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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 examined 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 (AO D) affect surface
energy and carbon dioxide (COs3) 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 reduces both sensible heat flux and energy available for evapotranspiration by approximately 13.5% and 2.1%
respectively, while increasing CO4 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).
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In the atmosphere, aerosols interact directly with solar radiation through scattering and absorption processes. These inter-
actions influence the Earth’s energy balance and, consequently, the climate (Liu et al., 2020). Aerosols also act indirectly by
interacting with clouds, acting as cloud condensation nuclei. This interaction alters the albedo, formation, 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 processes that in-
volve suppression of convection through mechanisms of aerosol-radiation interaction that stabilize the atmosphere, particularly
at levels of aerosol optical depth (AO D) greater than 0.40 (Herbert and Stier, 2023). This results in a greater number of cloud
droplets with a radius of less than 14 um forming, which are insufficient for precipitation (Ramanathan et al., 2001; Gongalves
et al., 2015). In addition, they influence downdrafts, which alter the concentration of gases near the surface (D’Oliveira et al.,
2022). Aerosols also reduce global evapotranspiration, which has a more significant impact on tropical forests (Palacios 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 phenomenon, 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 tropical 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 better understand these interactions (Orsini et al., 1896; 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 (Artaxo
et al., 2022). This proportion varies seasonally and can exceed 90% during the burning seasons. During the wet season, aerosol
concentrations are low and similar to those of concentrations above the ocean (Pohlker et al., 2018). However, in the dry
season, fires drastically increase the aerosol load, which affects cloud formation and precipitation. These particles also alter the
radiative balance, significantly affecting 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 feedback that can result in two different climatic states: one humid and sparsely Polluted and the other
dry and highly Polluted (Andreae et al., 2004; Pohlker 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 CO- fluxes is still unclear. Using numerical simulations for the Amazon basin,
Braghiere et al. (2020) showed that there are considerable uncertainties about the influence of aerosols on the surface 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
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as those by Blichner et al. (2024), reveal that numerical 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 concentrations.

The aim of this study was to evaluate the in uence of aerosols on energy and carbon uxes, at the forest-atmosphere interface
in an undisturbed region of the Amazon. Using in situ measurements, the study analyzed the period between 2016 and 2022
contributing to our understanding of processes involving the interaction between atmospheric aerosols and the energy balanc
in an area of pristine Amazon forest. To date, we are unaware of any studies that have used a long-term, purely observationa
approach to examine the relationship between aerosols and energy patrtitioning directly from surface-based measurements il
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 Germany. Since
2012, ATTO has carried out continuous measurements, as described by Andreae et al. (2015), located in an area of pristine
tropical forests in the central Amazon (Figure 1), which contains the Instant Tower of 81 meters (-2.1441° S, -58.9999° W).

The Instant tower is located 150 km from the city of Manaus in the state of Amazonas, Brazil, at an altitude of 120 meters
above sea level on a plateau covered by terra rme forests with an average crown height of 40 meters (Gomes Alves et al.,
2023). In this landscape, wind speeds are relatively low, around T 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 in uence in the northeast, a Clean fetch region covered by
tropical forests (Pohlker et al., 2019).

The climate is tropical humid and characterized by two seasons (wet and dry), driven by seasonal shifts of the Intertropical
Convergence Zone over the Amazon Basin (Andreae et al., 2015). The wet season is characterized by more than 200 mm o
rainfall per month and an average temperature of around_24t the forest-atmosphere interface. In contrast, the dry season

sees less than 100 mm of rainfall per month and an average temperature of arour@ gSckiimitt 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, sensible hea
ux (H), latent heat ux CE ), and carbon dioxide uxf CO,) data were calculated as 30-minute averages using EddyPro®
software (LI-COR), as derived from fast-response sonic anemometers, according to Fratini and Mauder (2014). The other
variables (radiation, thermodynamics and aerosols) were obtained as 30-minute averages, including net Ryliaioch (

its radiative components: incoming and outgoing shortwave radiaB,( and SW,: ), and atmospheric and terrestrial
longwave radiationlV i, andLW ¢ ), respectively. Additionally, diffuse shortwave radiati@\Wy) was measured using a






