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Abstract. Atmospheric aerosols play a crucial role in modulating the energy available to the Earth’s surface,
influencing the hydrological cycle, ecosystems, and climate. In the Amazon, previous studies have mainly ex-
amined how aerosols scatter and absorb radiation. However, little is known about their interactions with energy
partitioning (i.e., sensible and latent heat fluxes). Here, we investigate how regimes of high (AOD > 0.40) and
low (AOD < 0.13) aerosol optical depth (AOD) affect surface energy and carbon dioxide (CO2) fluxes in an
undisturbed Amazon rainforest. For this, we used long-term meteorological measurements from the Amazon
Tall Tower Observatory (ATTO) collected between 2016 and 2022. We find that enhanced aerosol presence re-
duces both sensible heat flux and energy available for evapotranspiration by approximately 13.5 % and 2.1 %
respectively, while increasing CO2 uptake (i.e., CO2 flux becoming more negative) by about 39.5 %. The impact
of aerosols on turbulent surface fluxes is reflected in a cooling of approximately 0.9 °C at the canopy top, caused
by a 2.8% reduction in incoming shortwave radiation. These results demonstrate that aerosols modify turbulent
energy exchange, with consequences for the forest microclimate and the coupled carbon and water cycles.

1 Introduction

Atmospheric aerosols, which are defined as solid or liquid
particles suspended in the air (Seinfeld and Pandis, 2006),
play a multifaceted role in the Earth system. They influence
the atmospheric cycle (Lohmann and Feichter, 2005; Rap
et al., 2013; Gavrouzou et al., 2023), the hydrological cycle
(Miller et al., 2004; Lau et al., 2005; Suzuki et al., 2017), and

ecosystem processes (Kanakidou et al., 2018; Artaxo et al.,
2022; Karthick Raja Namasivayam et al., 2024).

In the atmosphere, aerosols interact directly with solar ra-
diation through scattering and absorption processes. These
interactions influence the Earth’s energy balance and, con-
sequently, the climate (Liu et al., 2020). Aerosols also act
indirectly by interacting with clouds, acting as cloud con-
densation nuclei. This interaction alters the albedo, forma-
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tion, microphysics, and lifetime of clouds, thereby impacting
global climate patterns (Andreae et al., 2004; Eltbaakh et al.,
2012; Wang and Yi, 2024).

In the hydrological cycle, aerosols reduce the intensity
of precipitation through complex, partially nonlinear pro-
cesses that involve suppression of convection through mech-
anisms of aerosol-radiation interaction that stabilize the at-
mosphere, particularly at levels of aerosol optical depth
(AOD) greater than 0.40 (Herbert and Stier, 2023). This re-
sults in a greater number of cloud droplets with a radius of
less than 14 µm forming, which are insufficient for precipi-
tation (Ramanathan et al., 2001; Gonçalves et al., 2015). In
addition, they influence downdrafts, which alter the concen-
tration of gases near the surface (D’Oliveira et al., 2022).
Aerosols also reduce global evapotranspiration, which has a
more significant impact on tropical forests (Palácios et al.,
2024).

In forest ecosystems, high concentrations of aerosols can
increase the intensity of diffuse radiation, which positively
impacts photosynthetic rates (Li et al., 2025). This phe-
nomenon, known as diffuse fertilization, mainly benefits
shaded areas, allowing them to carry out photosynthesis
more efficiently (Kanniah et al., 2012).

The Amazon region, home to the world’s largest tropi-
cal rainforest, has been the site of significant research on
the intricate relationship between aerosols, the biosphere, the
atmosphere, and human activities. Since the 1980s, several
scientific projects have been conducted in the region to bet-
ter understand these interactions (Orsini et al., 1986; Artaxo
and Orsini, 1987; Harriss et al., 1988; Avissar et al., 2002).
Other studies have deepened our knowledge of the formation,
transformation and impact of aerosols, particularly on clouds
and precipitation (Yokelson et al., 2007; Martin et al., 2010;
Brito et al., 2014; Machado et al., 2014; Martin et al., 2017;
Machado et al., 2021; Franco et al., 2022). The Amazon Tall
Tower Observatory (ATTO) project has recently played an
instrumental role in monitoring long-term changes and in
understanding the role of aerosols in global climate and the
Amazon ecosystem (Andreae et al., 2015; Cecchini et al.,
2025).

Aerosols in the Amazon are mainly composed of organic
carbon, accounting for more than 80 % of their mass (Ar-
taxo et al., 2022). This proportion varies seasonally and can
exceed 90 % during the burning seasons. During the wet sea-
son, aerosol concentrations are low and similar to those of
concentrations above the ocean (Pöhlker et al., 2018). How-
ever, in the dry season, fires drastically increase the aerosol
load, which affects cloud formation and precipitation. These
particles also alter the radiative balance, significantly affect-
ing carbon absorption by the forest (Rodrigues et al., 2024).
Changes in land use and an increase in fires not only lead to
higher levels of pollution, but also reduce rainfall efficiency
and modify the regional climate. This creates a positive feed-
back that can result in two different climatic states: one hu-

mid and sparsely polluted and the other dry and highly pol-
luted (Andreae et al., 2004; Pöhlker et al., 2019).

Despite advances in understanding aerosol-biosphere-
atmosphere interactions in the Amazon, the impact of these
particles on energy and radiation partitioning and CO2 fluxes
is still unclear. Using numerical simulations for the Amazon
basin, Braghiere et al. (2020) showed that there are consider-
able uncertainties about the influence of aerosols on the sur-
face energy balance. Their simulations also revealed that, in a
scenario without aerosols (AOD = 0), the sensible and latent
heat fluxes were higher than those measured experimentally,
resulting in higher surface temperatures. Furthermore, recent
studies, such as those by Blichner et al. (2024), reveal that nu-
merical models still fail to accurately portray the interaction
between aerosols and thermal effects in the Amazon. This is
mainly due to the models’ inability to adequately capture the
relationship between temperature and organic aerosol con-
centrations.

The aim of this study was to evaluate the influence
of aerosols on energy and carbon fluxes, at the forest-
atmosphere interface in an undisturbed region of the Ama-
zon. Using in situ measurements, the study analyzed the
period between 2016 and 2022, contributing to our under-
standing of processes involving the interaction between at-
mospheric aerosols and the energy balance in an area of pris-
tine Amazon forest. To date, we are unaware of any studies
that have used a long-term, purely observational approach to
examine the relationship between aerosols and energy par-
titioning directly from surface-based measurements in the
Amazon.

2 Material and Methods

2.1 Experimental site

The data used in this study were collected as part of the
ATTO project, a bilateral initiative between Brazil and Ger-
many. Since 2012, ATTO has carried out continuous mea-
surements, as described by Andreae et al. (2015), located
in an area of pristine tropical forests in the central Ama-
zon (Fig. 1), which contains the Instant Tower of 81 m
(−2.1441° S, −58.9999° W).

The Instant tower is located 150 km from the city of Man-
aus in the state of Amazonas, Brazil, at an altitude of 120 m
above sea level on a plateau covered by terra firme forests
with an average crown height of 40 m (Gomes Alves et al.,
2023). In this landscape, wind speeds are relatively low,
around 1 m s−1 immediately above the forest canopy, and
above the canopy, the wind speed increases logarithmically
with height (Santana et al., 2016). The main wind direction at
the site is from the NE–E. It passes through areas of minimal
anthropogenic influence in the northeast, a clean fetch region
covered by tropical forests (Pöhlker et al., 2019).

The climate is tropical humid and characterized by two
seasons (wet and dry), driven by seasonal shifts of the In-
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Figure 1. Amazon Tall Tower Observatory (ATTO) in central Amazonia, which has different landscapes along the topographic gradient,
including floodplains, shrubby campinarana, dense arboreal campinarana, and dense ombrophilous forests. It is close to the Uatumã River,
which runs in an NW-SE direction and is a tributary of the left bank of the Amazon River. Map generated from Esri base map data | Powered
by Esri, altimetry data by NASA JPL (2020) and vector data by RAISG (2023).

tertropical Convergence Zone over the Amazon Basin (An-
dreae et al., 2015). The wet season is characterized by more
than 200 mm of rainfall per month and an average temper-
ature of around 25 °C at the forest-atmosphere interface. In
contrast, the dry season sees less than 100 mm of rainfall
per month and an average temperature of around 27.7 °C
(Schmitt et al., 2023).

2.2 Experimental data

The dataset used in this study was measured at the ATTO
site from 2016 to 2022 (see Table 1). Wind speed, sen-
sible heat flux (H ), latent heat flux (LE), and carbon
dioxide flux (FCO2) data were calculated as 30 min aver-
ages using EddyPro® software (LI-COR), as derived from
fast-response sonic anemometers, according to Fratini and
Mauder (2014). The other variables (radiation, thermody-
namics and aerosols) were obtained as 30 min averages, in-
cluding net radiation (Rn) and its radiative components: in-
coming and outgoing shortwave radiation (SWin and SWout),
and atmospheric and terrestrial longwave radiation (LWatm
and LWterr), respectively. Additionally, diffuse shortwave ra-
diation (SWd) was measured using a SPN1 Pyranometer
(Delta-T Devices) installed at 75 m above ground level. How-
ever, SWd data were available only for 2021, prior to this
year, SWd was not measured at the ATTO site, and data from
2022 were excluded due to technical issues with the sensor.

Based on Andreae et al. (2015) and Pöhlker et al. (2016),
these data were organized by seasonality into four periods:
(i) the wet season (February to May), which has a cleaner at-
mosphere, (ii) the wet-dry transition (June to July), (iii) the
dry season (August to November), which has higher levels of
pollution, and (iv) the dry-wet transition (December to Jan-
uary).

To eliminate cloud interference and investigate the role
of aerosols in surface energy fluxes, the central objective of
this study, we used data from the Aerosol Robotic Network
(AERONET) at the ATTO site, specifically AOD (version 3,
level 2). These data are free of cloud contamination due to pre
and post-field calibration (Giles et al., 2019). Based on this,
30 min averages were calculated between 2016 and 2022 for
which AOD data from AERONET were available, the initial
combined dataset comprised 10 890 observations, including
all variables listed in Table 1. This matched dataset served as
the starting point for the subsequent quality control and filter-
ing procedures. First, the turbulent fluxes underwent quality
control following Foken et al. (2004), who defined that only
data with flags “0” (best quality) and “1” (acceptable for gen-
eral analysis) should be used; data with flag “2” (poor qual-
ity) were discarded. Second, this study only considered the
daytime period (from 07:00 to 17:00 LT) because the highest
Rn values occur during this time. After filtering, the resulting
dataset is summarized in Table S1 and S2 in the Supplement.

Using the values for humidity and temperature (variables
shown in Table 1), it was possible to calculate the vapor pres-
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Table 1. Variables and the methods used to obtain them.

Type of Variable Variable Unit Hight (m) Method of production Data sampling
rate

Radiation Short Wave Radiation (SW) W m−2 75 Kipp&Zonen CMP21 1 min
Long Wave Radiation (LW) W m−2 75 Kipp&Zonen CGR4 1 min
Net Radiation (Rn) W m−2 75 Kipp & Zonen NR-LITE2 1 min
Air temperature (T ) °C 80 GALLTEC-MELA IAK I-Series 1 min
Infrared surface temperature °C 35 Campbell Scientific TIR 1 min

radiometer (IR120)
Relative humidity (RH) % 80 GALLTEC MELA IAK I-Series 1 min
Air Pressure (Patm) hPa 80 YOUNG 61302V 1 min

Thermody- Wind speed m s−1 80 CSAT3B & THIES 4.3830 1 min
namics Vapor pressure deficit (VPD) hPa – Calculation∗ 1 min

Mixing ratio (r) g of vapor/ – Calculation∗ 1 min
kg of dry air

Soil temperature (Ts) °C 0.1 Campbell Thermistor 108 10 min
Soil moisture (h) m3 m−3 0.1 Campbell CS615 10 min
Sensible Heat (H ) W m−2 80 CSAT3B/LI-7200RS 10 Hz

Flux Latent Heat (LE) W m−2 80 CSAT3B/LI-7200RS 10 Hz
Carbon dioxide (FCO2) µmol m2 s−1 80 CSAT3B/LI-7200RS 10 Hz
Ground heat (G) W m−2 0.05 Hukseflux HFP01 10 min

Aerosols Aerosol Optical Depth – 80 CIMEL Sun Photometer CE318-T Variable
500 nm (AOD) rate

∗ Calculations according to Bolton (1980).

sure deficit (VPD) using Eqs. (1) to (3) according to Bolton
(1980).

VPD= es− ea (1)

The water vapor saturation pressure (es) as a function of tem-
perature (T ) was calculated according to the equation Tetens
(1930).

es(T )= 6.112exp
(

17.67 · T
T + 243.5

)
(2)

The actual vapor pressure (ea) was obtained by relating it to
the relative humidity (RH).

ea = RH · es (3)

2.3 Analysis methods

Daily averages of AOD values were obtained to investi-
gate seasonal variability. Our analysis distinguishes two con-
trasting atmospheric conditions at the ATTO site, defined
as “Clean” and “Polluted” using AOD thresholds derived
from the dry-season distribution of AOD. The Clean and Pol-
luted regimes correspond to the 10th (AOD ≤ 0.13) and 90th
(AOD ≤ 0.40) percentiles, respectively. Further details on
the seasonal aerosol analysis are provided in Sect. 3.1 and Ta-
ble S3. Subsequently, 30 min AOD averages between 07:00

and 17:00 LT were computed to ensure temporal consistency
with the surface flux data and enable direct comparisons. To
improve the visualization of the mean diurnal patterns, a 4th-
order polynomial curve was applied exclusively as a smooth-
ing technique to the observational data. This curve fitting was
used solely for graphical purposes and does not represent a
physical or predictive model. All analyses were based on the
measured data. For comparisons between Clean and Polluted
regimes, only the interval from 10:00 to 14:00 local time was
considered, as this period corresponds to the maximum net
radiation at the study site and minimizes the influence of low
solar elevation angles.

Statistical differences in meteorological variables and sur-
face fluxes between the Clean and Polluted regimes were as-
sessed using the Mann-Whitney U test. This non-parametric
approach was selected because the observational data vio-
lated the assumption of normality, as confirmed by prelimi-
nary Shapiro-Wilk tests. The Mann-Whitney U test was used
to determine whether the median values of the two indepen-
dent regimes differed significantly (p < 0.05), offering a ro-
bust framework for analyzing non-normally distributed at-
mospheric data (Wilks, 2011).
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3 Results and Discussion

3.1 Characteristics of seasonal aerosol variation

The distribution of atmospheric aerosols, expressed as AOD,
exhibits a clear seasonal cycle at the ATTO site (Fig. 2). The
lowest values occur during the wet season, with an average of
0.07 in April, while the dry season is marked by higher AOD
values, reaching an average of 0.28 in September. Further-
more, this seasonal variation in AOD values has previously
been observed at other sites in the Amazon region (Artaxo
et al., 2013; Cirino et al., 2014; Morais et al., 2022; Palá-
cios et al., 2022). Cirino et al. (2014), for example, used data
measured at the ZF2 site, located 60 km northwest of Manaus
in central Amazonia, to show that AOD values were close to
0.4 (with peaks above 0.5) in the dry season and less than
0.2 in the wet season. Attention is drawn to the AOD values
observed in the southern region of the Amazon basin, which
is influenced by the arc of deforestation, an agricultural fron-
tier zone with intense burning activity during the dry season
(Davidson et al., 2012). Several studies in this region have
shown that AOD values often exceed 4 in the dry season,
whereas in the wet season they rarely exceed 0.2 (Fuzzi et al.,
2007; Artaxo et al., 2013; Palácios et al., 2024).

The main distinction between the AOD values measured at
the ATTO site and those measured in the southern Amazon
is the magnitude of these values. In particular, the AOD val-
ues at the ATTO site are approximately 15 times lower than
those in the region close to the arc of deforestation during the
dry season (Sena et al., 2013; Palácios et al., 2020). Pöhlker
et al. (2018) and Holanda et al. (2023) for example, inves-
tigated the seasonal contrast of aerosols at the ATTO site,
highlighting that parts of the wet season resemble preindus-
trial conditions with minimal human impact.

Figure 3 shows the average daily AOD values for the dry
and wet seasons, from 2016 to 2022. It is clear to see that
the highest average AOD values were obtained during the
dry season, with values reaching 1.5, while in the wet sea-
son these values did not exceed 0.5, a result similar to that
already reported in Fig. 2. It should also be noted that dur-
ing the dry season, the 90th and 10th percentiles of the AOD
values are 0.40 and 0.13, respectively. During the wet sea-
son, these percentiles were 0.13 and 0.04, respectively. In
other words, the AOD values above the 90th percentile in the
wet season are slightly higher than the values observed for
the 10th percentile in the dry season. This reinforces what
was already mentioned in Fig. 2, that the wet season in the
ATTO region is quite “Clean” compared to the dry season.
As the main goal of this work is to investigate the impact
of aerosols on surface turbulent fluxes, the analysis focuses
on data from the dry season. In addition, during the dry sea-
son there is more aerosol data since the cloud interference
is much less pronounced than during the wet season. Two
aerosol regimes were defined based on percentile thresholds
of the dry-season AOD distribution. Several percentile com-

Table 2. Averages of the radiation components in the period from
10:00 to 14:00 LT, during the dry season from 2016 to 2022, with
the respective relative difference between the Polluted and Clean
regimes.

Averages of radiation variables

Variables Polluted Clean Relative
Difference

SWin (W m−2) 813.5± 124.4 836.5± 165.2 −2.8
SWout (W m−2) 95.9± 15.1 92.8± 19.7 3.3
LWatm (W m−2) 432.1± 9.4 431.5± 10.4 0.1
LWterr (W m−2) 483.6± 10.8 484.7± 14.0 −0.2
Rn(W m−2) 632.8± 100.8 659.3± 137.8 −4.0

binations were tested to assess the robustness of the regime
separation. Based on this analysis, the 10th and 90th per-
centiles were selected to define the Clean (AOD ≤ 0.13)
and Polluted (AOD ≥ 0.40) regimes, respectively, as they
preserve physically meaningful differences between aerosol
regimes (See Table S1).

3.2 Relationship between AOD and surface turbulent
fluxes

As described in Sect. 2.3, the comparisons between Clean
and Polluted regimes were restricted to the 10:00–14:00 LT
period, corresponding to the maximum net radiation. The full
diurnal cycles of shortwave, longwave, and net radiation dur-
ing the dry season (2016–2022) show that the maximum val-
ues occur between 10:00 and 14:00 LT (Fig. 4), supporting
the choice of this time window for the subsequent analyses.
The average values of the radiation balance components dur-
ing this period are summarized in Table 2. The negative sign
in the difference between the Polluted and Clean regimes in-
dicates that the radiative components decrease during this
period. The Rn fell the most in relative terms, by around
−4 %. Outgoing shortwave radiation (SWout) showed a non-
significant increase of 3.3 % (p = 0.07). As is well known,
the longwave balance is always negative during the daytime
in the Amazon region (von Randow et al., 2004) since LWterr
is greater than LWatm. However, pollution reduced the dif-
ference between LWatm and LWterr by around 2 Wm−2 com-
pared to the Clean regime, indicating a slightly less radiative
surface and a slightly warmer atmosphere.

Quantifying the impact of aerosols on radiative flux re-
mains a significant challenge in climate system studies, with
persistent uncertainties (Palácios et al., 2022). However, the
relationship between aerosols and radiative flux has been in-
vestigated for decades in the Amazon region (Ross et al.,
1998; Procopio et al., 2004; Rizzo et al., 2011; Artaxo et al.,
2013; Palácios et al., 2022). There is a consensus in the lit-
erature that an increase in AOD reduces SWin, which conse-
quently also causes a reduction in Rn. However, the magni-
tude of these reductions varies considerably. Studies carried
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Figure 2. Box plot showing monthly AOD 500 nm values measured at the ATTO site between 2016 and 2022. The box represents the central
50 % of the data, the whiskers represent the smallest and largest non-outlier values, while the means are indicated by the green triangles and
the medians are the lines inside the box. Numbers above each month indicate the sample size (n).

out during the dry season in the Amazon rainforest using
different methods to estimate direct aerosol radiative forc-
ing (ARF) illustrate this variability. For example, Ross et al.
(1998) reported an average daily ARF of −20±7Wm−2 per
unit of AOD at 550 nm in the Amazon rainforest. Consistent
with these findings, Palácios et al. (2022) estimated an aver-
age ARF of −20.77± 5.04 Wm−2 for the dry season in the
central Amazon. Procopio et al. (2004) found daily ARF val-
ues ranging from−21 to−74Wm−2 in the deforestation arc,
an area with higher levels of pollution than the central Ama-
zon. Rizzo et al. (2011) investigated this central region and
reported a daily ARF value of −32 Wm−2.

Although these studies provide estimates of the reduction
in surface radiation from aerosols in the Amazon, they do
not converge on a single consensus value. This is because, in
addition to the different methodologies used to obtain ARF
values, Procopio et al. (2004), Sena et al. (2013) and Palácios
et al. (2020, 2022) point out that uncertainties lie mainly in
the complex interactions between types and concentrations
of aerosols, surface characteristics, atmospheric conditions,
and solar angle.

SWout is directly related to surface albedo and the fact that
it did not change significantly in our data between regimes
(maintaining albedo at ∼ 0.11) indicates that pollution has a
secondary effect compared to the characteristics of the sur-
face itself. There is a wide range of surface characteristics
in the Amazon that directly influence albedo, as observed by
von Randow et al. (2004) and Pareja-Quispe et al. (2021):
(i) degree of vegetation cover; (ii) soil and vegetation wa-
ter conditions; (iii) solar elevation; (iv) cloud cover and; (v)
wind speed and direction.

However, the behavior of longwave radiation was quite in-
teresting. It shows that because of their interaction with the
incident shortwaves, aerosols increase the emission of ther-
mal energy toward the surface. At the same time, they act
as a barrier to the total energy reaching the surface, thus im-
pacting the amount of thermal energy emitted by the surface
itself. The increase in LWatm and the decrease in LWterr in the
Polluted regime result in a smaller longwave balance in this
regime. de Menezes Neto et al. (2016) also observed this ef-
fect in their experiments involving biomass burning aerosols
in South America: a subtle variation in longwave intensity
attributed to the presence of aerosols.

With reduced solar energy input on the surface during the
Polluted regime, cooling occurs at the forest-atmosphere in-
terface, accompanied by a decrease in VPD compared to the
Clean regime, as illustrated in Fig. 5. The cooling between
the 10:00 and 14:00 LT regimes implies an average reduction
in canopy surface temperature of 0.9 °C, based on infrared
surface temperature measurements, and a corresponding re-
duction in air temperature of 0.3 °C, resulting in a −2 hPa
(13%) decrease in VPD.

As the curve for the Clean regime is consistently above
that for the Polluted regime at all shown temperatures, it is
suggested that the Clean regime will first achieve a reduc-
tion in evapotranspiration, given the approximately linear re-
lationship between temperature and VPD.

These cooling values are consistent with the effects docu-
mented in other studies. For example, Moreira et al. (2017)
found a reduction in 1.2 °C above the Amazon region, while
Cirino et al. (2014) identified a 1.8 °C and a decrease in
35% in VPD in the central Amazon. In the deforestation
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Figure 3. (a, c) Daily AOD averages (500 nm), (b, d) their respective histograms. Values above the red line indicate high aerosol concentra-
tion (above the 90th percentile), while values below the blue line indicate low aerosol concentration (below the 10th percentile).

arc, Rodrigues et al. (2024) found an average cooling effect
of between 3 and 4 °C, as well as reductions of between −2
and −3 hPa in VPD.

Braghiere et al. (2020) investigated temperature variations
in the Amazon using a radiative transfer model. By simulat-
ing a scenario without aerosols (AOD = 0) and comparing it
with real conditions, they observed an increase in tempera-
ture in the scenario without aerosols. They identified a corre-
lation between relative irradiance, air temperature, and VPD.
Meanwhile, Herbert and Stier (2023) and Palácios et al.
(2024) reinforce the idea that AOD significantly influences
temperature variations, particularly on a regional scale. For
instance, Palácios et al. (2024) observed positive linear cor-
relations between AOD and air temperature across distinct
climatic phases, attributed to the absorption of solar radia-
tion by biomass burning emissions resulting in atmospheric
heating. Similarly, Herbert and Stier (2023) utilized reanaly-
sis data to demonstrate that 2 m air temperature increases as

a function of AOD, consistent with localized heating of the
smoke layer due to strong absorption of solar radiation.

Herbert and Stier (2023) and Palácios et al. (2024) also
highlight that the physical characteristics of the aerosols
present in the atmosphere, such as size, mixing state and
presence of coatings, as well as the chemical characteristics,
such as the ability to absorb or scatter light and hygroscop-
icity, determine their direct impact on temperature and VPD
through radiative interaction, as well as their indirect impact
by influencing cloud properties and evapotranspiration rates.
These are essential components of the atmosphere’s energy
balance.

The interaction between aerosols, radiation, and evapo-
transpiration affects not only temperature and VPD, but also
the fluxes of energy and matter on the surface. This has a
direct impact on atmospheric and ecosystem processes. Fig-
ure 6 illustrates the impact of aerosols on these fluxes. It
shows that for the Polluted regime, the values were lower
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Figure 4. Diurnal cycles of radiative fluxes during the dry season from 2016 to 2022: (a) incoming (SWin) and (b) outgoing (SWout)
shortwave radiation, (c) incoming atmospheric (LWatm) and (d) outgoing terrestrial (LWterr) longwave radiation, and (e) net radiation (Rn).
Markers indicate observed data, and solid lines represent fourth-order polynomial fits, with the corresponding R2 and RMSE

than those observed during the Clean regime, especially dur-
ing periods of high solar radiation, i.e. between 10:00 and
14:00 LT. The most significant reductions in the energy avail-
able to the surface occur during this period, with Rn falling
by −4%, as reflected in the energy partitions. The surface
energy balance closure was 0.89 for the Clean regime and
0.88 for the Polluted regime, comparable to values reported

in the literature (Mauder et al., 2024). The corresponding
residuals were of similar magnitude (70 Wm−2 for Clean and
75 Wm−2 for Polluted), indicating that the observed differ-
ences in energy fluxes are not related to differences in energy
balance closure.

Sensible heat decreased by an average of −21.7 Wm−2

(13.5%), reflecting reduced energy transfer to the at-
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Figure 5. Relationship between temperature and vapor pressure deficit (VPD) above the forest canopy at the ATTO for Clean (blue) and
Polluted (red) regimes during the dry season (2016–2022).

mospheric boundary layer. Similarly, LE decreased by
−8.9 Wm−2 (2%), indicating limited evapotranspiration due
to the reduced radiative energy available. The Bowen ratio,
which relates H and LE, recorded 0.38 in the Clean regime
and 0.33 in the Polluted regime, suggesting that a higher pro-
portion of energy was allocated to latent processes, as ex-
pected in forest environments. The ground heat flux (G) also
decreased by−1.0 Wm−2 (54.5%), demonstrating its greater
sensitivity to variations in Rn compared to turbulent fluxes.

In addition to their effect on energy fluxes, aerosols were
found to have a significant influence on CO2 flux, becoming
more negative by an average of 4.9 µmolm−2 s−1 (39.5%) in
the Polluted regime compared to Clean conditions between
10:00 and 14:00 LT. This is when the difference between
the Polluted and Clean regimes is most pronounced, indicat-
ing that the forest absorbs more CO2 in the Polluted regime
(Fig. 7). The reductions in H , LE, G, and FCO2 shown in
Figs. 6 and 7 were also observed across individual years (see
Fig. S3 in the Supplement).

In the Polluted regime, CO2 fluxes were more negative
(Fig. 7), indicating increased CO2 uptake by vegetation re-
lated to photosynthetic activity. Such enhanced photosynthe-
sis may be linked to changes in stomatal regulation that allow
greater CO2 uptake without a proportional increase in tran-
spiration, reflecting higher stomatal conductance efficiency
(Liu et al., 2022; Crous et al., 2025). However, analysis of
the LE, which represents the fraction of available energy con-
verted into evapotranspiration, shows a consistent decrease in
the Polluted regime compared to the Clean regime (Fig. 6).

The apparent paradox of an increase in CO2 absorption
alongside an equilibrium in LE can be explained by water

use efficiency (WUE). According to Dekker et al. (2016)
and Yang et al. (2016), WUE is defined as the ratio of car-
bon assimilated to water transpired by vegetation. In this
study, WUE was estimated using FCO2/LE as a proxy. WUE
was significantly higher under Polluted compared to Clean
regime (mean values of 0.042 and 0.029 µmol J−1, respec-
tively, p < 0.05). This indicates that, under Polluted regimes,
vegetation assimilates more carbon per unit of water lost,
consistent with the observed equilibrium in latent heat flux
(Fig. 6) despite enhanced CO2 uptake (Fig. 7).

In forests in the USA, Steiner et al. (2013) conducted ex-
periments to quantify the impact of aerosols on turbulent
surface fluxes, observing reductions in H and LE ranging
from 10% to 30%. Few studies have examined the rela-
tionship between H , LE and AOD in the Amazon region.
Zhang et al. (2008), for example, used regional modeling
with an AOD threshold of 0.3 to obtain a daily average re-
duction of −15 Wm−2 for H and −5 Wm−2 for LE. In the
deforestation zone, Braghiere et al. (2020) observed a de-
crease of −67 Wm−2 (36%) for H and −4 Wm−2 (2%) for
LE when simulating Clean conditions (AOD = 0) and com-
paring them with real conditions involving the presence of
aerosols. These results suggest that regional climate mod-
els may underestimate the reduction in LE, highlighting the
importance of biological processes, such as transpiration, in
compensating for these effects.

In contrast, numerous studies in the Amazon have demon-
strated the significant impact of aerosols on CO2 assimila-
tion by forests. This occurs by increasing the diffuse fraction
of photosynthetically active radiation reaching forest shade
zones, thereby intensifying photosynthesis. Simultaneously,
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Figure 6. Diurnal cycle of surface fluxes during the dry season (2016–2022) under Clean (blue) and Polluted (red) regimes, highlighting the
10:00–14:00 LT period. Rn (net radiation), G (ground heat flux), H (sensible heat flux), and LE (latent heat flux).

Figure 7. Diurnal cycle of CO2 flux (FCO2) during the dry season
(2016–2022) under Clean (blue) and Polluted (red) regimes, high-
lighting the 10:00–14:00 LT period.

it reduces the net direct solar radiation reaching the canopy
surface, thereby generating photosynthetic enhancement in
this region (Doughty et al., 2010; Cirino et al., 2014; Rap
et al., 2015; Moreira et al., 2017; Malavelle et al., 2019; Ro-

drigues et al., 2024). This diffuse fraction, which falls within
the wavelengths of interest for vegetation (0.4 to 0.7 µm), can
increase from around 19% (the typical value of a Clean at-
mosphere) to 80% under biomass burning conditions (Yama-
soe et al., 2006).

We quantified the diffuse radiation fraction (Fd =

SWd/SWin) for the available period (2021) and compared
Fd between Clean and Polluted aerosol regimes. Our results
indicate higher Fd values under Polluted regime compared
to Clean regime (Fig. S1). Specifically for the 10:00 and
14:00 LT interval, the mean Fd values were 0.43 and 0.27 for
Polluted and Clean regime, respectively, indicating an abso-
lute difference of 0.16 between the two regimes (p < 0.05).
This is consistent with enhanced scattering of solar radia-
tion associated with increased aerosol loading (Giorgi et al.,
2002; Seinfeld and Pandis, 2016; Ezhova et al., 2018). More-
over, daytime CO2 fluxes showed a non-linear dependence
on Fd, with net CO2 uptake increasing up to an Fd threshold
(≈ 0.6) and decreasing at higher Fd values (Fig. S2). This
behaviour was consistent with the response of net ecosys-
tem exchange for diffuse radiation reported by Deng et al.
(2022) for four forest sites in China and aligns with the
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global-scale mechanisms proposed by Mercado et al. (2009).
These results provide observational support for the proposed
mechanism linking aerosol loading, radiation partitioning,
and ecosystem carbon exchange.

4 Conclusions

This study assessed, for the first time, the impact of aerosol
regimes on the exchange of surface energy (net radiation –
Rn, sensible heat – H and latent heat – LE) and mass (carbon
dioxide flux – FCO2) at the forest-atmosphere interface in
the central Amazon, a region that experiences relatively pris-
tine atmospheric conditions during part of the year. Based
on long-term data collected between 2016 and 2022 at the
ATTO site, our analysis provides clear and quantitative ev-
idence that high aerosol loads (AOD > 0.40) reduced the
magnitude of FCO2, H , and LE fluxes compared to Clean
conditions (AOD < 0.13).

During the peak radiation period (10:00–14:00 LT), the
Polluted regime (AOD > 0.40) substantially reduces turbu-
lent energy fluxes, decreasing H by 21.7 Wm−2 (13.5%)
and LE by 8.9 Wm−2 (2.1%). Simultaneously, the for-
est’s net CO2 absorption increased, with FCO2 decreasing
by −4.9 µmol m−2 s−1 (39.5%), indicating a significant in-
crease in carbon assimilation. This biophysical response was
accompanied by a cooling of the forest-atmosphere interface
by 0.9 °C and a reduction in the vapor pressure deficit (VPD)
by 2.0 hPa (12.9%). Thus, aerosols also play an important
role in modulating energy partitioning in the tropical forest
ecosystem.

Our findings indicate that even in the relatively pristine
central Amazon during the dry season, a threshold aerosol
load (AOD 0.40) exists, above which significant impacts on
energy fluxes occur. This suggests that in regions with higher
aerosol loads, such as the southern Amazon’s arc of defor-
estation, impacts on energy balance could be even more se-
vere.

Our statistical analyses indicate that aerosols and surface
turbulent fluxes interactions are predominantly indirect and
nonlinear, mediated by environmental variables like radia-
tion, temperature, and humidity. Consequently, different in-
flection points likely exist across the Amazon, and the AOD
threshold identified here cannot be applied to the entire re-
gion. Furthermore, isolating the aerosol effect from clouds
requires rigorous filtering and a significant data collection
effort, as cloud-free moments are scarce in long-term Ama-
zonian time series.

Our work advances knowledge by quantifying the simul-
taneous effects of aerosol on energy and matter fluxes, bring-
ing with it possibilities for improvements in climate models
for the Amazon region and opening up the possibility of fu-
ture work aimed at coupling the carbon and water cycles,
mediated by aerosols, shedding light on the functioning of
forest ecosystems. All of this is possible with the integrated

analysis of diffuse radiation and the efficient use of water
combined with the impact of aerosols on energy and matter
fluxes.

In addition, future work involving remote sensing and data
from micrometeorological towers throughout the Amazon is
crucial in order to spatialize the results of all these dynamics
between the forest-atmosphere interface, which is essential
for quantifying the impact of aerosols on the Amazonian cli-
mate system.
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J. V., Heimann, M., Petäjä, T., Vesala, T., Mammarella, I., Ko-
lari, P., Bäck, J., Rannik, Ü., Kerminen, V.-M., and Kulmala,
M.: Direct effect of aerosols on solar radiation and gross pri-
mary production in boreal and hemiboreal forests, Atmos. Chem.

Phys., 18, 17863–17881, https://doi.org/10.5194/acp-18-17863-
2018, 2018.

Foken, T., Göockede, M., Mauder, M., Mahrt, L., Amiro,
B., and Munger, W.: Post-Field Data Quality Control,
Kluwer Academic Publishers, 181–208, ISBN 1402022646,
https://doi.org/10.1007/1-4020-2265-4_9, 2004.

Franco, M. A., Ditas, F., Kremper, L. A., Machado, L. A. T.,
Andreae, M. O., Araújo, A., Barbosa, H. M. J., de Brito, J.
F., Carbone, S., Holanda, B. A., Morais, F. G., Nascimento, J.
P., Pöhlker, M. L., Rizzo, L. V., Sá, M., Saturno, J., Walter,
D., Wolff, S., Pöschl, U., Artaxo, P., and Pöhlker, C.: Occur-
rence and growth of sub-50 nm aerosol particles in the Ama-
zonian boundary layer, Atmos. Chem. Phys., 22, 3469–3492,
https://doi.org/10.5194/acp-22-3469-2022, 2022.

Fratini, G. and Mauder, M.: Towards a consistent eddy-covariance
processing: an intercomparison of EddyPro and TK3, Atmos.
Meas. Tech., 7, 2273–2281, https://doi.org/10.5194/amt-7-2273-
2014, 2014.

Fuzzi, S., Decesari, S., Facchini, M. C., Cavalli, F., Emblico, L.,
Mircea, M., Andreae, M. O., Trebs, I., Hoffer, A., Guyon, P.,
Artaxo, P., Rizzo, L. V., Lara, L. L., Pauliquevis, T., Maenhaut,
W., Raes, N., Chi, X., Mayol-Bracero, O. L., Soto-García, L. L.,
Claeys, M., Kourtchev, I., Rissler, J., Swietlicki, E., Tagliavini,
E., Schkolnik, G., Falkovich, A. H., Rudich, Y., Fisch, G., and
Gatti, L. V.: Overview of the inorganic and organic composition
of size-segregated aerosol in Rondônia, Brazil, from the biomass-
burning period to the onset of the wet season, J. Geophys. Res.-
Atmos., 112, https://doi.org/10.1029/2005jd006741, 2007.

Gavrouzou, M., Hatzianastassiou, N., Korras-Carraca, M.-B.,
Stamatis, M., Lolis, C., Matsoukas, C., Michalopoulos, N., and
Vardavas, I.: Three-Dimensional Distributions of the Direct Ef-
fect of anExtended and Intense Dust Aerosol Episode (16–18
June 2016) over the Mediterranean Basin on Regional Shortwave
Radiation, Atmospheric Thermal Structure, and Dynamics, Appl.
Sci., 13, 6878, https://doi.org/10.3390/app13126878, 2023.

Giles, D. M., Sinyuk, A., Sorokin, M. G., Schafer, J. S., Smirnov,
A., Slutsker, I., Eck, T. F., Holben, B. N., Lewis, J. R., Campbell,
J. R., Welton, E. J., Korkin, S. V., and Lyapustin, A. I.: Advance-
ments in the Aerosol Robotic Network (AERONET) Version 3
database – automated near-real-time quality control algorithm
with improved cloud screening for Sun photometer aerosol op-
tical depth (AOD) measurements, Atmos. Meas. Tech., 12, 169–
209, https://doi.org/10.5194/amt-12-169-2019, 2019.

Giorgi, F., Bi, X., and Qian, Y.: Direct radiative forcing and
regional climatic effects of anthropogenic aerosols over
East Asia: A regional coupled climate-chemistry/aerosol
model study, J. Geophys. Res.-Atmos., 107, AAC-7,
https://doi.org/10.1029/2001JD001066, 2002.

Gomes Alves, E., Aquino Santana, R., Quaresma Dias-Júnior, C.,
Botía, S., Taylor, T., Yáñez-Serrano, A. M., Kesselmeier, J.,
Bourtsoukidis, E., Williams, J., Lembo Silveira de Assis, P. I.,
Martins, G., de Souza, R., Duvoisin Júnior, S., Guenther, A.,
Gu, D., Tsokankunku, A., Sörgel, M., Nelson, B., Pinto, D.,
Komiya, S., Martins Rosa, D., Weber, B., Barbosa, C., Robin,
M., Feeley, K. J., Duque, A., Londoño Lemos, V., Contreras,
M. P., Idarraga, A., López, N., Husby, C., Jestrow, B., and Cely
Toro, I. M.: Intra- and interannual changes in isoprene emission
from central Amazonia, Atmos. Chem. Phys., 23, 8149–8168,
https://doi.org/10.5194/acp-23-8149-2023, 2023.

https://doi.org/10.5194/acp-26-8051-2026 Atmos. Chem. Phys., 26, 8051–8066, 2026

https://doi.org/10.1175/BAMS-D-24-0092.1
https://doi.org/10.5194/acp-14-6523-2014
https://doi.org/10.1111/nph.20320
https://doi.org/10.5281/zenodo.20534199
https://doi.org/10.1038/nature10717
https://doi.org/10.5194/esd-7-525-2016
https://doi.org/10.1007/s00704-016-1821-y
https://doi.org/10.3389/feart.2022.906408
https://doi.org/10.1016/j.atmosres.2022.106345
https://doi.org/10.1029/2009gb003670
https://doi.org/10.1016/j.rser.2012.03.053
https://doi.org/10.5194/acp-18-17863-2018
https://doi.org/10.5194/acp-18-17863-2018
https://doi.org/10.1007/1-4020-2265-4_9
https://doi.org/10.5194/acp-22-3469-2022
https://doi.org/10.5194/amt-7-2273-2014
https://doi.org/10.5194/amt-7-2273-2014
https://doi.org/10.1029/2005jd006741
https://doi.org/10.3390/app13126878
https://doi.org/10.5194/amt-12-169-2019
https://doi.org/10.1029/2001JD001066
https://doi.org/10.5194/acp-23-8149-2023


8064 M. A. B. da Rocha et al.: Observed impacts of aerosol regimes on energy and carbon fluxes

Gonçalves, W. A., Machado, L. A. T., and Kirstetter, P.-E.: Influence
of biomass aerosol on precipitation over the Central Amazon:
an observational study, Atmos. Chem. Phys., 15, 6789–6800,
https://doi.org/10.5194/acp-15-6789-2015, 2015.

Harriss, R. C., Wofsy, S. C., Garstang, M., Browell, E. V.,
Molion, L. C. B., McNeal, R. J., Hoell, J. M., Bendura,
R. J., Beck, S. M., Navarro, R. L., Riley, J. T., and Snell,
R. L.: The Amazon Boundary Layer Experiment (ABLE 2A):
dry season 1985, J. Geophys. Res.-Atmos., 93, 1351–1360,
https://doi.org/10.1029/jd093id02p01351, 1988.

Herbert, R. and Stier, P.: Satellite observations of smoke–cloud–
radiation interactions over the Amazon rainforest, Atmos.
Chem. Phys., 23, 4595–4616, https://doi.org/10.5194/acp-23-
4595-2023, 2023.

Holanda, B. A., Franco, M. A., Walter, D., Artaxo, P., Carbone, S.,
Cheng, Y., Chowdhury, S., Ditas, F., Gysel-Beer, M., Klimach,
T., Kremper, L. A., Krüger, O. O., Lavric, J. V., Lelieveld, J., Ma,
C., Machado, L. A. T., Modini, R. L., Morais, F. G., Pozzer, A.,
Saturno, J., Su, H., Wendisch, M., Wolff, S., Pöhlker, M. L., An-
dreae, M. O., Pöschl, U., and Pöhlker, C.: African biomass burn-
ing affects aerosol cycling over the Amazon, Commun. Earth En-
viron., 4, https://doi.org/10.1038/s43247-023-00795-5, 2023.

Kanakidou, M., Myriokefalitakis, S., and Tsigaridis, K.: Aerosols in
atmospheric chemistry and biogeochemical cycles of nutrients,
Environ. Res. Lett., 13, 063004, https://doi.org/10.1088/1748-
9326/aabcdb, 2018.

Kanniah, K. D., Beringer, J., North, P., and Hutley, L.: Con-
trol of atmospheric particles on diffuse radiation and
terrestrial plant productivity: A review, Progress in Phys-
ical Geography: Earth and Environment, 36, 209–237,
https://doi.org/10.1177/0309133311434244, 2012.

Karthick Raja Namasivayam, S., Priyanka, S., Lavanya, M.,
Krithika Shree, S., Francis, A., Avinash, G., Arvind Bharani, R.,
Kavisri, M., and Moovendhan, M.: A review on vulnerable at-
mospheric aerosol nanoparticles: Sources, impact on the health,
ecosystem and management strategies, J. Environ. Manage., 365,
121644, https://doi.org/10.1016/j.jenvman.2024.121644, 2024.

Lau, K. M., Wu, H. T., Sud, Y. C., and Walker, G. K.: Effects of
Cloud Microphysics on Tropical Atmospheric Hydrologic Pro-
cesses and Intraseasonal Variability, J. Climate, 18, 4731–4751,
https://doi.org/10.1175/jcli3561.1, 2005.

Li, H., Zhang, M., Wang, L., Su, X., and Lu, Y.: Ef-
fects of Different Types of Aerosols on Diffuse Radiation
Based on Global AERONET, J. Geophys. Res.-Atmos., 130,
https://doi.org/10.1029/2024jd042701, 2025.

Liu, L., Cheng, Y., Wang, S., Wei, C., Pöhlker, M. L., Pöhlker, C.,
Artaxo, P., Shrivastava, M., Andreae, M. O., Pöschl, U., and Su,
H.: Impact of biomass burning aerosols on radiation, clouds, and
precipitation over the Amazon: relative importance of aerosol–
cloud and aerosol–radiation interactions, Atmos. Chem. Phys.,
20, 13283–13301, https://doi.org/10.5194/acp-20-13283-2020,
2020.

Liu, Y., Flournoy, O., Zhang, Q., Novick, K. A., Koster, R. D.,
and Konings, A. G.: Canopy height and climate dryness
parsimoniously explain spatial variation of unstressed stom-
atal conductance, Geophys. Res. Lett., 49, e2022GL099339,
https://doi.org/10.1029/2022GL099339, 2022.

Lohmann, U. and Feichter, J.: Global indirect aerosol ef-
fects: a review, Atmos. Chem. Phys., 5, 715–737,
https://doi.org/10.5194/acp-5-715-2005, 2005.

Machado, L. A. T., Silva Dias, M. A. F., Morales, C., Fisch, G.,
Vila, D., Albrecht, R., Goodman, S. J., Calheiros, A. J. P., Bis-
caro, T., Kummerow, C., Cohen, J., Fitzjarrald, D., Nascimento,
E. L., Sakamoto, M. S., Cunningham, C., Chaboureau, J.-P., Pe-
tersen, W. A., Adams, D. K., Baldini, L., Angelis, C. F., Sa-
pucci, L. F., Salio, P., Barbosa, H. M. J., Landulfo, E., Souza,
R. A. F., Blakeslee, R. J., Bailey, J., Freitas, S., Lima, W.
F. A., and Tokay, A.: The Chuva Project: How Does Convec-
tion Vary across Brazil?, B. Am. Meteor. Soc., 95, 1365–1380,
https://doi.org/10.1175/bams-d-13-00084.1, 2014.

Machado, L. A. T., Franco, M. A., Kremper, L. A., Ditas, F., An-
dreae, M. O., Artaxo, P., Cecchini, M. A., Holanda, B. A., Pöh-
lker, M. L., Saraiva, I., Wolff, S., Pöschl, U., and Pöhlker, C.:
How weather events modify aerosol particle size distributions in
the Amazon boundary layer, Atmos. Chem. Phys., 21, 18065–
18086, https://doi.org/10.5194/acp-21-18065-2021, 2021.

Malavelle, F. F., Haywood, J. M., Mercado, L. M., Folberth, G.
A., Bellouin, N., Sitch, S., and Artaxo, P.: Studying the impact
of biomass burning aerosol radiative and climate effects on the
Amazon rainforest productivity with an Earth system model, At-
mos. Chem. Phys., 19, 1301–1326, https://doi.org/10.5194/acp-
19-1301-2019, 2019.

Martin, S. T., Andreae, M. O., Althausen, D., Artaxo, P., Baars,
H., Borrmann, S., Chen, Q., Farmer, D. K., Guenther, A., Gun-
the, S. S., Jimenez, J. L., Karl, T., Longo, K., Manzi, A.,
Müller, T., Pauliquevis, T., Petters, M. D., Prenni, A. J., Pöschl,
U., Rizzo, L. V., Schneider, J., Smith, J. N., Swietlicki, E.,
Tota, J., Wang, J., Wiedensohler, A., and Zorn, S. R.: An
overview of the Amazonian Aerosol Characterization Exper-
iment 2008 (AMAZE-08), Atmos. Chem. Phys., 10, 11415–
11438, https://doi.org/10.5194/acp-10-11415-2010, 2010.

Martin, S. T., Artaxo, P., Machado, L., Manzi, A. O., Souza, R.
A. F., Schumacher, C., Wang, J., Biscaro, T., Brito, J., Calheiros,
A., Jardine, K., Medeiros, A., Portela, B., de Sá, S. S., Adachi,
K., Aiken, A. C., Albrecht, R., Alexander, L., Andreae, M. O.,
Barbosa, H. M. J., Buseck, P., Chand, D., Comstock, J. M., Day,
D. A., Dubey, M., Fan, J., Fast, J., Fisch, G., Fortner, E., Gian-
grande, S., Gilles, M., Goldstein, A. H., Guenther, A., Hubbe,
J., Jensen, M., Jimenez, J. L., Keutsch, F. N., Kim, S., Kuang,
C., Laskin, A., McKinney, K., Mei, F., Miller, M., Nascimento,
R., Pauliquevis, T., Pekour, M., Peres, J., Petäjä, T., Pöhlker,
C., Pöschl, U., Rizzo, L., Schmid, B., Shilling, J. E., Dias, M.
A. S., Smith, J. N., Tomlinson, J. M., Tóta, J., and Wendisch, M.:
The Green Ocean Amazon Experiment (GoAmazon2014/5) Ob-
serves Pollution Affecting Gases, Aerosols, Clouds, and Rain-
fall over the Rain Forest, B. Am. Meteor. Soc., 98, 981–997,
https://doi.org/10.1175/bams-d-15-00221.1, 2017.

Mauder, M., Jung, M., Stoy, P., Nelson, J., and Wan-
ner, L.: Energy balance closure at FLUXNET
sites revisited, Agr. Forest Meteorol., 358, 110235,
https://doi.org/10.1016/j.agrformet.2024.110235, 2024.

Mercado, L. M., Bellouin, N., Sitch, S., Boucher, O., Huntingford,
C., Wild, M., and Cox, P. M.: Impact of changes in diffuse ra-
diation on the global land carbon sink, Nature, 458, 1014–1017,
https://doi.org/10.1038/nature07949, 2009.

Atmos. Chem. Phys., 26, 8051–8066, 2026 https://doi.org/10.5194/acp-26-8051-2026

https://doi.org/10.5194/acp-15-6789-2015
https://doi.org/10.1029/jd093id02p01351
https://doi.org/10.5194/acp-23-4595-2023
https://doi.org/10.5194/acp-23-4595-2023
https://doi.org/10.1038/s43247-023-00795-5
https://doi.org/10.1088/1748-9326/aabcdb
https://doi.org/10.1088/1748-9326/aabcdb
https://doi.org/10.1177/0309133311434244
https://doi.org/10.1016/j.jenvman.2024.121644
https://doi.org/10.1175/jcli3561.1
https://doi.org/10.1029/2024jd042701
https://doi.org/10.5194/acp-20-13283-2020
https://doi.org/10.1029/2022GL099339
https://doi.org/10.5194/acp-5-715-2005
https://doi.org/10.1175/bams-d-13-00084.1
https://doi.org/10.5194/acp-21-18065-2021
https://doi.org/10.5194/acp-19-1301-2019
https://doi.org/10.5194/acp-19-1301-2019
https://doi.org/10.5194/acp-10-11415-2010
https://doi.org/10.1175/bams-d-15-00221.1
https://doi.org/10.1016/j.agrformet.2024.110235
https://doi.org/10.1038/nature07949


M. A. B. da Rocha et al.: Observed impacts of aerosol regimes on energy and carbon fluxes 8065

Miller, R. L., Tegen, I., and Perlwitz, J.: Surface radiative forcing
by soil dust aerosols and the hydrologic cycle, J. Geophys. Res.-
Atmos., 109, https://doi.org/10.1029/2003jd004085, 2004.

Morais, F. G., Franco, M. A., Palácios, R., Machado, L. A. T.,
Rizzo, L. V., Barbosa, H. M. J., Jorge, F., Schafer, J. S., Hol-
ben, B. N., Landulfo, E., and Artaxo, P.: Relationship between
Land Use and Spatial Variability of Atmospheric Brown Car-
bon and Black Carbon Aerosols in Amazonia, Atmosphere, 13,
https://doi.org/10.3390/atmos13081328, 2022.

Moreira, D. S., Longo, K. M., Freitas, S. R., Yamasoe, M. A., Mer-
cado, L. M., Rosário, N. E., Gloor, E., Viana, R. S. M., Miller,
J. B., Gatti, L. V., Wiedemann, K. T., Domingues, L. K. G.,
and Correia, C. C. S.: Modeling the radiative effects of biomass
burning aerosols on carbon fluxes in the Amazon region, Atmos.
Chem. Phys., 17, 14785–14810, https://doi.org/10.5194/acp-17-
14785-2017, 2017.

NASA JPL: NASADEM Merged DEM Global 1 arc second
V001, NASA EOSDIS Land Processes DAAC [data set],
https://doi.org/10.5067/MEaSUREs/NASADEM/NASADEM,
2020.

Orsini, C. Q., Tabacniks, M. H., Artaxo, P., Andrade, M. F., and
Kerr, A. S.: Characteristics of fine and coarse particles of natural
and urban aerosols of Brazil, Atmos. Environ., 20, 2259–2269,
https://doi.org/10.1016/0004-6981(86)90316-1, 1986.

Palácios, R., Castagna, D., Barbosa, L., Souza, A. P., Imbiriba,
B., Zolin, C. A., Nassarden, D., Duarte, L., Morais, F. G.,
Franco, M. A., Cirino, G., Kuhn, P., Sodré, G., Curado, L.,
Basso, J., Roberto de Paulo, S., and Rodrigues, T.: ENSO ef-
fects on the relationship between aerosols and evapotranspiration
in the south of the Amazon biome, Environ. Res., 250, 118516,
https://doi.org/10.1016/j.envres.2024.118516, 2024.

Palácios, R. D. S., Morais, F. G., Landulfo, E., Franco, M. A.
D. M., Kuhnen, I. A., Marques, J. B., Nogueira, J. D. S.,
Júnior, L. C. G. D. V., Rodrigues, T. R., Romera, K. S., Cu-
rado, L. F. A., Banga, N. M., Rothmund, L. D., Sallo, F.
D. S., Morais, D., Santos, A. C. A., and Moraes, T. J.: Long
Term Analysis of Optical and Radiative Properties of Aerosols
in the Amazon Basin, Aerosol Air Qual. Res., 20, 139–154,
https://doi.org/10.4209/aaqr.2019.04.0189, 2020.

Palácios, R. D. S., Artaxo, P., Cirino, G. G., Nakale, V., Morais,
F. G., Rothmund, L. D., Biudes, M. S., Machado, N. G., Cu-
rado, L. F. A., Marques, J. B., and Nogueira, J. D. S.: Long-term
measurements of aerosol optical properties and radiative forcing
(2011-2017) over Central Amazonia, Atmósfera, 35, 143–163,
https://doi.org/10.20937/atm.52892, 2022.

Pareja-Quispe, D., Franchito, S. H., and Fernandez, J. P. R.:
Assessment of the RegCM4 Performance in Simulating the
Surface Radiation Budget and Hydrologic Balance Vari-
ables in South America, Earth Syst. Environ., 5, 499–518,
https://doi.org/10.1007/s41748-021-00249-y, 2021.

Pöhlker, C., Walter, D., Paulsen, H., Könemann, T., Rodríguez-
Caballero, E., Moran-Zuloaga, D., Brito, J., Carbone, S., De-
grendele, C., Després, V. R., Ditas, F., Holanda, B. A., Kaiser,
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