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ARTICLE INFO ABSTRACT

Keywords: The effects of the El Nino-Southern Oscillation (ENSO) events have local, regional, and global consequences for
ENSO water regimes, causing floods or extreme drought events. Tropical forests are strongly affected by ENSO, and in
Aerosol

the case of the Amazon, its territorial extension allows for a wide variation of these effects. The prolongation of
drought events in the Amazon basin contributes to an increase in gas and aerosol particle emissions mainly
caused by biomass burning, which in turn alter radiative fluxes and evapotranspiration rates, cyclically inter-
fering with the hydrological regime. The ENSO effects on the interactions between aerosol particles and
evapotranspiration is a critical aspect to be systematically investigated. Therefore, this study aimed to evaluate
the ENSO effect on a site located on the southern portion of the Amazonian region. In addition to quantifying and
testing possible differences between aerosols and evapotranspiration under different ENSO classes (El Nino, La
Nina and Neutrality), this study also evaluated possible variations in evapotranspiration as a function of the
aerosol load. A highly significant difference was found for air temperature, relative humidity and aerosol load
between the El Nino and La Nina classes. For evapotranspiration, significant differences were found for the EI
Nino and La Nina classes and for El Nino and Neutrality classes. Under the Neutrality class, the aerosol load
correlated significantly with evapotranspiration, explaining 20% of the phenomenon. Under the El Nino and La
Nina classes, no significant linear correlation was found between aerosol load and evapotranspiration. However,
the results showed that for the total data set, there is a positive and significant correlation between aerosol and
evapotranspiration. It increases with a quadratic fit, i.e., the aerosol favors evapotranspiration rates up to a
certain concentration threshold. The results obtained in this study can help to understand the effects of ENSO
events on atmospheric conditions in the southern Amazon basin, in addition to elucidating the role of aerosols in
feedback to the water cycle in the region.

Evapotranspiration
Topical forest

1. Introduction 2015; Gregory et al., 2019). The variability of climatic conditions has

produced cycles of deficit and excess rainfall throughout the Amazon

Climate variations that have occurred in recent decades have directly region, resulting in extreme drought and floods throughout the basin
impacted water regimes in the Amazon basin (Marengo and Espinoza, (Marengo et al., 2013; Brando et al., 2014; Marengo and Espinoza,
2016), altering the development of the vegetated surface and causing 2016). Chiang et al. (2021) projects a global increase in the occurrence,
damage to the forest (Vilanova et al., 2021) and society (Doughty et al., intensity, and duration of these extreme events through the next year.
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Drought events in the Amazon basin have been extensively investi-
gated due to their strong impacts on the ecosystem (Marengo et al.,
2013; Sherwood and Fu, 2014; Marengo and Espinoza, 2016; Bar-
khordarian et al., 2018). Although these studies have assessed the
environmental risks, many processes related to the intensity and dura-
tion of droughts are still not completely understood (Mishra and Cher-
kauer, 2010; Zhang et al., 2014). Unlike other extreme weather events,
drought involves changes in a broad set of interconnected variables and
cannot be attributed to a single factor (Mishra and Cherkauer, 2010).
These events, along with aerosol emissions from biomass burning and
changes in land use, have fueled and accelerated feedbacks associated
with climate change (Davidson et al., 2012; Nobre et al., 2016; Bar-
khordarian et al., 2019).

El Nino-Southern Oscillation (ENSO) events are responsible for sig-
nificant variations in the atmospheric circulation patterns (Bonfils et al.,
2017; Lu et al., 2018) and consequently in precipitation regimes in the
Amazon basin (Barbosa et al., 2019). ENSO is a process composed of two
main components, one oceanic (El Nino/La Nina/Neutrality) and
another atmospheric (the Southern Oscillation), that occurs on inter-
annual time scales. The oceanic component of ENSO is related to
anomalous sea surface temperatures (SST) in the tropical Pacific Ocean.
In contrast, its atmospheric component refers to changes in sea level
pressures throughout the tropical Pacific basin (Builes-Jaramillo et al.,
2023). The ENSO system is further subdivided into two well-defined
phases: hot and cold. El Nino is characterized by the abnormal warm-
ing of the waters of the Pacific Ocean, while La Nina involves the
anomalous cooling of these waters (Lu et al., 2018).

Although several studies have shown the influence of ENSO on
climate variables in the Amazon basin (Espinoza et al., 2009, 2011;
Davidson et al., 2012; Marengo et al., 2013), there is still a need to
investigate relationships between the phenomenon and more complex
processes such as those related to climate and agricultural systems
(Zhang et al., 2015; Vilanova et al., 2021). Among the properties that
still need to be further explored are evapotranspiration and atmospheric
aerosols. In particular, these particles interact with solar radiation
resulting in positive feedback on evapotranspiration rates through an
increase in diffuse radiation (Zhou et al., 2021). In addition, it can
interfere in hydrological cycles (Makarieva et al., 2022). Evapotranspi-
ration is a crucial component of the water cycle, and its changes are
studied, for instance, for efficient planning of water resources and irri-
gation control (Zhang et al., 2015).

Due to the vast territorial extension of the Amazon basin, ENSO
events can influence specific locations differently, causing more or less
severe precipitation anomalies in these locations (Barbosa et al., 2019).
These anomalies, associated with changes in air temperature, can locally
influence the development of vegetation (Barbosa and Lakshmi Kumar,
2016; Makarieva et al., 2022) and influence changes in aerosol con-
centrations, generating feedback on the carbon and hydrological cycles
(Cirino et al., 2014; Zhou et al., 2021).

Understanding the effect of aerosols on the ecosystem is increasingly
necessary, as these particles can affect the productivity of terrestrial
ecosystems directly and indirectly (Zhou et al., 2021). Aerosols directly
influence gross primary productivity in terrestrial ecosystems, once they
interact with solar radiation, increasing the fraction of diffuse radiation
that can be used more efficiently for carbon assimilation through
photosynthesis (Zhang et al., 2020; Wang et al., 2022). The relationships
between aerosols and ecosystem dynamics go beyond carbon fixation
rates, as associated with photosynthesis rates. The opening of stomata,
for instance, also results in the release of water through transpiration
(Zhou et al., 2021; Wang et al., 2022).

Evapotranspiration is regulated mainly by the amount of energy
available, that is, by solar radiation. Previous studies by Ramanathan
et al. (2001) and Liu et al. (2014) showed that the reduction of this
energy due to aerosols and/or clouds causes a decrease in evapotrans-
piration. However, more recent studies (Lu et al., 2017; Zhang et al.,
2021; Zhou et al., 2021; Wang et al., 2022) show that for certain aerosol
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concentration thresholds, transpiration can be raised, since the increase
in diffuse radiation intensifies photosynthesis that stimulates stomatal
conductance. Lu et al. (2017) and Zhou et al. (2021) state that aerosols
have a negative net effect on evapotranspiration, although they also
state that increased transpiration from shaded vegetation for low aerosol
loads has a positive effect. Zhang et al. (2020) state that correlations
between aerosol and evapotranspiration can be positive or negative
depending on the characteristics of the vegetation and the arrangement
of leaves. In fact, there are still many uncertainties between the aerosol
and evapotranspiration relationship.

For a regional understanding of the relationship between aerosol and
evapotranspiration and its possible variations due to ENSO in the
Amazon, local studies with reliable measurements of atmospheric con-
ditions over long periods are necessary. In this sense, this study aimed to
evaluate the effects of ENSO on evapotranspiration (ET,) and aerosol
load, quantified through the aerosol optical depth (AOD) over a site in
the South region of the Amazon basin. In addition, the study also eval-
uated the long-term variations in ET, as a function of AOD.

2. Materials and methods
2.1. Site characteristics

Micrometeorological measurements were obtained from an auto-
matic station located at latitude 11°51'42.6”S, longitude 55°36'45.1"W
and altitude of 370 m. The station is located within the limits of the
experimental area of the Brazilian Agricultural Research Corporation
(EMBRAPA) - Agrossilvopastoril, in the municipality of Sinop, Mato
Grosso (EMBRAPA, 2023) See Fig. 1. The data were collected between
2014 and 2021. Types of data collected, and sensors used are presented
in Table 1.

The EMBRAPA station is located in the Amazon/Cerrado ecotone,
presenting vegetation with a diversity of large trees with high canopy
density and, twisted and partially deciduous stems (Oliveira et al., 2017;
Marques et al., 2020). The region’s Koppen climate classification is of
the hot and humid tropical (Aw) type, with two marked seasons, clas-
sified according to precipitation: rainy (October to April) and dry (May
to September), with annual totals between 1800 mm and 2200 mm, and
average monthly temperatures above 22 °C (Souza et al., 2013). The
rainy season is characterized by having 94% of the annual rainfall, an
average temperature of approximately 25 °C, and the lowest global ra-
diation, of 16.44 MJ m~2.d"!, which occurs in January. In the dry sea-
son, precipitation is around 100 and 200 mm, and the average
temperature is 24 °C. This particular period has the greatest thermal
amplitude, which is linked to the drecrease of the temperature in June
and July, where the monthly averages are of about 22.5 °C, with the
radiation reaching 22.75 MJ m247! (Souza et al., 2013; Zamadei et al.,
2021).

2.2. Reference evapotranspiration estimates

Proper estimation of reference evapotranspiration (ET,) usually re-
quires instrumentation that is usually not available in many sites,
especially the ones that measure the total radiation. The non-linear
behavior of ET, makes it hard to be estimated from simple mathemat-
ical relationships (Ferreira et al., 2019). However, in a comparison ob-
tained with 21 ET, models in a Savana site with similar meteorological
characteristics to the study area addressed here (Valle Janior et al.,
2020), the best model for the available variables was the one presented
in Alexandris and Kerkides (2003), show in Eq. 1

ETU:ml +m2C2+m3C1 “1”"’!4C1C27 Eq 1
where ET, has units of milimiters per day (mm.d_l ), and with constants

given by m; = 0.057, my = 0.277, mz = 0.643 and my4 = 0.0124.
The variables C; and C; are directly dependent of average air relative
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Fig. 1. Geographic location of the measurement stations considered in this study.

Table 1
EMBRAPA automatic station instrumentation and time resolution.
Measurements Instruments Temporal
resolution
Air Temperature (T) Campbell Scientific, model: Daily
HC2S3;
Precipitation (PPT) Campbell Scientific, model: TB4 Daily
Solar Radiation (Rs) Kipp & Zonen, model: CNR4; Daily
Relative Humidity Campbell Scientific, model: Daily
(RH) HC2S3;

humidity (RH, in %), average air temperature (T, in °C), and incident
solar radiation (Rs, in MJ.m 2.d™?), given by Egs. (2) and (3) below:

C, =0.6416 — 0.00784RH + 0.372Rs — 0.00264RsRH Eq. 2

C, = —0.003 4-0.00812T 4 0.101Rs — 0.00264RsT Eq. 3

The choice of model considered the best performance for the vari-
ables in this study.

2.3. Aerosol measurements

This study used aerosol measurements from NASA’s global AERO-
NET network (AErosol RObotic NETwork) (Holben et al., 1998,
http://aeronet.gsfc.nasa.gov/), product level 2.0 V3, from the Alta
Floresta site (Paldcios et al., 2020), approximately 200 km from the
EMBRAPA site in Sinop (The “Guide on Meteorological Instruments and
Methods” (WMO, 2014), defines a representative spacing between sta-
tions to be between 150 and 250 km).

The AERONET measurements used in this work were daily averages
of the Aerosol Optical Depth (AOD) at 500 nm, the Angstrom Exponent
Extinction (AE) obtained with the wavelength pair 440-870 nm, and the
precipitable water column (PW), between 2014 and 2021. As aerosol

measurements by AERONET at level 2.0 are not influenced by clouds
(Eck et al., 1999; Holben et al., 1998), it is highlighted that throughout
the atmospheric column the scale of daily and monthly values leaves
little variation for the distance considered in this study. Similar con-
siderations were made in Paldcios et al. (2022a).

2.4. Classification of ENSO events

The classification of ENSO events was obtained based on the Oceanic
Nino Index (ONI), from the Golden Gate Weather Services digital plat-
form (GGWeather, 2023). Fig. 2 shows the ONI values obtained by
quarterly averages.

The ONI values less than or equal to —0.5 are classified as La Nina,
the values greater than or equal to 0.5 are classified as El Nino, and those
between this interval are classified as Neutrality (Vilanova et al., 2021).
With this classification, two well-defined El Nino events are observed,
the first between 2015 and 2016 and the second, slightly less intense,
between the end of 2018 and 2019. As for La Nina, two events are also
clear: between 2017 and 2018 and between 2020 and 2022. In this
work, the characteristic year considered for each phenomenon is be-
tween August of one year and July of the following year. This choice was
associated with the more significant amount of data available for AER-
ONET aerosol analysis.

2.5. Analysis method

After the ET, calculation, the micrometeorological and aerosol data
sets were concatenated into a single file with daily averages. This data
set was initially separated according to the ENSO classification: El Nino,
La Nina and Neutrality. Subsequently, an analysis of statistical variance
was performed to evaluate differences in micrometeorological condi-
tions such as temperature and relative humidity in addition to AOD and
ET,.


http://aeronet.gsfc.nasa.gov/

R. Paldcios et al.

Environmental Research 250 (2024) 118516

3 T T T T T T T T T

 EI Nifio : 5 : : : : : :
2 s — e o | S—— — T— T—— o

ONI

ol i i i i i i i i
2014 2015 2016 2017 2018 2019 2020 2021 2022
Date

Fig. 2. Classification of El Nino, La Nina, and Neutrality events based on ONI (Oceanic Nino Index) values.

To verify aerosol effects, each ENSO class data set was separated
according to AOD values. For AOD < 0.10, a clean atmosphere (clear
sky) was considered. For values above this limit, the effects of aerosols
were considered. Cirino et al. (2014) carried out a similar discrimination
on AOD to evaluate aerosols’ influence on carbon fluxes. After separa-
tion for different atmospheric conditions, the relationship between AOD
and ET, was evaluated.

Statistical analysis of the variance with average comparisons were
performed using the t-test, and the evaluation of differences using the
Mann-Whitney, Mood median, Kolmogorov-Smirnov, Anderson-
Darling, and Epps-Singleton tests. The differences analyzed were only
considered in cases of significant p-value in all tests, such as significant
differences for p-value <0.05 and highly significant differences for p-
value <0.001. Correlations were evaluated using Pearson’s correlation
coefficient, of which the significance level was also evaluated in terms of
p-value <0.05 and 0.001. Statistical analyses and tests were carried out
with the Statsmodels module in Python. Graphical analyses were per-
formed with MatLab computational platform, version R2023b.

3. Results and discussion
3.1. ENSO influence on the local microclimate and aerosol load

Precipitation (PPT) in the studied area presents variability similar to
the patterns observed in most of the Amazon region, being characterized
by two well-defined periods (Marengo et al., 2013; Sousa et al., 2015).
Fig. 3 shows that the rainy period occurs between October and April,
with February and March the months with the highest volume of pre-
cipitation. The dry period occurs between May and September, where
July and August are the driest months. In ENSO conditions, fluctuations
in precipitation variability were observed. The La Nina phase increases
the precipitation a during the rainy season, while the El Nino phase
reduces the monthly rainfall. It is worth mentioning that regardless of
the ENSO phase, the beginning and end of the rainy and dry periods
were not altered, only the total amount of precipitation.

Souza et al. (2013) states that the total monthly and annual rainfall
variations are due to the behavior of regional atmospheric circulation

500 T T T T T T T T T T T
450} I £ Nifio §
I L= Nifia
I Neutrality
4001 —o— Nean 2014-2021 7

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 3. Monthly accumulated precipitation for characteristic years of El Nino,
La Nina and Neutrality, and average precipitation for the studied
period (2014-2021).

throughout the year, together with local or regional geographic factors
(Barreiro et al., 2002). Carvalho et al. (2002) and Verdan and Silva
(2022) indicate that the occurrence of ENSO influences the position of
meteorological systems that modulate the rainfall regime in the Brazil-
ian central region, among which the most active in Mato Grosso is the
South Atlantic Convergence Zone (SACZ). Thus, the local rainfall can be
changed upwards or downwards, mainly due to the position of the SACZ.
During the hot phase of ENSO, it becomes more intense in the Amazon
southern portion and in the cold phase, it becomes more intense in the
Amazon northern portion. These results are in agreement with the
rainfall patterns observed in this study.

The variations in PPT for the different ENSO classes agree with what
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has been reported for other Amazon sites (Espinoza et al., 2009, 2011;
Marengo et al., 2013; Sousa et al., 2015; Marengo and Espinoza, 2016).
Changes in PPT regimes in the Amazon have substantial contributions
from meridional variations in the sea surface temperature in the tropical
Atlantic (Marengo et al., 2011, 2012). In addition, the accumulated PPT
in the Amazon is mainly due to large-scale climate systems in the
tropical Atlantic (Angelini et al., 2011). Water vapor delivered to the
atmosphere through evaporation from forests represents a considerable
stock of potential energy (Makarieva et al., 2013), so PPT variations
throughout the basin are a combination of different processes influenced
by large-scale circulation and local processes (Marengo and Espinoza,
2016). Drought events in the Amazon can be associated with atmo-
spheric circulation anomalies due to El Nino, the substantial warming of
the tropical Atlantic, or even a combination of both (Aragao et al.,
2007).

The variations in the PPT depending on the different classes of ENSO
are justified by the downward displacement of the Walker cell, directly
interfering in the SACZ, over the Amazon. For the El Nino phase, this
displacement towards the Brazilian northern region causes an inhibition
of convective activities (Pereira et al., 2024), resulting in a PPT deficit in
the south of the basin. Fig. 3 shows that, in general, the PPT for the El
Nino is below the average for the study period and that this deficit is
more evident in the second semester, in agreement with Souza et al.
(2015), Builes-Jaramillo et al. (2023) and Pereira et al. (2024).

Changes in PPT regimes are accompanied by variations in atmo-
spheric conditions such as temperature and relative humidity (Marengo
and Espinoza, 2016), as shown in Fig. 4. The time series of monthly PPT
accumulations (Fig. 4d) justifies the variations in T and RH. Maximum
values for T occur in all three classes and not just during El Nino. These
variations can be attributed to contributions from large-scale circulation
from the tropical Atlantic (Angelini et al., 2011). The combination of
high temperatures with the extension of the dry period favors the in-
crease in forest fires, considerably increasing the emission of aerosols
into the atmosphere (Artaxo et al., 2013, 2022) (Fig. 4e).

RH (%)
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For the El Nino class, in comparison to the Neutrality class, the
months with the lowest precipitation (June, July, August, and
September) showed an increase in the monthly average T and a reduc-
tion in the average RH. During these periods, T or the months with the
highest precipitation (November, December, January and February), an
average monthly increase in T was also observed. The increase varied
from 0.61 °C in November to 0.94 °C in January, when compared to the
periods of neutrality. For the RH, there is a decrease ranging from 0.03%
in January to 3.71% in November. Under the influence of La Nina, it was
observed a clear a decrease in the monthly temperature, ranging from
0.61 °C in June and 0.54 °C in July, when compared to the months of
neutrality. Regarding the RH, there was a decrease ranging between
1.0% in June and 1.52% in July, compared to the neutral months.

The analysis of T on an annual scale revealed higher values in all
years affected by El Nino, while, for years characterized by the presence
of La Nina, lower values were observed. These results are in agreement
with the literature (Moura et al., 2019). According to Jiménez-Munoz
et al. (2016), the El Nino phase caused a record and an extreme drought
in the Amazon rainforest during the 2015-2016 period. The phenome-
non is one of the main drivers of climate extremes in the Amazon and
other tropical regions. Descriptive statistics for T and RH are shown in
Table 2.

The AOD time series in 500 nm accompanied by AE (AE 440-870 nm)
(Fig. 5e) highlights the contribution of aerosol emission from fires in the
region. Although AOD is not a measure of particle concentration, it is a
variable that represents the extinction of solar radiation throughout the
atmospheric column and is directly proportional to the aerosol load in
the atmosphere (Artaxo et al., 2013; Palacios et al., 2020). The AE
values, which show the spectral dependence of radiation extinction,
indicate the aerosol size distribution: the closer to 2.0, the smaller the
average diameter of the emitted aerosol. Emissions associated with
biomass burning, for the most part, are associated with the fine fraction
of aerosols, that is, high AE values (Paldcios et al., 2020, 2022b).

The time series with daily ET, values is shown in Fig. 4c. These
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Fig. 4. Time series with monthly averages and deviations for a) T (°C); b) RH (%); c) ET, (mm.d™1); d) Monthly accumulated PPT and ET, (mm.month™1); e) AOD 500
nm. In c), the second y-axis (right in blue) shows the monthly averages for the PW column (cm), and in e), the second y-axis (right in blue) shows the monthly
averages for the AE 440-870 nm. Red shades highlight El Nino occurrences, blue shades the La Nina, whereas no color shades highlight Neutrality.
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Table 2
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Descriptive statistics of the variables analyzed for the different ENSO classes. The last column also shows the average number of fire outbreak records in the State of
Mato Grosso for the 12-month periods of each ENSO class (https://queimadas.dgi.inpe.br/queimadas/portal).

Variables
Descriptive T(CO RH (%) AOD 500 nm PW (cm) AE 440-870 nm ET, (mm.d™Y) Fire
El Nino N 365 365 195 195 195 365 12
Mean 25.91 70.00 0.33 4.02 1.32 3.50 2312
Median 25.77 74.75 0.20 4.29 1.30 3.52 -
Sd 1.55 14.25 0.31 0.85 0.30 1.04 -
Max 30.19 90.80 1.86 5.26 2.01 5.95 -
Min 21.53 34.85 0.02 1.68 0.72 0.88 -
La Nina N 365 365 202 202 202 365 12
Mean 25.18 74.09 0.18 3.83 1.33 3.26 1503
Median 25.24 79.00 0.13 4.05 1.36 3.29 -
Sd 1.47 15.51 0.11 0.80 0.26 1.10 -
Max 29.04 99.50 0.60 5.11 1.89 6.16 -
Min 17.70 34.33 0.04 1.82 0.47 0.48 -
Neutrality N 365 365 184 184 184 365 12
Mean 25.41 71.98 0.21 3.98 1.26 3.34 2079
Median 25.26 76.54 0.12 4.14 1.20 3.42
sd 1.45 13.72 0.18 0.82 0.31 1.00 -
Max 29.29 91.80 0.95 5.17 2.01 6.17 -
Min 19.87 37.10 0.04 1.91 0.52 0.62 -
30
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Fig. 5. Comparison of monthly statistics for different ENSO classes. Panels show a) T (°C), b) RH (%), c¢) AE 440-870 nm, d) PW (cm); €) AOD 500 nm and f) ET,

(mm.d™ ).

values align with results found for a site close to the studied site in the
Center-South region of Mato Grosso (Valle Junior et al., 2020, 2021).
Average ET, values vary between 1.8 and 5.0 mm d~! with recurring
maximums at the beginning of the second half of each year, between
July and September. The precipitable water column in the atmosphere,
PW (cm), is shown together with ET,. The PW presents evident seasonal
variations (Palacios et al., 2020) and an opposite behavior to ET,. The
inverse relationship of PW and ET, can be directly associated with the
vapor pressure deficit in the atmosphere. The PW is a measure that
represents the precipitable water column present in the atmosphere,
and, like meteorological variables, it shows a characteristic seasonal
behavior, with a maximum in the rainy season and minimum in the dry

months (Palacios et al., 2020). The behavior of PW is the opposite to the
ET,. because the water demand for the atmosphere is more intense in the
dry season, that is, when the vapor pressure deficit reaches its maximum
values and consequently increases the potential to extract water from
vegetation (Palacios et al., 2023).

Table 2 also shows the descriptive statistics of AOD, PW, AE and ET,
for the different ENSO classes. The number of observations (N) in
Table 2 depicts the averages for each day of the year in each class,
constituting a characteristic year. Table 2 also shows the average for fire
outbreaks (Fire) in the state of Mato Grosso for each ENSO class. The
differences between the atmospheric parameters for each ENSO class are
presented in Fig. 5 and complemented by the analysis of the average
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variance shown in Table 3. The temperature monthly distribution
(Fig. 5a) shows that, in the year characteristic of El Nino, T is lower in
the first quarter, with no difference in the second trimester and takes on
significant differences from the third quarter onwards when compared
to the temperature for the La Nina and Neutrality classes.

When comparing the annual averages for the different ENSO classes
(Table 3), a higher temperature was observed during the El Nino phase,
where the temperature difference between El Nino and Neutrality was
0.5 °C. The differences between the El Nino and La Nina phases was
0.7 °C, which was shown to be a highly significant difference. For RH, a
significant difference was only found between the El Nino and La Nina
classes, of around 4.0%.

Although Fig. 5c and d shows wide monthly variations for AE and
PW; assignificant difference in AE was only found between the Neutrality
and La Nina classes and for PW only for the El Nino and La Nina classes
(Table 3). As for AOD, the variations presented in Fig. 5e show (Table 3)
a significant difference between practically all ENSO classes. This shows
that variations in precipitation regimes (see Fig. 3) for the different
classes of ENSO have a significant relationship with the change in the
atmospheric aerosol load, verified by differences in AOD. However,
these differences are not observed for AE. This means that regardless of
the ENSO classes, aerosols emitted by biomass burning predominate
during the dry period.

The average for fire outbreak records in the state of Mato Grosso (see
Table 2) in the different ENSO classes shows that for El Nino, there is an
increase of close to 10% in relation to the neutrality period. For La Nina,
there is an approximate 27% reduction in fire records. Although these
numbers represent the average for the entire state of Mato Grosso, it is
clear that they contribute strongly to variations in the aerosol optical
properties in the study area. The influence of emissions from fires on the
AOD and AE in the southern Amazon basin was evidenced in many
studies in the literature (Palacios et al., 2020; Menezes et al., 2018;
Morais et al., 2022; Ponczek et al., 2022).

Fig. 5f shows that the variations of ET, between different ENSO
classes are small. However, these differences are statistically significant
between the El Nino and Neutrality classes and between El Nino and La
Nina, with El Nino phase being the higher in both cases. These differ-
ences are likely associated with the influence of aerosols, which can
favor, depending on the conditions and emissions, the fertilization of
photosynthesis through diffuse radiation (Cirino et al., 2014; Zhou et al.,
2021), which contributes to the increased vegetation transpiration rates
(Zhou et al., 2021). Another critical issue is that vapor pressure deficit
also contributes to transpiration rates, and changing temperature and
humidity conditions for the different ENSO classes can affect carbon
assimilation through photosynthesis with consequences on ET, (Palacios
et al., 2023). The ET, increases with the increase in demand for atmo-
spheric water vapor. That is, as the atmosphere becomes drier, the en-
ergy available to evaporate water increases, and consequently, ET,
increases (Vilanova et al., 2021). The differences found for ET, are
consistent with the results of Vilanova et al. (2021) on sites in the

Table 3

Differences obtained by analysis of variances between the different classes of
ENSO. Comparison of the mean was performed using the t-test, and the evalu-
ation of differences using the Mann-Whitney, Mood median, Kolmogorov-
Smirnov, Anderson-Darling, and Epps-Singleton tests.

Mean differences

Variable El Nino - Neutrality =~ El Nino - La Nina  Neutrality - La Nina
T (°C) 0.499" 0.732" 0.234°

RH (%) —1.203 —4.081" -2.102

AE 440-870 nm  0.061 —0.009 —0.072"

PW (cm) 0.045 0.193" 0.154

AOD 500 nm 0.126" 0.145° 0.034°

ET, (mm/d) 0.164" 0.245" —0.071

@ p-val <0.05.

b p-val <0.001.
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Western Amazon. Results are also seen for different vegetation cover
types, including the savannah type, similar to the cover covered in this
study. The results found here suggest, as Costa et al. (2010), that the ET,
for El Nino is higher because combining high temperatures with vapor
pressure deficit and radiation availability can control evapotranspira-
tion in tropical forests.

3.2. ENSO-AOD- ET, intercorrelations

The intercorrelations between the studied variables are shown in
Table 4 as a correlation matrix. As expected, ET, had highly significant
correlations with T and RH, regardless of the ENSO class, since these
variables were used in the ET, estimate. For T, however, it is observed
that the correlation increases as conditions change from La Nina to
Neutrality and subsequently to El Nino, where the maximum correlation
was r = 0.73. Recently, Zhang et al. (2023) showed, through modeling,
that AOD significantly influences variations in T. Globally, AOD explains
only 3% of these variations. However, on regional or local scales, vari-
ations in T depending on AOD can reach 40%, as was observed for the
southern region of India (Zhang et al., 2023). The high aerosol load
recorded for El Nino may have influenced T variations since the increase
in AOD, due to local or regional biomass burning (Palacios et al., 2022b),
which is associated with emissions of constituents that can scatter or
absorb solar radiation (Morais et al., 2022).

The relationships between AOD and T are cyclical and complex,
because the precipitation deficit associated with other meteorological
conditions characterize higher temperatures for the El Nino class
(Jiménez-Munoz et al., 2016). However, these conditions are favorable
to the increased biomass burning in the region (Palacios et al., 2020;
Pereira et al., 2024) and consequently an increase in aerosol emissions
(Artaxo et al., 2022). Therefore, it is expected that there will be a pos-
itive correlation between T and AOD. In contrast, the emissions from
biomass burning interact with radiation, resulting in an increase in the
rate of heating of the atmosphere due to absorption processes (Palacios
et al., 2022a; Curado et al., 2023).

The complex part of the analysis consists of determining the fraction
of emissions responsible for scattering radiation, which can result in a
cooling effect. It can explain the variations in the correlation between
AOD and T for the different classes of ENSO (Table 4), that is, all cor-
relations are significant. However, for El Nino, there is a decrease in the
magnitude of the correlation. This decrease is likely associated with the
scattered radiation by aerosols during local biomass burning. Curado
et al. (2023) analyzed the relationship between maximum air temper-
atures and fire emissions at a site in the extreme south of the Amazon
basin. The correlation found between maximum temperature and the
concentration of black carbon (a constituent emitted directly by the
burning of biomass) was 0.7. The study justified that this correlation
could be even higher if there were no scattering effects of radiation by
particles arising from atmospheric transport.

Regarding the PW and ET, variables, it is observed a highly signifi-
cant inverse correlation in all ENSO classes. This result can contribute to
new ET, estimation models (Spontoni et al., 2023). The correlation be-
tween AE and ET, was direct (positive) and, highly significant during El
Nino, and significant for the Neutrality and La Nina classes. Although
the correlations are low, r < 0.23, information regarding the aerosol size
distribution can be essential in estimating ET, since the average aerosol
size directly influences the scattering rates of solar radiation, impacting
ET, (Zhang et al., 2023).

There was no significant direct correlation for the AOD and ET,
variables for the El Nino and La Nina classes (Table 3 and Fig. 6). For
Neutrality, there was a positive although low correlation, r = 0.20. This
result suggests that La Nina aerosol emissions may not impact ET, rates
since, no other adjustment method showed a significant correlation
(Fig. 6f). For El Nino, Fig. 6d, shows a direct relationship between AOD
and ET, up to AOD values close to 0.75. Beyond this limit, there is a
possible ET, saturation and subsequent reduction. This means that the
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Table 4
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Correlation matrix for different ENSO classes. The number (N) of correlated samples corresponded to the availability of aerosol data (El Nifio - N=195, La Nina - N=202

and Neutrality - N=184).

Correlation matrix

T (°C) RH (%) AOD 500 nm PW (cm) AE 440-870 nm ET, (mm.d™')
El Nifio T (°C) 1.00
RH (%) -0.59" 1.00
AOD 500 nm 0.43" 0.08 1.00
PW (cm) —0.06 0.87" 0.31° 1.00
AE 440-870 nm 0.53" ~0.19" 0.56" 0.07 1.00
ET, (mm.d™") 0.73" —0.79" —0.01 —0.54" 0.23" 1.00
La Nifia T (°C) 1.00
RH (%) —0.36" 1.00
AOD 500 nm 0.34" —0.04 1.00
PW (cm) 0.12 0.77" 0.32" 1.00
AE 440-870 nm 0.23" —0.30" 0.37" -0.12 1.00
ET, (mm.d™") 0.51° —0.86" 0.03 —0.55" 0.17° 1.00
Neutrality T(CC 1.00
RH (%) —0.56" 1.00
AOD 500 nm 0.57" —-0.31° 1.00
PW (cm) —0.22° 0.85° -0.02 1.00
AE 440-870 nm 0.45" -0.28" 0.69" —0.04 1.00
ET, (mm.d™!) 0.67° —0.85" 0.20° —0.73" 0.12% 1.00
@ p-val <0.05.
b p-val <0.001.
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Fig. 6. On the left is a comparison of monthly ET, statistics under clear sky conditions (blue), presence of aerosols (red), and all data (black) for conditions of a)
Neutrality, c) El Nino, e) La Nina. On the right, there is a linear relationship between AOD 500 nm and ET, for conditions of b) Neutrality, d) El Nino, and f) La Nina.
All data corresponds to all ET, estimates, regardless of the ENSO condition, from 2014 to 2021.

processes between aerosols and ET, are not linear and that more studies
are required to unveil these relationships. As for the significant corre-
lation, in the case of Neutrality, we observed that the maximum AOD
(Fig. 6b) does not exceed 1.0. That is, ET, may have reached a saturation
level but did not pass a limit that causes its reduction.

Fig. 6 (6a, 6¢, 6€) also shows the ET, rates for the ENSO classes,
highlighting the influence of aerosols. In these panels, some months do
not have ET, values for AOD or clear sky conditions. In these cases, there

were no results in the ET, estimate. Nevertheless, it is possible to observe
that for Neutrality (Fig. 6a), the ET, rates in AOD conditions (AOD >
0.10) lower than the rates for clear sky conditions in the first half of the
year. From the second semester onwards, an inversion occurs, high-
lighting the possible effect of fire emissions on ET, rates (Zhou et al.,
2021).

For El Nino, starting in September, there are no clear sky conditions.
This result confirms that practically all influences of AOD on ET, in this
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period can be associated with the emission of local or regional fires
(Palacios et al., 2022b). For La Nina, the last quarter of the months
(October-November-December) shows a reduction in ET, rates for clear
sky conditions compared to AOD and considering all data conditions. In
general, Fig. 6 (6a, 6¢, 6e) shows that in the second half of the year
(July-December), the ET, maximums are associated with the AOD
condition, which is evident for all classes of ENSO. However, for El Nino,
the AOD condition predominates. In addition, Fig. 6 (6b, 6d, 6f) shows
that ET, maxima occur for AOD between 0.10 and 0.5 in all ENSO
classes, but that for El Nino these maxima are extended for AOD up to
0.75.

Fig. 7a shows the monthly averages of relative ET, and AOD, where
the relative ET, is the ratio between ET, under clear sky conditions (AOD
< 0.10) and ET, under AOD conditions (AOD > 0.10) for the entire study
period (2014-2021).Fig. 7a also shows the monthly averages for the
AOD, which visually behave inversely to the relative ET,. Variations in
AOD, which occur mainly from August to October, are accompanied by a
relative ET, lower than 1.0, reaching 0.7 in September. That is, for the
aerosol emission peak, the fraction of ET, in AOD conditions is higher
than in clear sky conditions. Although relative ET, presents minor var-
iations in the other months, it is observed that for November and
December, its values become more significant than 1.0, indicating that
ET, in clear sky conditions is slightly higher in this period. In general,
these results suggest that the relationship between AOD and ET, depends
directly on emissions from biomass burning, which increase consider-
ably from August to October, in which the fraction of scattering aerosols
are predominant (Palacios et al., 2020).

Fig. 7b shows the linear and quadratic relationships between AOD
and ET,. A significant correlation was observed for both cases, with a
correlation of r = 0.17 for the quadratic fit. Although the correlations are
low, the aerosol load has a statistically significant influence on ET,. The
linear correlation was lower than previously found for the Neutrality
class. However, it shows that, in general, AOD correlates positively with
ET,, explaining approximately 10% (r = 0.10) of the phenomenon. With
the quadratic fit, AOD now represents about 17% of the phenomenon,
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reinforcing that the positive relationship between AOD and ET, has a
threshold. The analysis of the quadratic fit curve shows that this
threshold for AOD is between 0.75 and 1.5. From 1.5 onwards, the curve
trend shows a reduction in ET, as a function of AOD.

To verify the influence of local and regional emissions from biomass
burning, ET, was also evaluated as a function of AE, with linear and
quadratic fit. Fig. 7c shows that the correlation for both adjustments is
significant. However, the variation between these fits practically does
not differ with AE explaining the increase in ET, by approximately 25%.
The relationship between AE and AOD is also shown in Fig. 7d, where
the quadratic fit shows that AE maximums occur for AOD at up to 1.5,
reinforcing the statement of a threshold for AOD for positive effects on
ET, rates. The quadratic fit in Fig. 7a shows that for high aerosol loads,
the linear correlation between AOD and ET, is no longer significant, as
for AOD above 1.5, a reduction in ET, is observed. For the relationship
between AE and ET, (Fig. 7b), the curve fit does not interfere with the
direct linear correlation, as the dispersion of radiation by the aerosols
positively favors ET,. In Fig. 7d, both fits represent well the correlation
between AOD and AE (significant linear and quadratic correlation). This
is because during biomass burning emissions there is saturation for the
AE values. Although the aerosol concentration increases, the predomi-
nant emissions of aerosols occur and, therefore, for a given AOD the AE
remain constant.

Zhou et al. (2021) highlighted the effects of aerosols on the pro-
ductivity of terrestrial ecosystems, showing that the effects of aerosols
can be both positive and negative, and that these direct and indirect
effects significantly impact the development of vegetation. The study
found significant positive and negative correlations between AOD and
gross primary productivity (GPP), depending on vegetation cover. For
higher canopy, the correlation values were positive, while for pasture,
the results were negative. Zhang et al. (2020) highlight that these cor-
relations depend directly on the phytophysiognomies of the plants, and
this helps to understand the results obtained for the south of the Amazon
basin. Although the studied area includes a variety of plant species in a
transition region between the Amazon biome and the Cerrado, the site is
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Fig. 7. Relationships of AOD 500 nm and ET,. a) Monthly values of relative ET, and AOD 500 nm; b) Linear and quadratic adjustments between AOD 500 nm and ET,
for the entire data series (2014-2021); c) Linear and quadratic fits between AE 440-870 nm and ET, for the entire data series (2014-2021); Linear and quadratic fits

between AOD 500 nm and AE 440-870 nm for entire data series (2014-2021).
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composed predominantly of large trees (Vourlitis et al., 2002). Thus, the
dispersion of radiation by aerosols can be used more efficiently by
shaded leaves below the canopy, favoring ET, rates.

Lu et al. (2017) and Zhou et al. (2021) state that the net effect of
aerosols is negative on ET,, but the effect of aerosols on radiation can
favor transpiration from shaded leaves. The increase in diffuse radiation
combined with plants’ geometric characteristics and phytophysiogno-
mies can favor ET,. Therefore, even though there is a negative effect on
the top of the canopy due to the interruption of direct radiation, the net
result can still be positive (Zhou et al., 2021, 2022; Zhang et al., 2023).
The results presented in Fig. 7 show a net positive effect of aerosols,
where AOD correlates positively with ET,. However, for high values of
AOD, this relationship is no longer linear. High aerosol loads can inhibit
direct radiation to such an extent that the correlation is no longer pos-
itive and significant. This is because the top of the canopy is still
responsible for regulating the ET, of the vegetation.

Although not analyzed in this study, aerosols formed in the atmo-
sphere from emissions from the canopy itself can also influence ET,
rates. Vegetation emits biogenic volatile organic compounds (BVOCs)
that are oxidized in the atmosphere, generating secondary organic
aerosols (SOA) whose predominance is in the fine mode of the aerosol.
The formation of SOA depends on the chemical balance of reactions
between BVOC and oxidizing gases in the atmosphere (Liu et al., 2016).
These aerosols can also interact with radiation, influencing ET, rates.
However, this relationship would have to be evaluated with chemical
measurements in a period free from fires since, during the dry period,
the emission from the burning of biomass overlaps the concentration of
all-natural constituents in the southern region of the Amazon basin
(Artaxo et al., 2013).

The ET, variations are also influenced by water evaporation from the
soil and vegetation, depending mainly on environmental factors such as
temperature and relative air humidity (or water vapor deficit), which
inhibit photosynthesis and transpiration but favor evaporation (Palacios
et al., 2023). In the study presented here, the large fine aerosol load,
released from August to October, mostly from local and regional
biomass burning events, directly interferes with radiative fluxes through
the scattering of solar radiation (Paldcios et al., 2020). Consistent with
other studies, the effect of aerosols on ET, found here is positive for
small loads but turns negative for values of AOD greater than 1.5.

4. Conclusion

This study contributes to new understandings of the effects of ENSO
on atmospheric conditions and its implications for the water regime in
the south of the Amazon basin. Variations in the PPT regime for the
different ENSO classes caused significant differences in air temperature,
relative air humidity, aerosol load, and ET,. The evaluation of meteo-
rological conditions for the different classes of ENSO showed that the air
temperature is significantly higher in the El Nino condition, with a
difference in the annual average of 0.5 °C about the Neutrality condi-
tion. Air temperature, in turn, had positive linear correlations with
aerosol load (AOD) in all ENSO classes. Although there are variations in
the magnitude of these correlations, it was found that for El Nino, for a
certain AOD threshold, this relationship is no longer linear as the scat-
tering fractions can oppose this direct relationship. For AOD, a signifi-
cant difference was also found for the different ENSO classes. We
conclude that the prolonged drought caused by El Nino in the region
favors the incidence of fires, which considerably increases aerosol
emissions with higher AOD values.

The combination of analyses between meteorological parameters
and aerosol properties allows us to conclude that for the Neutrality
condition, there is a statistically significant linear correlation between
AOD and ET,. However, this direct correlation is not significant for the El
Nino and La Nina classes and the reasons for these results are different.
The non-significant correlation for La Nina is due to the low concen-
tration of aerosols, AOD below 0.5, with little influence on radiative
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fluxes. For the El Nino class, a significant positive linear correlation was
shown up to a certain AOD threshold (~1.0). However, with the increase
in AOD, this linear relationship ceases to be significant. A significant
correlation was between AE and ET, for all classes of ENSO, indicating
that fine-mode aerosol emissions favor ET, in general. We conclude that
regardless of concentration, the scattering of radiation caused by fine-
mode aerosols favors the dispersion of radiation with positive effects
on ET, rates. We also conclude that the PW variable, which had a sig-
nificant correlation for all ENSO classes (r > 0.5 in all ENSO classes) can
help in modeling new ET, estimation methods.

The systemic analysis between AOD and ET, allows us to conclude
that the presence of aerosol (AOD between 0.10 and 1.5) positively af-
fects ET,, mainly by contributing to the increase in diffuse radiation.
However, for high aerosol loads (AOD > 1.5) the reduction of radiation
direct sunlight on the top of the vegetation canopy causes a reduction in
ET,. The results shown in this work help to understand the relationships
between aerosols and ET, in the south of the Amazon basin, a region
with distinct characteristics of high vegetation. In a future perspective,
investigations will be able to elucidate the net effects over the entire
extent of the Amazon basin using satellite products or regional models.
Still from a future perspective, spatial analysis can contribute to evalu-
ating the relationships between AOD, ET,, and different classes of ENSO
in different vegetation covers or biomes. The conclusions shown here
can open new perspectives for these analyses.
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