dAtot) (mmol m�2 s�1), (b) latent heat flux (dE) (W m�2), (c) sensible heat flux (dH) (W m�2), and
(d) surface radiative temperature (dLST) (K) to the aerosol loading. Values are averaged over the entire
domains, deciduous broadleaf forests (Broad), mixed forests (Mix), and croplands (Crop).
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largest noontime reduction (�0.41 K in 2000 and �0.54 K
in 2001) in dLST.
[30] Figure 6 also demonstrates that the aerosol light

scattering effect on photosynthesis and surface energy
fluxes is most clearly defined around local noon. Thus,
we examine the mechanistic responses of sunlit and
shaded canopy photosynthesis (dAsun and dAsha) to aerosol
light scattering effect at 1800 UT (Figure 7). The sunlit
canopy photosynthesis (dAsun) is increased in the southern
portion of the domain, while it is decreased in the northern
portion especially in 2000. In comparison with dAsun

(0.02 mmol m�2 s�1 in 2000 and 0.07 mmol m�2 s�1 in
2001 for domain-averaged values), the magnitude of
increases in shaded canopy photosynthesis (dAsha) appears
to be larger and more extensive over the domain
(0.13 mmol m�2 s�1 in 2000 and 0.22 mmol m�2 s�1 in
2001 for the domain-averaged values). dAsun is particularly
large over the forest regions, which has a higher LAI and
large fraction of shaded canopy. Thus, on the basis of our
modeling framework, the aerosol light scattering effect
enhances the shaded canopy photosynthesis, which leads
to increases in the regional net plant productivity over the
forest regions as shown in Figures 6a and Figure 5.
[31] Figure 7b investigates the response of the photosyn-

thesis parameterization in more detail. The scatterplots show

changes in sunlit and shaded canopy-scaled rubisco-limited
carbon assimilation rate (dWv) and light-limited carbon
assimilation rate (dWJ), as linked to changes in sunlit and
shaded canopy photosynthesis (dAsun and dAsha). As shown
in Table A2 in Appendix A, the light-limited (WJ) and
rubisco-limited rates (Wv) are essential factors that control
the canopy photosynthesis rate. Generally, an increase in
absorbed solar energy in canopy linearly elevates WJ

(equation (4) in Table A2 in Appendix A). However, this
linear increase ofWJ can be impeded by the limitation of the
photosynthesis capacity (Wv) (equation (3) in Table A2 in
Appendix A). The scatterplots demonstrate that the vari-
ability of dAsun at 1800 UT is linearly correlated with the
variability of dWv (r = 0.98 in 2000 and r = 0.99 in 2001),
while the dWJ is less correlated with canopy photosynthesis;
that is, sunlit canopy photosynthesis is in a rubisco-limited
environment around noontime. In contrast, variability of
dAsha is strongly correlated with the variability of dWJ

(r = 0.91 in 2000 and r = 0.91 in 2001), while the
variability of dWv does not explain the variability of dAsh;
that is, the shaded canopy photosynthesis can also be in a
light-limited environment around noontime. This is the
fundamental basis of how sunlit and shaded canopy
photosynthesis responds to the light environment around
noon in the sun-shade canopy model used in our modeling

Figure 7. (a) Sensitivity (CTL-POT) of sunlit and shaded canopy photosynthesis (dAsun and dAsha) to
the aerosol loading at 1800 UT and (b) scatterplots between each canopy photosynthesis and
corresponding light-limited carbon assimilation rate (dWJ) and rubisco-limited carbon assimilated rate
(dWV). Note that WJ and WV are scaled for sunlit or shaded canopy. m represents a domain-averaged
value. r represents a linear correlation coefficient.
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framework. Although not shown here, both shaded and
sunlit canopy photosynthesis becomes a light-limited en-
vironment in the early morning or late afternoon; therefore
net canopy response to aerosol (and cloud) light scattering
effect becomes negative because of reduced net canopy
radiation as shown in the diurnal cycle plots (Figure 6a).
[32] As shown in Figures 6 and 7, the solar zenith angle

controls the diurnal cycle of the light scattering effect on
plant productivity. However, the solar zenith angle does not
explain the spatial variability of the aerosol light scattering

effect on NPP as seen in the first row of Figure 5 and also
does not explain the various degrees of the diurnal cycle of
the aerosol light scattering effect averaged over different
landscapes depicted in Figure 6a. Therefore, we further
analyze the response of the aerosol light scattering effect
on plant productivity by linking to other environmental
parameters, which were discussed in previous studies
[Cohan et al., 2002; Oliveira et al., 2007; Niyogi et al.,
2004; Krakauer and Randerson, 2003]. For this, we first
normalized the aerosol light scattering effect by unit AOD,

Figure 8. Scatterplots of the seasonally averaged normalized aerosol light scattering effect (defined as
dAtot/dAOD) and different factors, including cloud optical depth (COD), aerosol optical depth (AOD),
leaf area index (LAI), and 10 m above-canopy air temperature (Tatm). All variables are integrated over
daytime diurnal cycle. The scatterplots are further clustered for deciduous broadleaf forests (green),
mixed forests (red), and croplands (yellow) in all-sky and cloudless-sky conditions. Note that the black
dots that are not covered by colored dots are land cover types that are not categorized in the three
dominant types.
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defined as an increase in total canopy photosynthesis per
unit AOD (dAtot/dAOD), since the AOD is heterogeneously
distributed in space. Then dAtot/dAOD is linked to the cloud
optical depth (COD), aerosol optical depth (AOD), leaf area
index (LAI), and 10 m above-canopy atmospheric temper-
ature (Tatm). We also made an attempt to review the effect of
soil moisture impacts on the aerosol light scattering effect,
but the results were variable and hence not included in this
discussion. The scatterplots are further clustered for de-
ciduous broadleaf forests, mixed forests, and croplands in
all-sky and cloudless-sky conditions. Linear correlation
coefficients for all scatterplots in Figure 8 are summarized
in Table 2.
[33] First, the effects of COD are shown in all-sky

conditions (Figure 8a), since effects of COD on the aerosol
light scattering effect were demonstrated by the simulation
study by Cohan et al. [2002]. Their study indicates that the
aerosol light scattering effect on plant productivity become
negative under high COD because of large reductions in net
incoming solar radiation at the surface. Figure 8a shows that
the variability of dAtot/dAOD declined from low COD to
high COD, particularly in 2000 (r = �0.43). In 2001, the
correlation between COD and the normalized aerosol light
scattering effect is small (�0.04), because of the low
variability of COD (<10). When clustered for different land
cover classes, COD effects explain the variability of dAtot/
dAOD even better. The COD effects in mixed forests have
linear correlations of �0.93 in 2000 and �0.82 in 2001
(Table 2). Two separated clusters of scatterplots in mixed
forest represent the mixed forests class in the Canadian
boreal regions (for high COD) and in the southern United
States (for low COD).
[34] Second, the effects of AOD are examined in cloud-

less-sky conditions (Figure 8b). Cohan et al. [2002] found
that the aerosol light scattering effect changes from positive
to negative ranging from low AOD and high AOD. Oliveira
et al. [2007] also shows that net plant productivity is
increased under moderately thick smoke loading over the
Amazon basin, but AOD larger than 2.7 tends to reduce net
plant productivity. Therefore, we expect the positive (neg-
ative) normalized aerosol scattering effect under low (high)
AOD. However, Figure 8b shows that on a regional scale,

there is no clear relationship for the whole domain and each
land cover class. The reason for this result is that the
distribution of seasonal AOD over the eastern United States
is relatively low, up to 0.3. Probably a much larger range of
AOD (or shorter temporal scale instead of seasonally
averaged value) may yield the nonlinear effect demonstrated
by Cohan et al. [2002] and Oliveira et al. [2007].
[35] The variation of dAtot/dAOD in cloudless-sky con-

ditions is nearly twice as high (up to 5 mmol m�2 s�1 per
unit AOD) as that for cloudy-sky conditions (up to
2.5mmol m�2 s�1 per unit AOD) in Figures 8a and 8b
(note that Figures 8a and 8b use different scales in the y
axis). In addition, as indicated by the strong diurnal cycles
of the aerosol light scattering effect on photosynthesis in
Figure 6a, if it is averaged only at 1800 UT (around local
noon) for a season, dAtot/dAOD becomes even larger (up to
10 mmol m�2 s�1 per unit AOD; not shown here). This
value is quantitatively close to the local observational
statistics, which focused on cloudless-sky conditions during
high solar elevation over the eastern United States [Niyogi
et al., 2004; Chang, 2004].
[36] Third, the effects of LAI changes are examined in all-

sky conditions (Figure 8c) since the variability of LAI should
be important to determine the amount of shaded canopy LAI
and canopy structure [Niyogi et al., 2004]. Scatterplots show
the apparent positive correlation between LAI and dAtot/
dAOD for the entire domain in 2000 and 2001. The correla-
tion is stronger in cloudless-sky conditions (r = 0.70 in 2000
and r = 0.83 in 2001) (Figure 8d) than those in all-sky
conditions (r = 0.49 in 2000 and r = 0.76 in 2001), because
the strong COD effect impedes these correlations in all-sky
conditions. This relationship clearly suggest why the aerosol
light scattering effect on the seasonal NPP (the first row of
Figure 5) and the diurnal cycle of photosynthesis (Figure 6a)
is largely positive over the forest regions characterized with
larger (>3) LAI in the MODIS LAI product [Myneni et al.,
2002]. Unlike the entire domain, LAI does not explain the
variability of dAtot/dAOD for the individual land cover class
(Table 2). This is mainly because the variability of LAI is
small within the same land cover class. Therefore this result
supports the idea that variability of the aerosol light scattering
effect between different landscapes is due to different canopy
structure and LAI [Niyogi et al., 2004].
[37] Finally, the effects of Tatm are examined in all-sky

and cloudless-sky conditions (Figures 8e and 8f). The
temperature effect on the aerosol light scattering effect
was hypothesized by Krakauer and Randerson [2003].
They hypothesized that the aerosol light scattering effect
on plant productivity could be negative over cold regions
because of the reduction in the surface temperature and thus
the photosynthesis kinetic function. Figure 8 shows that the
scatterplots appear to be triangular-shaped and clustered.
For the individual land cover class, the correlations are very
high especially for all-sky conditions in 2000 (up to 0.94 for
mixed forests). Correlations become slightly lower than all-
sky conditions in 2000 for the rest of the cases, in particular
with cloudless-sky conditions. This is due to a combination
of positive and negative temperature feedbacks, and can be
clearly seen in the scatterplots of croplands in cloudless-sky
conditions in 2000. In the range of Tatm from 290 K to
300 K, dAtot/dAOD increases for higher Tatm. However, for
Tatm higher than �300 K, additional increases in Tatm tend

Table 2. Linear Correlation Coefficients Between the Normalized

Aerosol Light Scattering Effects (dAtot/dAOD) and Different

Factors, Corresponding to Figure 8

Year

All-Sky Conditions

COD LAI Tatm

2000 2001 2000 2001 2000 2001

Total �0.43 �0.04 0.49 0.76 0.47 0.06
Broad �0.77 �0.64 0.24 �0.15 0.91 0.58
Mix �0.93 �0.82 0.76 0.62 0.94 0.93
Crop �0.73 �0.25 �0.24 0.05 0.75 0.39

Year

Cloudless-Sky Conditions

AOD LAI Tatm

2000 2001 2000 2001 2000 2001

Total 0.38 0.35 0.70 0.83 0.12 0.19
Broad �0.37 �0.52 0.42 �0.11 0.90 0.69
Mix 0.31 0.18 0.60 0.50 0.70 0.66
Crop 0.11 �0.11 0.03 0.32 0.43 0.22
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to decrease dAtot/dAOD. This relationship closely mimics
the kinetic function in photosynthetic capacity (equation
(A3) in Appendix A). The scatterplots suggest that the
aerosol light scattering effect becomes small or negative
in the cold-temperature environment, and thus supports the
hypothesis of Krakauer and Randerson [2003].

4. Discussion

[38] The sensitivity experiments (CTL-POT) showed that
the aerosol light scattering effect increases NPP over forest
regions in the eastern United States, while it has a negative
or negligible impact on the NPP over crop regions
(Figure 5). Aerosol loading regionally increases plant pro-
ductivity mostly around noontime, while there is a smaller
or negative impact in the early morning and late afternoon
(Figure 6a). This is due to sunlit canopy photosynthesis in a
light-saturated (light-limited) environment around noontime
(in the early morning or late afternoon), while shaded
canopy photosynthesis is always in a light-limited environ-
ment (Figure 7). Thus, aerosol-driven increases in diffuse
radiation and simultaneous decrease in direct radiation
effectively increase total canopy photosynthesis.
[39] The regional variability of the aerosol light scattering

effect is explained well by the LAI characteristics in
different land cover types; that is, the land cover types with
high LAI (such as forests) tend to have a large portion of
shaded canopy, while the ones with low LAI (such as
croplands and grasslands typically in the MODIS LAI
product [Myneni et al., 2002]) have less shaded canopy
(Figure 8d). Since the enhancement of the diffuse radiation
based shaded canopy photosynthesis is the essential mech-
anism (Figure 7), the aerosol light scattering effect became
productive (unproductive) for high-LAI (low-LAI) regions
(Figure 5). This result, the increase in NPP over the forests,
is consistent with the studies of Gu et al. [2002], Niyogi et
al. [2004], Misson et al. [2005], and Oliveira et al. [2007].
All of these studies reported the positive aerosol light
scattering effect on plant productivity. This results in a
decrease in NPP over the grasslands and is consistent with
the studies of Niyogi et al. [2004], and Kanniah et al.
[2006].
[40] Croplands tend to have low LAI in the MODIS

product, which have a small (high) fraction of shaded
(sunlit) canopy. Thus, a response of shaded canopy photo-
synthesis essentially does not affect the total canopy pho-
tosynthesis, and the sunlit canopy photosynthesis dominates
the total canopy photosynthesis. Thus, croplands are more
susceptible to aerosol-cloud-driven reduction in direct radi-
ation (Figure 8a). However, low LAI in the croplands could
be an artifact of the MODIS LAI product [Myneni et al.,
2002]. The typical footprint sizes of the MODIS visible
channels are �1 km, which may not resolve the subgrid
fraction (clumping) of LAI in croplands. If the clumping
effect is properly accounted for, LAI values and simulation
results would be altered to some degree. In fact, the
observational study by Niyogi et al. [2004] shows the clear
positive correlation between AOD and photosynthesis rate
in the cropland Fluxnet sites.
[41] For the individual land cover class, the spatial

variability of seasonal cloud optical depth (COD) appears
to be a critical factor that controls the aerosol light scattering

effect on plant productivity (Figure 8). These relationships
mostly explain the coherence between the spatial variability
of dNPP (the first row of Figure 5) and COD (Figure 2b).
The high COD in 2001 over the northern portion of the
domain reduces the aerosol light scattering effect on NPP
with values of �14 g C m�2 over the Canadian boreal
forest, in comparison with the positive dNPP in 2001. This
result is consistent with the idealized simulation study by
Cohan et al. [2002]; for example, NPP is increased by
aerosol loading on cloudless-sky days, while it is decreased
on cloudy days because of the large reduction of solar
irradiance on the canopy. This is because sunlit canopy
photosynthesis is in a light-saturated (light-limited) envi-
ronment in cloudless (cloudy) sky. In general high-latitude
areas such as Boreal regions are frequently overcast [Rossow
and Schiffer, 1991], thus the aerosol light scattering effect is
expected to be minimal or even negative in those regions.
This could be one of the reasons that explains why the tree
ring-estimated NPP over the Arctic and tundra regions
decreased after the eruption of Mt. Pinatubo [Krakauer and
Randerson, 2003].
[42] It is also known that aerosols can modulate the cloud

microphysics and cloud structures [e.g., Matsui et al., 2004,
2006; Lin et al., 2006; Tao et al., 2007]. Yet, this aerosol
indirect effect was not used in this study because of high
levels of model input uncertainty. However, it can be
speculated that the aerosol light scattering effect (mostly
productive in the cloudless sky) can be canceled by the
significant reduction in surface irradiance, if high concen-
trations of aerosols simultaneously increase cloudiness.
[43] In addition to the COD, the spatial variability of

seasonally averaged 10 m above-canopy atmospheric tem-
perature (Tatm) also helps explains the variability of the
normalized aerosol scattering effect on NPP (dAtot/dAOD)
for the individual land cover class, particularly in the
cloudless sky (Figure 8f). Canopy temperature controls
light-saturated, i.e., Rubisco-limited, photosynthesis rate
via equations (A2a, A2b) and (A3) in ULM (Appendix A).
The normalized aerosol light scattering effect on NPP peaks
at the optimum temperature around at 300 K, and it
becomes lower toward the colder or hotter temperature.
Thus, the low temperature in the northern portion of the
domain, such as the Canadian boreal regions, created a
sunlit-canopy-photosynthesis environment susceptible to a
reduction in near-surface temperature. This result is close to
the hypothesis put forth by Krakauer and Randerson
[2003]. Their detailed analysis shows that the tree ring-
estimated NPP were slightly increased in temperate forests
(30–45�N) and decreased in boreal forests (45–60�N and
>60�N) after the eruption of Mt. Pinatubo. They speculated
that the low-temperature environment regulates the reduc-
tion of NPP in boreal forest.
[44] In the simulation domain, mixed forests are located

in the southern United States and Canadian boreal regions
(Figure 4). The optimum temperature (Topt) for photosyn-
thesis capacity (equation (A3) in Appendix A) has been set
at 307 K for the mixed forests, which correspond to the
seasonally averaged daily LST in the southern United States
(Figure 5). The seasonally averaged LST ranges from 294 K
to 300 K in the Canadian boreal regions. Therefore, the
reduction of canopy temperature in this region due to the
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aerosol light scattering effect lowers kinetic functions (fT)
and consequently the rubisco-limited photosynthesis rate.
[45] Overall, the aerosol light scattering effect becomes

most productive for high-LAI and optimum temperature
environments under cloudless-sky conditions around noon,
and is least productive for low-LAI, low-temperature envi-
ronments under cloud-sky conditions in early morning or
late afternoon. As a result, domain-averaged plant produc-
tivity, measured as net primarily production, is changed by
�0.71 g C m�2 (�0.09%) in 2000 and +5.00 g C m�2

(+0.5%) in 2001. Gu et al. [2002], Niyogi et al. [2004], and
Chang [2004] focused on their statistical sampling in
cloudless sky from 1000 to 1400 local time, which corre-
sponds to 1600 to 2000 UT in this domain. During this
period, the aerosol light scattering effect becomes most
positive. Thus, our results do not conflict with these
previous studies. One noteworthy finding is that the aerosol
light scattering effect seems to increase the amplitude of the
daytime diurnal cycle of the carbon flux. This may have
important implications for the carbon cycle science [e.g.,
Denning et al., 1996].
[46] This study also examined the aerosol light scattering

effect on the surface energy fluxes. The effect is unique in
that aerosol loading alters the Bowen ratio by reducing
sensible heat flux greater than latent heat flux especially
over the forest regions (Figures 5 and 6). This result can be
explained by a combination of (1) increased photosynthesis
(stomatal conductance) and (2) decreased net surface radi-
ation. First, as examined in section 3, the aerosol light
scattering effect enhances diffuse radiation (Figure 3b) and
shaded component canopy photosynthesis (Figure 7a), and
consequently the net photosynthesis especially over the
forests (Figure 5). This means that the stomatal resistance
(rs) is decreased (equation (1) in Table A2 in Appendix A).
Second, the aerosol light scattering leads to a depression in
net surface radiation and surface skin temperature (e.g., the
fourth row of Figure 5 and Figure 6d). A slight reduction in
canopy temperature (mainly represented by LST over the
dense forest site), effectively lowers the saturated vapor
mixing ratio (qsat), because of the rapid transition of qsat as a
function of temperature. This eventually reduces the gradi-
ent between within-leaf saturated vapor mixing ratio (qsat)
and canopy air vapor mixing ratio (qair). Thus, aerosol light
scattering reduces rs and (qsat � qair) that canceled out

effects on latent heat flux in the equations of Table A1 in
Appendix A. Depending on the degrees of reduction in each
of rs and (qsat � qair), sensitivity of latent heat flux can be
varied in time and space. For example, forestlands tend to
decrease rs more than croplands in our simulation inferred
from Figure 6a. With respect to the small (or no) reduction
in latent heat flux, sensible heat flux must be reduced more
in order to balance out the net reduction of surface energy
budget due to the aerosol light scattering (equation (A1a,
A1b) in Appendix A). This is why the spatial patterns in the
lowest dH (dark purple regions) are consistent with the
regions that have near-zero (white regions) dE, including
the mixed and deciduous broadleaf forest in the southeast-
ern United States and Canadian boreal region (the third row
in Figure 5).
[47] These simulation results depend on the accuracy of

the modeling framework in this study. Our modeling frame-
work were rigorously tested and calibrated in the previous
studies [Matsui et al., 2004, 2007; Matsui, 2007], and
shows good agreement with the measurements at the several
Fluxnet sites in this study. There are still factors to be
improved for future studies. These include the model
treatment and understanding of (1) physiological character-
istics in different croplands, (2) troposphere ozone effect
(which often coincides with high aerosol loading) on the
plant growth, (3) long-term behavior of plant carbon and
nitrogen allocation for different light environments, (4) three-
dimensional light scattering effect on canopy, and (5) land-
atmosphere feedbacks, to name a few.
[48] In conclusion, all of these results suggest that the

aerosol light scattering effect over land must be properly
treated in climate models for better assessment of anthro-
pogenic aerosol effects on climate and carbon cycles. For
this, proper treatment of aerosol optical proprieties and light
scattering in the radiative transfer model and sunlit-shaded
multicanopy treatment are needed in the land surface model
within the climate modeling framework.

Appendix A: Energy Budget and Photosynthesis
Processes in Sun-Shade Scheme

[49] Energy budgets are diagnosed separately for sunlit
and shaded canopy at every model time step. Canopy air is
assumed to have zero heat capacity, i.e., net shortwave

Table A1. Set of Equations for Each Component of Sensible (H), Latent (E), and CO2 (A) Fluxes
a

Sensible Heat Flux Latent Heat Flux CO2 Flux

H ¼ �ratmCp
Tatm�Tairð Þ

rah
E ¼ �lratm

qatm�qairð Þ
raw

A ¼ � catm�cairð Þ
1:36raw

Hsun ¼ �ratmCp Tair � Tsunð Þ � fsunðLþSÞ�2
rb sun

Esun ¼ �lratm qair � qTsunsat

� �
� fwet fsunðLþSÞ

rb sun
þ fdry fsunL

rb sunþrs sun

n o
Asun ¼ � Aleaf sun � Ad sun

� �
fsunL

Hsha ¼ �ratmCp Tair � Tshað Þ � fshaðLþSÞ�2
rb sha

Esha ¼ �lratm qair � qTshasat

� �
� fwet fshaðLþSÞ

rb sha
þ fdry fshaL

rb shaþrs sha

n o
Asha ¼ � Aleaf sha � Ad sha

� �
fshaL

Hg ¼ �ratmCp
Tair�Tgð Þ
rb soil

Eg ¼ �ratm
qair�qgð Þ
rb soil

Ag ¼ Ag ref f ðQgÞf ðTgÞ

a T represents temperature; q represents vapor mixing ratio; c represents CO2 concentration; subscript atm represents the atmosphere 10 m above the
canopy top; subscript air represents the air within the canopy space; subscript g represents the ground; ratm is the dry air density at surface level; Cp is the
specific heat of dry air at surface level; qsat is saturated vapor mixing ration; fsun and fsha are sunlit and shaded fraction of vegetation; fwet is wetted fraction
of vegetation, and fdry = 1. � fwet; Al_sun and Al_sha are sunlit and shaded leaf photosynthesis; Ad_sun and Ad_sha are sunlit and shaded leaf dark (maintenance
and growth) respiration; Ag_ref is reference soil respiration rate; rah and raw are dry air and moisture resistance between the canopy air and atmosphere 10 m
above the canopy top height, which is derived from Monin-Obkhov similarity theory; rb_sun and rb_sha are resistance between sunlit, shaded leaves and
canopy air, respectively; and rb_sun is resistance between soil and canopy air.
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radiation (SW) equal to the sum of the net longwave radiation
(LW), turbulent sensible (H) and latent heat (E) fluxes.

Rsun ¼ SWsun � LWsun � Hsun � Esun ¼ 0 ðA1aÞ

Rsha ¼ SWsha � LWsha � Hsha � Esha ¼ 0 ðA1bÞ

where subscript sun and sha represent the sunlit and shaded
canopy, respectively. Both equations are solved with respect
to the change in the sunlit and shaded vegetation
temperature (Tsun and Tsha) via the Newton-Raphson
iteration method [Dai et al., 2004]. A complete description
of each term is described in Table A1.
[50] Net solar radiation is separated into direct and diffuse

radiation via an empirical relationship (see Appendix B).
Net solar radiation and photosynthetically active radiation
(PAR) on the canopy are computed by the modified two-
stream canopy radiative transfer (TCRT) scheme [Sellers,
1985; Matsui et al., 2007]. Sunlit vegetation receives both

direct and diffuse radiation, while shaded vegetation
receives only diffuse radiation [Norman, 1979]. The net
absorbed PAR is computed in a similar manner by using
visible band radiation only. The sunlit fraction of canopy
(fsun) is derived by the integration of within-canopy extinc-
tion coefficient (kb) of sunfleck penetration over total leaf
(L) and stem (S) area index [Norman, 1979]. The sunlit
fraction of canopy associated with kb is derived from the
TCRT for every model time step during the daytime.
[51] Sunlit and shaded canopy stomatal conductance are

coupled with the photosynthesis rate based on the semiem-
pirical formulations by Ball et al. [1987] and Collatz et al.
[1991] (Table A2). The carbon assimilation rate is the
minimum among rubisco-limited rate (WV), light-limited
assimilation rate (WJ), and the carbon compound export
limitation (WE).
[52] In general, WJ is particularly important for shaded

leaf photosynthesis, since it is generally a light-limited
environment (i.e., Al_sha = Wj). WJ linearly depends on the
quantum yield of electron transport (qe = 0.04) (Table A2).
WV is particularly important for sunlit leaf photosynthesis
since it is generally a light-saturated rubisco-limited envi-
ronment (i.e., Al_sun = WV). WV linearly depends on the
sunlit and shaded components of rubisco-limited photosyn-
thetic capacity (Vm

sun and Vm
sha) (Table A2), which are kinetic

functions (fT) of bulk sunlit or shaded canopy temperature
(Tsun or Tsha) and also a function of water stress ( fY), and
scaled sunlit or shaded vegetation reference photosynthetic
capacity (Vref

sun or Vref
sha).

Vsun
m ¼ Vsun

ref fTsun fY ðA2aÞ

Vsha
m ¼ Vsha

ref fTsha fY ðA2bÞ

The kinetic function is the combination of the Q10 function
for the reference temperature (25�C) and the thermal
breakdown of metabolic processes.

fTsun ¼
a
ðTsun�298:16Þ=10
Q10 �

1þ exp ð0:02aQ10 þ 0:1ÞðTsun � ToptÞ
� � ðA3Þ

where aQ10 controls the shape of temperature function
(Table A3); Topt is an optimum temperature. The same
function is applied for the shaded component, using shaded
canopy temperature (Tsha). Higher (lower) aQ10 tends to
generate a sharp (moderate) rise in temperature function and
resultant photosynthesis capacity.
[53] Vref

sun and Vref
sha are analytically scaled from the canopy

top photosynthesis capacity (Vref
top) and within-canopy verti-

Table A2. Set of Equations for the Empirical Stomatal Con-

ductance and the Photosynthesis Modela

Equation

(1) 1

rs
¼ a

Aleaf eleaf Patm

cleaf ei

� 	
þ b

(2) Aleaf ¼ minhWV ;WJ ;WEi

(3)

WV ¼ Vm
cleaf �G


cleaf þkc 1þoleaf =koð Þ


 �
; for C3

Vm; for C4

8<
:

(4)

WJ ¼ qefPAR
cleaf �G


cleaf �2G


n o
; for C3

qefPAR; for C4

(

(5)
WE ¼ 0:5Vm; for C3

20000Vmcleaf =p; for C4




(6)
Ad ¼ 0:015Vm; for C3

0:025Vm; for C4




aStomatal conductance is represented by 1/rs, where rs is stomatal
resistance. T represents temperature, q represents vapor mixing ratio, e
represents partial pressure of water vapor, c represents CO2 concentration,
O presents O2 concentration, subscript leaf represents the leaf-level process,
subscript atm represents the atmosphere 10 m above the canopy top,
subscript air represents the air within the canopy space, G* is CO2

compensation point, kc is the rubisco Michaels-Menten constant for CO2, kc
is the rubisco inhibition constant for oxygen, qe is the quantum yield of
electron transport that depends on the land cover class, fPAR is absorbed
PAR derived for unit sunlit and shaded LAI, and Vm is temperature- and
water-limited maximum rate of rubisco-limited assimilation rate. Note that
the stomatal conductance is separately derived for sunlit and shaded leaf;
thus, eleaf, Vm, and fPAR are also separately derived for sunlit and shaded
components.

Table A3. Set of Tuning Parameters Defined in CSU ULM as

Used in This Paper

Land Cover-Dependent
Parameters Vref

top(mmol m�2 s�1) an (�) aQ10 (�) qe (�)

Evergreen needleleaf forests 38.3 0.5 2.9 0.04
Deciduous broadleaf forests 19.0 0.1 4.5 0.04
Mixed forests 17.6 0.1 7.0 0.04
Grasslands 10.8 0.5 2.8 0.04
Croplands 24.6 0.5 8.4 0.04
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cal profile of sunfleck penetration and photosynthesis ca-
pacity for every model time step [de Pury and Farquhar,
1997].

Vsun
ref ¼

Z L

0

V
top
ref e

�knxe�kxdxZ L

0

e�kxdx

ðA4aÞ

Vsha
ref ¼

Z L

0

V
top
ref e

�knxð1� e�kxÞdxZ L

0

ð1� e�kxÞdx
ðA4bÞ

where x is cumulative leaf area index, kn is a within-canopy
extinction coefficient of Vref. (= Vref

top e�knx). kn is usually
related to the extinction of diffuse light for the total canopy
and tuning parameter.

kn ¼ ankd ; ðA5Þ

where kd is the within-canopy diffuse light extinction, and
an is a tuning parameter (Table A3).

Appendix B: Estimation of Diffuse Radiation
From Global Irradiance From ISIS Observations

[54] A sun-shade canopy scheme requires the proper
separation of solar radiation into diffuse and beam compo-
nents [Gu et al., 2002]. The diffuse radiation fraction, DRF
(Rd/Rg, where Rd is diffuse solar irradiance and Rg is total
global irradiance at the surface), is often estimated from the
transmittance (Rg/Rext, where Rext is extraterrestrial global
irradiance). Roderick [1999] used a stepwise linear function
to fit the DRF and transmission with daily and monthly
averaged insolation data. This study used the Integrated
Surface Irradiance Study (ISIS): NOAA surface-based solar
monitoring programs, which provides instantaneous surface
radiation data, including direct and diffuse at broadband and
PAR band with consistency and accuracy based on refer-
ence standards maintained at levels better than 1% at nine
different sites in the United States [Hicks et al., 1996]. Nine
ISIS sites are chosen from the conterminous United States.
[55] A total of 42,961 instantaneous radiation observa-

tions and binned averaged values from every site are
compiled in the scatterplots as a function of cosine of solar
zenith angle (u) (Figure B1). Patterns of averaged DRF
values appear to be close to the stepwise function given by
Roderick [1999]. Unlike the linear stepwise function, the
derived value shows a slight decrease in DRF for 0.05 � 0.3
of transmittance. The lowest peak of DRF is at 0.8 of
transmittance, which is consistent with the results given by
Roderick [1999]. For high u, DRF are constantly high for
the low-transmittance range (�0.3), and DRF decrease
rapidly for higher transmittance (0.4�0.8, and becomes
the lowest DRF for 0.85 of transmittance. As the u0
decrease, the lowest DRF values slightly increase, being
highest for u = 0.05. This unique solar angle dependence

could explain the slight difference of the DRF transmittance
relationship in different studies discussed by Roderick
[1999]: that is, latitudinal difference and u0 tendencies
between the sites results in slightly different DRF transmis-
sion relationships.
[56] In practice, the values in Figure B1 are utilized as a

look-up table, to separate NLDAS shortwave radiation into
the diffuse and beam radiation as a function of transmittance
and solar zenith angle.

Appendix C: A Simple Retrieval of Cloud Optical
Depth From the GOES-Derived Surface
Downwelling Shortwave Radiation

[57] Appendix C explains a simple retrieval of cloud
optical depth (COD) and cloud liquid water path (CLWP)
from the NLDAS surface downwelling shortwave radiation
(SW). The goal of the algorithm is to derive the cloud
properties that reproduce the realistic all-sky (clear +
cloudy) downwelling shortwave radiation with and without
aerosol loading through a radiative transfer code.
[58] This simple retrieval uses the NASA Langley version

of the Fu-Liou code (NFL) [Fu and Liou, 1993; Charlock et
al., 2004]. The vertical profile of atmospheric temperature,
water vapor mixing ratio, and ozone mixing ratio are
derived from a midlatitude summer climatological sounding
[McClatchey et al., 1972]. Surface broadband albedo is set
to 0.1.
[59] A relationship between top-of-atmosphere (TOA:

STOA) and surface downwelling shortwave radiation in clear
sky (SWclear) is given by the simple Beer’s law

SWclear ¼ SWTOAe
�kclear=u ðC1Þ

where kclear is the extinction coefficient of clear sky
(absorption and Rayleigh scattering of molecular), and u
is the cosine of the solar zenith angle. For a given

Figure B1. Diffuse radiation fraction (Rd/Rg) as a
function of transmittance (Rg/Rext) and cosine of solar
zenith angle (u).
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climatological vertical profile and surface albedo, the
variation of kclear (therefore SWclear) is explained by the
fourth-order polynomial fit as a function of u, using the NFL
code.

kclear ¼ �0:728u4 þ 1:795u3 � 1:597u2 þ 0:775uþ 0:003 ðC2Þ

[60] The shortwave cloud radiative forcing is defined as

DSW ¼ SWcloudy � SWclear ðC3Þ

where SWcloudy is cloudy-sky surface downwelling short-
wave radiation.DSW is also a function of cloud properties if
SWclear is known as a priori. Because of the one broadband
of NLDAS SW, cloud properties are constrained as follows:
(1) cloud is in liquid phase (not ice phase), (2) cloud is
distributed from 600 mbar to 800 mbar, (3) cloud fraction is
unity, and (4) cloud effective radius is 8 mm (assuming
continental cloud). For a given constrains, a relationship
between DSW and cloud optical depth (COD) is derived for
different u via NFL code (Figure C1).
[61] For a given relationship in Figure C1, COD is

inversely derived for a given u and NLDAS SW: (1) derive
the difference between NLDAS SW and estimated SWclear

(using the equation (C3)) for a given u by using the
relationship in equation (C2) and (2) if DSW is greater than
DSW of COD = 1, COD is estimated by the relationship in
Figure C1.
[62] In this retrieval, DSW less than that of COD = 1 is

not considered as cloud. Because NLDAS SW was derived
with the specific assumptions of aerosol climatology and
vertical profile of temperature, humidity, and ozone [Pinker
et al., 2003], DSW in these low ranges can be the radiative
forcing background aerosols or uncertainties of using
sounding climatology in the algorithm (�10% of error).
According to the probability density function of aerosol
optical depth (AOD) over the eastern United States [Matsui
et al., 2004], 99.5% is distributed below an AOD of 0.65.
For the radiative forcing of AOD of 0.65 (sulfate), DSW is
less (67�84%) than DSW for COD = 1.

[63] Finally CLWP is derived from the assumed cloud
droplet effective radius (Re = 8mm) and the derived COD
via

CLWP ¼ rw � COD � Re

1:5
ðC4Þ
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