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ABSTRACT: Atmospheric aerosols scatter and potentially absorb incoming
solar radiation, thereby reducing the total amount of radiation reaching the
surface and increasing the fraction that is diffuse. The partitioning of incoming
energy at the surface into sensible heat flux and latent heat flux is postulated to
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change with increasing aerosol concentrations, as an increase in diffuse light
can reach greater portions of vegetated canopies. This can increase photosynthesis and transpiration rates in the lower canopy and potentially decrease the
ratio of sensible to latent heat for the entire canopy. Here, half-hourly and
hourly surface fluxes from six Flux Network (FLUXNET) sites in the coterminous United States are evaluated over the past decade (2000–08) in conjunction with satellite-derived aerosol optical depth (AOD) to determine if
atmospheric aerosols systematically influence sensible and latent heat fluxes.
Satellite-derived AOD is used to classify days as high or low AOD and establish
the relationship between aerosol concentrations and the surface energy fluxes.
High AOD reduces midday net radiation by 6%–65% coupled with a 9%–30%
decrease in sensible and latent heat fluxes, although not all sites exhibit statistically significant changes. The partitioning between sensible and latent heat
varies between ecosystems, with two sites showing a greater decrease in latent
heat than sensible heat (Duke Forest and Walker Branch), two sites showing
equivalent reductions (Harvard Forest and Bondville), and one site showing a
greater decrease in sensible heat than latent heat (Morgan–Monroe). These
results suggest that aerosols trigger an ecosystem-dependent response to surface
flux partitioning, yet the environmental drivers for this response require further
exploration.

1. Introduction
The surface energy budget describes the exchange of energy, mass and momentum between the land surface and the atmosphere and is strongly impacted by
incoming solar radiation. Radiation absorbed at the surface (Rn) is stored in surface elements (often approximated by the ground heat flux G) or transported into
the atmosphere via sensible (H) or latent (lE) heat fluxes. This relationship can be
written as
Rn 2 G 5 H 1 lE .

(1)

The Bowen ratio (B), or the ratio of H to lE, quantifies the partitioning of outgoing
energy and impacts surface air temperatures and relative humidity. These surface
fluxes apply an important thermal forcing to the lower boundary of the atmosphere
and influence meteorological processes including atmospheric stability, cloud development, and precipitation (Stull 1988).
Atmospheric aerosols, or small particles suspended in the atmosphere, can reduce the amount of solar energy reaching the surface (Trenberth et al. 2009; Zhang
et al. 2010) and thereby alter the surface energy budget. The reduction in solar
radiation due to the scattering and absorption of aerosols is known as the ‘‘direct
effect,’’ which decreases the total amount of radiation reaching the surface
(Schwartz 1996). Because aerosols scatter radiation, this can increase the fraction
of surface radiation that is diffuse (Liepert and Tegen 2002). The radiative effect of
aerosols depends on size and composition of atmospheric aerosols (Forster et al.
2007), where most fine aerosols (diameters  2.5 mm) scatter incoming solar radiation regardless of composition, and black or brown carbon aerosols can also
absorb radiation and warm the surrounding atmosphere (Hansen et al. 1997; Péré
et al. 2011; Schwartz 1996). Aerosols from a variety of sources, ranging from the
1991 eruption of Mount Pinatubo to local urban emissions, have been observed to
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increase diffuse light (Gu et al. 2003; Roderick et al. 2001; Niyogi et al. 2004;
Mercado et al. 2009). Additionally, modifications of these surface climate effects
have been linked to changes in atmospheric boundary layer depth and diurnal
evolution (Christopher et al. 2000; Cox et al. 2008; Wang and Christopher 2006;
Zhang et al. 2008). Therefore, analyzing the influence of aerosols on surface energy budgets can improve our understanding of regional and local climate.
In addition to impacting climate, prior studies suggest that the increase in diffuse
light can enhance the carbon uptake of vegetation by increasing the light-use efficiency (LUE) of an ecosystem (Gu et al. 2003; Matsui et al. 2008; Mercado et al.
2009; Niyogi et al. 2004). LUE is defined as the amount of carbon fixed per unit of
light, and here we calculate LUE as the ratio of gross primary productivity (GPP) to
photosynthetically active radiation (PAR; 400–700 nm),
LUE 5

GPP
.
PAR

(2)

Increases in canopy photosynthetic rates have been attributed to the penetration of
diffuse light into a dense forest canopy, reaching shaded leaves that would normally be light limited on a clear day (Farquhar and Roderick 2003; Matsui et al.
2008; Niyogi et al. 2004; Roderick et al. 2001). The diffuse light–photosynthesis
relationship is determined by the canopy response to the combination of increased
diffuse light and reduced total radiation (Knohl and Baldocchi 2008; Misson et al.
2005), where the maximum carbon uptake in vegetated ecosystems may occur at
moderate aerosol concentrations (or optical depth) and diffuse fractions (Cohan
et al. 2002; Knohl and Baldocchi 2008; Oliphant et al. 2011). If canopy photosynthesis is enhanced by diffuse light, the coupling between photosynthesis and
transpiration could increase lE and alter the local surface energy budget (Bonan
2008; Matsui et al. 2008; Wang et al. 2008). Several modeling studies have
highlighted the changes in lE under moderate aerosol loadings (Huang et al. 2007;
Knohl and Baldocchi 2008; Péré et al. 2011; Steiner and Chameides 2005; Zhang
et al. 2011). Prior studies have shown that vegetation type, canopy structure, and
leaf area index (LAI) are important factors in the ecosystem response to diffuse
light, as forests and croplands respond more strongly than grasslands (Matsui et al.
2008; Niyogi et al. 2004).
Other secondary factors may also be important in understanding the role of
aerosols on the surface climate, including aerosol-driven radiation changes reducing surface and leaf temperatures, vapor pressure deficits (VPDs), and increasing ecosystem water-use efficiency (WUE; the amount of carbon fixed per
unit of water). For example, a reduction in total incoming radiation or an increase
in the diffuse fraction could reduce leaf temperatures (Steiner and Chameides
2005) or reduce VPD and water stress, leading to an increase in stomatal conductance and plant CO2 uptake (Matsui et al. 2008; Urban et al. 2012; Zhang et al.
2010). While the relationship between aerosols and VPD is unclear, a reduction in
VPD and temperature on cloudy days has been noted to increase canopy photosynthesis while decreasing evapotranspiration (or lE), leading to an increase in
ecosystem WUE (Monson et al. 2002; Rocha et al. 2004). Zhang et al. (Zhang et al.
2011) noted variable responses in LUE and WUE to atmospheric conditions in
different ecosystems in China and found the response was dependent on canopy
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characteristics and water conditions. In contrast, some studies have shown aerosols
to have minimal to no effect on ecosystem carbon cycling (Alton 2008; Alton et al.
2005; Krakauer and Randerson 2003), which further highlights the need to characterize how ecosystems respond to multiple environmental variables and how they
vary by location, season, and external disturbances such as aerosols.
Considering the two-way interactions between surface vegetation and energy
fluxes, further examination of the influence of aerosols on different land-cover
types is integral to improving our understanding of the surface energy budget.
Current evaluation of the aerosol–surface energy interactions is partially limited by
the difficulties in measuring and obtaining regionally and seasonally representative
aerosol properties in the field (Andrews et al. 2011). Few studies have investigated
this effect with limited measurements (Wang et al. 2008) and most rely on models
to assess the potential impacts (Matsui et al. 2008; Steiner and Chameides 2005;
Zhang et al. 2008). However, continuous monitoring from the National Aeronautics and Space Administration (NASA) Moderate Resolution Imaging Spectrometer (MODIS) provides a long-term, global-scale aerosol data product (Levy et al.
2007). In this study, we use MODIS-derived AOD in conjunction with groundbased eddy covariance measurements of surface energy budget components to
investigate the impact of aerosol loadings over the continental United States. The
goals of this study are to 1) broaden the observational analysis of aerosol–surface
energy budget with MODIS aerosol data over the past decade, 2) examine the
impact of aerosols on the surface energy budget components of net radiation and
sensible and latent heat fluxes, and 3) evaluate the effect of vegetation type and
structure on aerosol–energy budget interactions by comparing responses in different ecosystems.

2. Methods
2.1. FLUXNET data
We utilize observations of surface energy budget components from Flux Network
(FLUXNET) eddy covariance measurement towers in the coterminous United
States (Baldocchi et al. 2001). We select a subset of FLUXNET sites that 1) have at
least 5 years of data, 2) represent different ecosystems to account for vegetation
type effects, and 3) have sufficient days with high aerosol optical depth (AOD).
General details of individual FLUXNET tower measurements and instrumentation
are described by Baldocchi et al. (Baldocchi et al. 2001), with specific site information provided online (http://fluxnet.ornl.gov/) and in published manuscripts.
Because these are long-term monitoring sites, it is difficult to separate the effects of
confounding variables such as temperature, soil moisture, vapor pressure deficit,
and radiation. However, by analyzing data over a 9-yr period, we attempt to discern
broad trends regarding the role of aerosols on complex ecosystems.
To increase our data representativeness, we exclude sites where the number of
high AOD days during the summer months [June–August (JJA)] is less than approximately 10% of the available data. This results in six sites with a sufficient
number of high AOD days (Figure 1), including two mixed forests (Harvard Forest
and Duke Loblolly), two deciduous broadleaf forests (Morgan–Monroe and Walker
Branch), one grassland (Fort Peck), and one crop site (Bondville). Land-cover
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Figure 1. Six selected FLUXNET site locations.

classifications are based on FLUXNET site descriptions. Surface energy fluxes,
CO2 fluxes, and air temperatures are derived from fast-response sonic anemometer
measurements to provide half-hourly or hourly fluxes (Table 1). We use half-hourly
or hourly non-gap-filled data for surface energy budget variables, including net
radiation Rn (W m22), sensible heat flux H (W m22), latent heat flux lE (W m22),
and air temperature T (K as measured at the sonic anemometer height). Of these
six sites, non-gap-filled net ecosystem exchange (NEE; mmol C m22 s21) and
GPP (mmol C m22 s21) data are available at Duke Loblolly, Harvard Forest, and
Morgan–Monroe.
It is likely that the flux data used in our analysis (H, lE, and CO2 fluxes)
underestimate actual flux values because of the so-called closure problem in the
Table 1. FLUXNET site information (land-cover type from Ameriflux website: http://
ameriflux.lbl.gov/AmeriFluxSites/SitePages/Home.aspx).
Variable

Duke
Loblolly

Harvard
Forest

Land-cover type

Mixed
Mixed
forest
forest
Latitude
35.988N
42.548N
Longitude
79.098W
72.188W
Years
2001–08
2000–08
Data availability Half-hourly Hourly
Low AOD days
98
126
High AOD days
51
16
LAI (m2 m22)
5.5a
3.4b
Canopy
18a
23b
height (m)
Precipitation
992b
1150e
21
(mm yr )

Morgan–Monroe
Deciduous
broadleaf
39.328N
86.418W
2000–08
Hourly
142
26
4.9b
27b
1094b

Walker Branch

Bondville

Fort Peck

Deciduous
Cropland
Grassland
broadleaf
35.958N
40.018N
48.318N
84.298W
88.298W
105.108W
2000–01, 2003–07 2000–07
2000–07
Half-hourly
Half-hourly Half-hourly
80
144
244
64
24
21
4.9–6.0c
5–5.5d
2.5b
15–26c
0.3–0.9
0.2–0.4b
1333f

1043g

386b

a

Stoy et al. 2006.
Thompson et al. 2011.
c
Hui et al. 2004.
d
Hollinger et al. 2010.
e
Ellsworth et al. 2012.
f
Miller et al. 2007.
g
El Maayar and Sonnentag 2009.
b
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eddy covariance technique (Foken 2008; Franssen et al. 2010; Leuning et al. 2012;
Oliphant et al. 2004; Oncley et al. 2007; Twine et al. 2000; Wilson et al. 2002). To
close the energy budget, Rn must be balanced by the sum of H, lE, and all storage
terms (including G). While near closure can be attained on time scales of a month
or even a day, the FLUXNET latent and sensible heat flux data at the half-hourly to
hourly time scale can be underestimated by 10%–30% on average (Oncley et al.
2007; Twine et al. 2000; Wilson et al. 2002) because of a number of possible errors
in measurement technique or from failure to capture all of the component fluxes
with eddy covariance theory (Finnigan et al. 2003). There is evidence that suggests
CO2 flux (used to calculate NEE and GPP) is also underestimated (Kondo and
Tsukamoto 2008; Leuning and King 1992; Twine et al. 2000), although to what
extent remains uncertain (Baldocchi 2008). While measured values of Rn may vary
among net radiometers, several studies have concluded that errors are generally
within 5% during daytime and cannot account for the relatively large lack of
closure (Leuning et al. 2012; Twine et al. 2000). While we did not manipulate the
data to assume energy budget closure, we minimize bias by analyzing data at
midday [1000–1400 local time (LT)] when Rn values are greatest. Additionally, if
we assume closure error does not vary with the Bowen ratio, potentially because
the energy balance errors affect H and lE equally (Barr et al. 1994; Jaeger et al.
2009; Oliphant et al. 2004; Twine et al. 2000), then our Bowen ratio analysis
(section 3.3) is likely unaffected by energy balance closure error.
2.2. MODIS aerosol optical depth data
AOD (or t; unitless) describes the attenuation of radiation through the atmosphere due to the presence of atmospheric aerosols. AOD represents the integral of
radiation extinction from the surface to the top of the atmosphere (TOA) through an
extinction coefficient (se, a sum of scattering and absorption by aerosols dependent
on the aerosol composition and concentration) at a specified wavelength l,
ð TOA
[se (l)] dz .
(3)
AOD 5
0

AOD can be measured at the surface [e.g., the Aerosol Robotic Network
(AERONET) network; Holben et al. 1998] or derived from satellites (Kaufman
et al. 2002). Because surface observations are sparse, we use satellite-derived AOD
from MODIS. The MODIS instrument observes 36 spectral bands with a 2330-km
swath at 10 km 3 10 km spatial resolution, with a retrieval algorithm defined by
Levy et al. (Levy et al. 2007). We implement MODIS data from the Terra and Aqua
satellites and select AOD at the 550-nm wavelength to represent the middle of the
PAR (400–700 nm) band, the range of radiation that vegetation utilizes for photosynthesis and the band typically used to investigate the role of aerosols on
vegetation (e.g., Niyogi et al. 2004). MODIS Terra and Aqua retrieve approximately 2–4 AOD values per location per day between 1030 and 1300 LT depending
on the site. Level-2 collection-5 MODIS AOD pixels containing FLUXNET site
locations within a 0.18 distance criteria are selected and collocated with flux data
over three summer months (JJA) from 2000 to 2008 (Figure 2). Data gaps represent
time periods when clouds obscured MODIS retrievals and prevented AOD detection.
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Figure 2. MODIS AOD time series for the six selected FLUXNET sites: (a) Duke Loblolly, (b)
Harvard Forest, (c) Morgan–Monroe, (d) Walker Branch, (e) Bondville, and (f)
Fort Peck. Data points represent instantaneous Terra and Aqua platform AOD
retrievals that correspond with available FLUXNET surface energy budget data.
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Figure 3. Instantaneous MODIS AOD (550 nm) compared to ground-based AERONET
(500 nm) measurements at three available FLUXNET sites in JJA: (a) Bondville, 2000–07; (b) Harvard Forest, 2001–08; and (c) Walker Branch, 2001–07.
The regression slope (correlation coefficient) is shown for each site.

This conveniently selects for clear-sky days and potentially removes the confounding effects of cloud cover, although there are some cloud-cover artifacts evident in our analysis, as discussed in section 4.
Past aerosol–ecosystem studies have used ground-based measurements to investigate the science questions presented here (e.g., Wang et al. 2008); therefore,
we cross validate the MODIS AOD with ground-based AERONET observations
where available. AERONET observations of AOD at 500 nm are available for
portions of 2000–08 at three of the selected sites (Bondville, Harvard Forest, and
Walker Branch). MODIS AOD correlates well with AERONET AOD (R between
0.6 and 0.7) with slopes ranging from 0.6 to 1 (Figure 3), indicating that our
results based on MODIS AOD will be comparable with AERONET-based studies. Figure 3 shows that AERONET estimates higher AOD values than MODIS,
with increasing discrepancies at higher AOD (AOD . 0.5). This is consistent
with other studies that have found that MODIS tends to overestimate low AOD
and underestimate high AOD (Levy et al. 2007; Li et al. 2009; Remer et al. 2005),
suggesting that our sampling of high AOD days based on MODIS data may be
underrepresented. However, because we use the MODIS AOD data to classify
days as high AOD or low AOD and do not rely on exact values, this bias will be
unlikely to affect our conclusions.
MODIS AOD can be used as a proxy for diffuse light when ground-based
measurements are not available. One of our selected sites, Morgan–Monroe, had
ground-based measurements of total and diffuse PAR in 2007 and 2008 from a BF3
sensor (Delta-T, Cambridge, United Kingdom) (Oliphant et al. 2011). The amount
of diffuse radiation increases linearly with increasing AOD (Figure 4; R 5 0.68),
indicating that the use of MODIS AOD can provide a useful metric for estimating
diffuse light when ground-based diffuse radiation measurements are not available.
The clear-sky requirement for MODIS AOD retrievals reduces the number of
collocated flux tower measurements and AOD measurements (Table 1). Thus, for
collocated flux and AOD data, we bin data into high AOD days (AOD . 0.5) and
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Figure 4. MODIS AOD compared to observed ground-based hourly diffuse PAR
(mmol m22 s21) at Morgan–Monroe in 2007 and 2008. The black line and
text represent the regression line and slope (R value).

low AOD days (AOD , 0.3) based on the highest daily AOD value. AOD in the
range of 0.3–0.5 are excluded to provide a clear separation between high and low
AOD effects. This may introduce artifacts into our analysis, as clouds may be
present at other time periods during the diurnal cycle of a high AOD day. To determine the statistical significance between midday surface fluxes for high and low
AOD days, we use a Student’s t test with a 95% confidence interval (p , 0.05). We
note that, while this method determines that the high and low AOD samples may be
significantly different, it cannot account for the multiple physical processes that
occur or instrument error, as we discuss in the analysis and discussion sections
below.

3. Results
3.1. Diurnal cycle
Figure 5 shows the average diurnal cycle for surface energy budget components
(Rn, H, and lE), temperature (T), and carbon flux data (where available; NEE and
GPP) from six FLUXNET sites during JJA for 2000–08. Midday (1000–1400 LT)
percentage changes between high and low aerosol days in the surface energy
budget components, T, VPD, PAR, LUE, and WUE are listed in Table 2.
At the Duke Loblolly site (Figure 5 and Table 2), high AOD days have higher T
throughout the diurnal cycle (2-K difference at the midday maximum and 3 K at
night) and reduced VPD. While this may be due to absorbing aerosols warming the
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Figure 5. Diurnal cycle at six FLUXNET sites of hourly or half-hourly averaged air
temperature (K), net radiation (W m22), sensible heat flux (W m22), and
latent heat flux (W m22) binned by high AOD (AOD > 0.5; blue) and low
AOD (AOD < 0.3; black). NEE (mmol C m22 s21) and GPP (mmol C m22 s21)
are presented based on data availability. One standard deviation is displayed with blue shading for high AOD, and black stippling is displayed
for low AOD.

atmosphere, it is more likely a result of summer stagnation events that are correlated with high AOD days, as they tend to accumulate aerosols, heat, and water
vapor. This suggests overall warmer conditions during high AOD days and more
heat stress on vegetation, but the overall percentage change in temperature is small
(,1%). In accordance with midday Rn and PAR decreases of 9% on high AOD
days relative to low days, H and lE are reduced by 12% and 20%, respectively,
suggesting a slightly greater partitioning of Rn toward H. Generally, a decrease in
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Table 2. Midday (1000–1400 LT) percentage change in surface energy budget and
carbon flux variables between high AOD and low AOD days (e.g., positive values
indicate that fluxes increase under high AOD while negative values indicate that
fluxes decrease under high AOD). Statistically significant changes are in bold,
based on a Student’s t test at a 95% confidence level.
Variable
%DT
%DVPD
%DRn
%DPAR
%DH
%DlE
B, low AOD
B, high AOD
%DNEE
%DGPP
%DLUEb
%DWUEc
a
b
c

Duke Loblolly Harvard Forest Morgan–Monroe Walker Branch Bondville Fort Pecka
0.4
20.9
28.9
28.8
212.1
220.0
0.61
0.67
23.5
0.7
10.4
54.5

20.1
235.5
265.5
214.1
231.6
229.0
0.59
0.61
20.5
—
—
41.0

0.3
213.2
216.7
230.3
222.2
210.7
0.35
0.30
4.5
4.8
50.3
17.0

0.4
27.0
213.4
26.3
3.0
210.1
0.47
0.55

0.5
20.02
25.6
210.4
29.0
29.0
0.31
0.31

0.1
7.0
216.0
26.2
9.9
267.5
1.21
4.32

Fort Peck values based on late summer (days of year 198–244) only.
LUE calculated as GPP/PAR.
WUE calculated as NEE/lE.

VPD could reduce lE by weakening the water vapor gradient; however, the change
in VPD is not large enough (,1%) to support this change nor is it statistically
significant. While the overlap between standard deviations of both H and lE during
high and low AOD conditions suggests that differences are small, the Student’s t
test does indicate that midday changes are statistically significant (p , 0.05).
Average midday NEE and GPP increase 24% and ,1%, respectively, under high
AOD days, but only the NEE change is statistically significant. LUE [Equation (2)]
increases 10% but the change is not statistically significant. The enhanced decrease
in lE as compared to H suggests a lack of transpiration enhancement by increased
diffuse light, despite an increase in NEE.
At Harvard Forest, a different surface flux signal is observed (Figure 5 and Table
2). Under high AOD, T is slightly lower during the day (less than 1-K change) and
2 K higher at night. Net radiation is reduced significantly at the site under the high
AOD case by 66% and a 14% decrease in PAR; however, we note that the Rn has a
large number of missing data during high AOD days (only 33% of the hourly data
were available under high AOD conditions, as compared with 90% availability of
H data and 60% availability of the lE data) and this likely drives the large percentage change in Rn. Average midday energy fluxes (H and lE) decrease approximately 30% on high AOD days as compared to low AOD days. A 36%
decrease in VPD suggests a sufficiently large and statistically significant change
that is likely a complementary factor in the reduction of lE. In contrast to Duke
Loblolly, NEE decreases less than 1% under high AOD accompanied by a modest
increase in WUE (41%), but these results are not statistically significant. Prior
studies at Harvard Forest found enhanced LUE under high diffuse fractions based
on single-year events (Gu et al. 2003), yet these occurred under enhanced GPP,
which is unavailable for analysis here.
The Morgan–Monroe forest site experiences a different aerosol–energy budget
relationship than the two forest sites presented above (Figure 5). Under high AOD,
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T is higher than the low AOD case by 1–2 K and VPD decreases 13%. At midday,
Rn decreases approximately 100 W m22 (17%) with a greater decrease in PAR
(30%). This corresponds with a statistically significant decrease in H (22%) and lE
(11%). In contrast to other forest sites, H reductions are approximately 2 times
greater than lE reductions.
Similar to Morgan–Monroe and Duke Loblolly, T at Walker Branch is higher (1–
2 K) throughout the entire diurnal cycle on high aerosol days (Figure 5). Midday Rn
decreases about 150 W m22 (13%), H increases 3%, and lE decreases 10%. This is
the only forest site that shows an increase in one of the surface fluxes, but this H
increase is not statistically significant. Generally, the Walker Branch site shows
some similarities to the Duke Forest site, including a modest decrease in Rn, similar
T and VPD decreases, and smaller H reductions than lE.
At the Bondville cropland site, T increases by 1–3 K throughout the day under
high AOD, Rn decreases by about 50 W m22 (6%), and H and lE decrease during
midday hours. Because of the high B typical of crop sites, lE has a larger absolute
decrease (;100 W m22) than H (;50 W m22) with similar proportional decreases
of 9%. As noted at Harvard Forest and Walker Branch, this suggests that there is no
lE enhancement because of diffuse light. This could be attributed to the fact that
croplands have a high fraction of sunlit canopy and a relatively lower LAI compared to forests. Thus, the overall reduction in Rn may outweigh the diffuse light
effect on photosynthesis and transpiration, as noted in other modeling studies
(Matsui et al. 2008).
At Fort Peck, a grassland site, aerosol loadings reduce T and increase VPD
(Figure 5 and Table 2). Under high AOD, Rn decreases 16%, with a corresponding
50 W m22 increase in H (9%; lasting over 2 h in the afternoon) and a 150 W m22
decrease in lE (76%) during the day. The response of H and lE is markedly
different from the other five sites, and the exceptionally large lE response and the
site location suggest a seasonal response in the surface fluxes. The Fort Peck
location in the western plains makes it susceptible to seasonal drought; therefore,
the JJA analysis time period was grouped by early (days of year 152–197) and late
(days of year 198–244) days of the season (Figure 6). All of the high AOD events
occur in late summer (after day of year 198; Figure 2) and are likely due to biomass
burning events in the western United States. The differences between early and late
season low AOD days show an increase in daily maximum H from 180 to
220 W m22 (20%) and a lE decrease from 250 to 125 W m22 (2100%), clearly
indicating seasonal changes in the surface energy fluxes. The large reduction in lE
with time suggests that the midseason change is driven by soil moisture effects on
energy partitioning rather than AOD loading, as this response is much larger than
observed Rn reduction under high AOD. When analyzing the AOD driven changes
in the late summer, Rn and PAR decrease about 6%, with a slight increase in H (6%)
and a large decrease in lE (68%) (Table 2).
3.2. Surface heat fluxes versus AOD
The diurnal cycle analysis presented in section 3.1 provides one method of
analyzing the role of aerosols on surface heat flux partitioning. However, the high
standard deviations of the diurnal cycles and potential cloud-cover contamination
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Figure 6. Average diurnal cycle of half-hourly averaged (top) sensible heat (W m22)
and (bottom) latent heat (W m22) at Fort Peck, averaged for all days in
(left) the first half of the summer (days of year 152–197) and (right) the
second half of the summer (days of year 198–244).

can complicate interpretation of these figures. Therefore, correlations between H
and lE fluxes in a half-hourly or hourly interval are matched directly with satellite
AOD retrievals (Figure 7).
The four forest sites (Duke Loblolly, Harvard Forest, Morgan–Monroe, and
Walker Branch) show a decrease in H with increasing AOD, with very low correlation coefficients (0.007–0.125). The cropland (Bondville) and grassland (Fort
Peck) sites show a slight increase in H with increasing AOD, with near-zero correlation coefficients (0.001), suggesting that the positive relationship is negligible.
Correlations in Figure 7 are generally consistent with the diurnal cycle analysis
in Figure 5 and Table 2, which showed midday decreases in H at most but not all
sites.
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Figure 7. Relationship between sensible heat H (W m22; FLUXNET observation; red),
latent heat lE (W m22; FLUXNET observation; blue), and MODIS AOD for all
available years at the six sites. Points are selected based on available
instantaneous MODIS AOD (typically 1000–1400 LT) and the corresponding
half-hourly or hourly averaged FLUXNET data point. The linear regression
slope (and R values) is included for each site.
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The lE–AOD relationship is negative for four of the six sites, with the exception
of Morgan–Monroe and Harvard Forest (Figure 7). However, at these two sites with
positive relationships, the correlation coefficient is near zero (0.001 and 0, respectively), suggesting that any positive relationship between AOD and surface
heat fluxes is weak and likely not robust. Fort Peck shows the strongest lE–AOD
relationship, corresponding to the large difference in lE diurnal cycle between
high and low AOD days (Figure 6). This is consistent with late season AOD events
and a large shift in surface flux partitioning to H.
3.3. Bowen ratio versus AOD
We use a similar methodology to evaluate the relationship between AOD and B
at the six sites (Figure 8). The Bowen ratio synthesizes the changes in energy
partitioning at the surface of different ecosystems. Using average midday B values
(Table 2), we group the sites into three categories: 1) low B sites (less than 0.35),
Morgan–Monroe and Bondville; 2) moderate B sites (0.45–0.7), Walker Branch,
Duke Loblolly, and Harvard Forest; and 3) high B sites (.1), Fort Peck. At the
forested low B site of Morgan–Monroe, a decrease in B with increasing AOD is
driven predominantly by a greater decrease in H than lE (Table 2). Morgan–
Monroe is the only site of the six that shows a decrease in B based on midday
averages (Table 2), indicating that this forested ecosystem may be responding
differently to diffuse light created by the presence of aerosols. The Bondville site
also indicates a slight decrease in B (Figure 8), although the individual signals from
H and lE are mixed. For example, despite similar reductions in midday H and lE
(Table 2), the correlations in Figure 7 show a mixed response in sign with increasing H fluxes and decreasing lE fluxes with increasing AOD. Additionally,
Figure 8e shows an outlier data point where B has a value of approximately 10. If
this point is removed, then the slope of the line becomes slightly positive (0.006)
and the correlation goes to zero. This is further evidence of a lack of a robust
response at the Bondville site.
Moderate B sites show weak and variable relationships between B and AOD
(slopes of 20.08, 20.28, and 0.02 for Walker Branch, Harvard Forest, and Duke
Loblolly, respectively). At Duke and Walker Branch, the decreases in lE are about
twice that of H (Table 2 and Figure 7), which leads to an increase in B under high
AOD. At Harvard Forest, decreases in lE are approximately equal to decreases in
H, leading to only a slight decrease in B. At the high B site, Fort Peck, there is a
strong signal of B increasing with AOD. We attribute this increase to seasonal
moisture availability, late season biomass burning events, and the increasing role of
H over lE in the surface energy budget. Overall, correlations for all six sites are
extremely weak or nonexistent, with only four sites having R values greater
than 0.1.

4. Discussion and conclusions
Past research has observed an increase in carbon storage and LUE as a result of
atmospheric aerosols (Gu et al. 2003; Niyogi et al. 2004), yet other studies have
found that moderate aerosol loadings do not translate to an increase in LUE (Wang
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Figure 8. Relationship between Bowen ratio (B) and MODIS AOD for all available
years at each site. Points are selected based on available instantaneous
MODIS AOD (typically 1000–1400 LT) and the corresponding half-hourly or
hourly averaged FLUXNET data point. The linear regression slope (and R
values) is included for each site.
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et al. 2008). Additionally, WUE has been noted to increase at some locations under
diffuse sky conditions, yet the response has been observed to be ecosystem dependent (Rocha et al. 2004; Zhang et al. 2011). In this study, we use satellitederived observations of AOD from MODIS and surface energy fluxes from six
FLUXNET sites in the continental United States to examine the relationships
between aerosol-driven light extinction and the surface energy budget. Our results
indicate that aerosols decrease Rn by 6%–65%, and T is typically higher with
aerosols likely due to stagnation associated with regional-scale high AOD events.
Net radiation reductions translate to an overall decrease in midday H and lE at five
of the six sites, including all forest sites and the cropland site. Excluding the
grassland site that exhibits strong seasonal changes in aerosol loading and the
surface energy budget, H and lE decrease by 10%–30% between low and high
AOD days. None of these changes is outside of the range of high and low AOD
standard deviation for averaged diurnal cycles, yet midday reductions in H at three
of the forest sites (Duke, Harvard Forest, and Morgan–Monroe) are statistically
significant and the lE reductions are statistically significant at all six sites. Overall,
the results presented here are consistent with the hypothesis that aerosols reduce
Rn, H, and lE by reducing Rn radiation and consequently reducing incoming
surface energy, and we quantify these reductions in surface energy fluxes to be
10%–30% with variations likely driven by ecosystem-dependent factors.
A major finding of this study is that the partitioning of H and lE under moderate
aerosol loadings varies between forest ecosystems. At Duke Forest and Walker
Branch, lE reductions are about twice that of H, suggesting the absence of a
coupled photosynthesis–transpiration response. At Harvard Forest, the H and lE
reductions are similar in magnitude, and this is likely driven by relatively cooler
temperature conditions and reduced VPD at the site under high AOD. Additionally,
our results show that NEE at Harvard Forest shows only a small change (0.5%) on
high AOD days, indicating that the enhanced diffuse light effect from aerosols does
not systematically support increased carbon sequestration.
At the Morgan–Monroe forest site, H decreases about twice as much as lE under
high AOD, leading to a decrease in B. However, analysis of individual points for
Morgan–Monroe shows a weakly positive lE–AOD correlation (Figure 7c), which
suggests a more nuanced response and potential increase in lE with higher AOD.
Morgan–Monroe is consistent with modeling results that suggest a greater reduction in H in forested ecosystems because of an increase in shaded canopy
photosynthesis, a decrease in stomatal resistance, and an increase in modeled
transpiration rates (Matsui et al. 2008). This difference of partitioning at Morgan–
Monroe compared to the other two forest sites suggests that there may be a transpiration and lE enhancement due to the increase in diffuse radiation under high
aerosol loadings. We also note a 4%–5% increase in NEE and GPP during midday
hours that cause a 50% increase of LUE. The carbon flux and lE response suggest
that canopy height and crown distribution may play a role, which could affect
shaded canopy photosynthesis. The subsequent coupled stomatal response may
cause the different response in H and lE.
The lack of consistent response between the four forests suggests that there are
likely multiple ecosystem characteristics that are influencing the surface energy
budgets. Possible site-specific controls on lE, GPP, WUE, and LUE that are not
included in this study include 1) soil characteristics such as soil texture, soil
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moisture, and soil structure, which could affect the total lE fluxes; 2) precipitation
differences (noted in Table 2), which would in turn affect soil moisture and lE;
3) nutrient concentrations, such as leaf nitrogen concentration and soil nitrogen
availability, which affect GPP and NEE; 4) forest structure, including canopy
height, architecture, and layering complexity; and 5) species composition of the
individual forests such as broadleaf versus conifer and species-specific traits such
as drought-tolerant species. Because of the uncontrolled nature of FLUXNET
observations, it is difficult to parse out other potential drivers in the energy budget
partitioning in this study.
Questions remain about why the four forest sites presented here display variable
responses to the changes in surface energy flux partitioning under high AOD
conditions. Canopy architecture is frequently cited as one driver of differing responses to diffuse light (Niyogi et al. 2004). However, other studies have compared
forest sites analyzed here (Curtis et al. 2002) and noted many similarities in stand
characteristics (e.g., canopy height, basal area, maximum and mean diameter
breast height) between Morgan–Monroe and Walker Branch. We note that Walker
Branch has a higher average LAI compared to Morgan–Monroe (6.2 versus 4.9;
Curtis et al. 2002), yet lE is about 10%–30% greater in Morgan–Monroe than
other forest sites (Figure 5). Another possible explanation may be the ecosystem’s
surface flux partitioning. As noted in section 3.3, Morgan–Monroe has a lower B
(0.3–0.4) than the two other forest sites (ranging from 0.48 to 0.6), and therefore
smaller changes in H may elicit a more noticeable effect in the partitioning between H and lE.
Another confounding factor of our analysis is that the high AOD days are
slightly warmer than low AOD days by up to 3 K at midday (,1% increase) in
surface air temperature. This is likely reflective of the accumulation of particulate
matter during stagnant conditions, which also leads to higher temperatures and
reduced circulation. The surface flux response is dependent primarily on the response of vegetation to these higher temperatures. For example, if vegetation is not
under stress, higher temperatures can enhance photosynthesis and transpiration and
enhance latent heat fluxes. However, if the ecosystem is under moisture or temperature stress, photosynthesis and transpiration may be restricted, inducing a
midday photosynthetic depression and the reduction of latent heat fluxes and increase in sensible heat fluxes. Therefore, the overall temperature response is
closely tied to the ecosystem factors and surface flux partitioning as noted above,
and untangling these effects warrants further investigation.
Many of the AOD–flux relationships described in this manuscript are subject to a
number of uncertainties, including 1) the presence of clouds, 2) energy balance
closure errors, and 3) the confounding factors of multiple variables that influence
surface fluxes and the lack of control in the FLUXNET environment. For the
impacts of other atmospheric phenomena such as clouds on diffuse light, the use of
MODIS data provides a convenient screen for cloud-free conditions. However, the
screening reduces the number of available MODIS retrievals over the past decade
and likely drives the lack of statistical significance at some locations. Additionally,
because of the nature of cloud cover, FLUXNET sites may have localized cloud
cover that may not be observed at the broader MODIS pixel scale. This scale
discrepancy can lead to large standard deviations in the surface energy budget
components (e.g., Figure 5) and may contribute to the differences in the diurnal
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cycle analysis (Figure 5 and Table 2) and the correlation analysis (Figures 7, 8).
Because a high or low AOD day is determined by the single highest satellite AOD
value during a specific day, portions of the diurnal cycle may be contaminated by
clouds, contributing to relatively large standard deviations in radiation and flux
measurements (Figure 5). Under lower light levels when clouds may influence the
site, some locations show positive H–AOD (Bondville and Fort Peck) and lE–
AOD (Morgan–Monroe and Bondville) relationships. It is unclear if this effect can
be attributed to aerosols, and we note similar studies that have found increasing lE
under cloudy conditions (Matsui et al. 2008; Zhang et al. 2011).
Finally, we note that uncertainty in H and lE from closure errors is within the
range of reductions in energy budget terms under high AOD (Table 2). The impact
of closure error on the correlations presented in Figures 7 and 8 is unclear but may
not be relevant if errors are consistent at all values. Eddy covariance techniques are
typically assumed to underestimate H and lE but should affect B equally; therefore, relationships of AOD with B (Figure 8) provide a normalized response to the
energy balance error.
Despite these limitations, the results presented here show that moderate aerosol
loadings (AOD 5 0.5–1) cause a 10%–30% decrease in H and lE that varies by
ecosystem. This suggests that treating the response of all mixed and broadleaf
forests equally in models may lead to inaccurate estimates of energy fluxes
under various aerosol loadings. Further modeling and observational studies of
this effect and comparison with diffuse radiation measurements are required to
confirm this result, particularly across multiple ecosystem types to improve our
understanding of the role of vegetation type and structure on these biosphere–
atmosphere feedbacks.
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