remote sensing

Article

Atmospheric Formaldehyde Monitored by TROPOMI Satellite
Instrument throughout 2020 over Sao Paulo State, Brazil

Arthur Dias Freitas *

check for
updates

Citation: Freitas, A.D.; Fornaro, A.
Atmospheric Formaldehyde
Monitored by TROPOMI Satellite
Instrument throughout 2020 over Sao
Paulo State, Brazil. Remote Sens. 2022,
14,3032. https://doi.org/10.3390/
rs14133032

Academic Editor: Danilo Custodio

Received: 29 May 2022
Accepted: 19 June 2022
Published: 24 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Adalgiza Fornaro

Department of Atmospheric Sciences, Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas (IAG),
Universidade de Sdo Paulo, Rua do Matao 1226, Cidade Universitédria, Sdo Paulo 05508-090, SP, Brazil;
adalgiza.fornaro@iag.usp.br

* Correspondence: arthurdiasfreitas@usp.br or arthurdiasfreitas@gmail.com

Abstract: We aimed to study the daily formaldehyde (HCHO) columns over urban and forested areas
in Sao Paulo State, Brazil, from rhe TROPOMI spectrometer onboard the Sentinel-5P satellite during
2020. Nineteen specific areas were defined in four regions: 3 areas in each of two preserved Atlantic
Forests (PEMD and PETAR), 3 in a sugarcane growing region (NERG) and 10 in the Metropolitan Area
of Sao Paulo (MASP), among which 2 areas are in the Morro Grande reserve, which is a significant
remnant of Atlantic Forest outside the densely urbanized area of MASP. An analysis of variance and
Tukey’s test showed that the mean annual columns over the Morro Grande reserve (1.69 £ 1.05 x 10~4
mol/m?and 1.73 4 1.07 x 10~% mol/m?) presented greater statistical similarity with the forest and
rural areas of the state (<1.70 x 10~ mol/m2) than with MASP (>2.00 x 10~* mol/m?), indicating
few effects from megacity anthropogenic emissions. Case studies addressing selected days in 2020
showed that fires in and around the state were related to episodes of maximum density of HCHO
columns. The results showed significant seasonality, with lower concentrations during summer (wet
season) and higher concentrations during winter and spring (dry and transition dry-wet seasons).

Keywords: air quality; annual; Atlantic Forest; fire outbreaks; megacity; seasonal; vehicular emissions

1. Introduction

Formaldehyde (HCHO) is an important trace gas in the atmosphere. It affects air
quality by participating in the formation of radicals such as OH and HO, [1,2], which
contribute to the production of the tropospheric ozone (O3), secondary organic aerosols
(SOA) and other secondary pollutants [3]. HCHO is also an important tracer of volatile
organic compounds (VOCs) emissions, since the oxidation of several VOCs produces
formaldehyde and the typical lifetime of HCHO is a few hours, so it does not stray too far
from the place where it was produced [4,5].

The main source of HCHO for the global troposphere (atmospheric background) is
the oxidation of methane. However, in continental areas, the variation of HCHO is mainly
determined by the oxidation of nonmethane volatile organic compounds (NMVOCs) [6,7].
Biogenic sources are responsible for about 85% of NMVOCs emissions [8], while 12% are
represented by anthropogenic sources [9] and 3% by pyrogenic sources [7,10]. However,
the emission of anthropogenic precursors in highly industrialized and polluted urban
areas causes the occurrence of centers of a high concentration of HCHO [11], increasing the
frequency of its adverse effects on the environment and human health [12,13]. Acetaldehyde
and methanol are notable anthropogenic precursors [14]. The main biogenic VOC is
isoprene, a highly reactive hydrocarbon with a lifetime of less than one hour, which makes
it also the main precursor of formaldehyde in forest regions [15,16]. In areas of dense
vegetation, isoprene is responsible for more than 70% of the secondary production of
formaldehyde [11]. Several physiological processes of plants contribute to the emission
of NMVOCs, and photosynthetic processes are the most related to the production and
emission of isoprene [17].
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The short lifetime of formaldehyde is justified by the diversity of processes capable of
removing this chemical species from the atmosphere [18]. The main ones are photolysis, by
electromagnetic radiation at wavelengths from 290 to 310 nm and from 320 to 350 nm [19];
oxidation by OH and HO, radicals [1]; and wet deposition, due to its strong electric
dipole moment and consequent high solubility in water [20]. Figure 1 presents the main
precursors of HCHO, intermediate species in production, removal processes and main
products generated by such processes. Tropospheric ozone (Os) is an important product,
and it is one of the main agents of photochemical smog; formic acid (HCOOH) and
hydrogen peroxide (H,O;) are also relevant species generated as they contribute to acid
rain in heavily polluted areas [21-23].
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Figure 1. Overview of the main production and removal reactions of atmospheric formaldehyde.

The monitoring of the atmospheric concentration of HCHO can be carried out from
space using spectrometers attached to orbiting satellites [24,25]. When monitoring trace
gases, the satellite sensor reads the entire vertical column from the ground up to the
height of the orbit, so there is no detail on the vertical variation of concentrations with
altitude [26]. This is a problem for the remote monitoring of tropospheric ozone, since the
highest concentrations of O3 are found in the stratosphere, requiring the use of algorithms
that make estimates based on the collected data [27]. However, because of its lifetime of
a few hours, formaldehyde remains close to the surface, below the planetary boundary
layer [28], which increases the reliability of the data and allows inferences to be made about
its VOC precursors that also have a short lifetime (thus, they are oxidized and produce
formaldehyde near the location where they were emitted) [29-31], on the photochemical
activity of the atmosphere [32,33] and on tropospheric ozone concentrations, improving
the aforementioned algorithms [27].

Remote formaldehyde monitoring has been performed since the 1970s with low-orbit
satellites. Over the years, the resolution of spectrometers has improved significantly,
making it possible to identify HCHO concentrations over individual urban centers [34,35].
However, there are still no studies on the formaldehyde columns recorded in the Sao
Paulo State. Some studies with surface sampling were conducted in the Metropolitan
Area of Sdo Paulo (MASP) [36,37] and the Environmental Protection Agency of the State of
Sao Paulo (CETESB) carried out formaldehyde monitoring at three sampling sites in the
megacity, between 2017 and 2020, and also with surface samplers [38]. The present work
aims, therefore, to use the formaldehyde columns monitored remotely over the Sdo Paulo
State for one year, 2020, to evaluate the seasonality of these concentrations, to analyze the
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differences in the columns measured over urban and forest areas and to compare the results
with those achieved by studies that used surface formaldehyde measurements.

2. Data and Methods
2.1. Formaldehyde Columns

Data from vertical formaldehyde columns (mol/m?) were obtained from the TROPOMI
spectrometer onboard the Sentinel-5P satellite, which makes one retrieval of HCHO
columns per day over Sado Paulo State, always between 3 p.m. and 7 p.m. UTC or 12 p.m.
and 4 p.m. local time [39]. This time window includes the hours of maximum incidence of
solar radiation and also of maximum tropospheric ozone concentration on the day, which
normally occurs around 3 p.m. in Sdo Paulo [40]. The Level-2 product has a spatial resolu-
tion of 5.5 x 3.5 km at nadir [41] and the instrument’s spectral bands cover the ultraviolet
and visible regions at wavelengths from 270 to 500 nm [42], covering the spectral range
attenuated by atmospheric formaldehyde (290 to 350 nm) [32,43].

In order to guarantee data quality, TROPOMI calculates, for each registered column,
a value between 0 and 1 (QA, Quality Assurance) and recommends using only columns
with QA > 0.5 (no error flag, cloud radiance fraction at 340 nm < 0.5, Solar Zenith Angle
(SZA) < 70°, surface albedo < 0.2, no snow/ice warning and air mass factor > 0.1) [44,45].
It is also noteworthy that there were corrupted files referring to some days of 2020 (i.e.,
files available for download on the online platform, but which could not be read by the
processing software). Most days with missing data occurred in April, affecting the analysis
conducted for this month.

2.2. Study Area and Analysis Windows

The Sao Paulo State, located in southeastern Brazil, has direct and indirect HCHO
emissions from biogenic, anthropogenic and pyrogenic sources. The area of its territory is
248,219.48 km?, divided originally into 167,051.71 km? of Atlantic Forest (32.6% preserved)
and 81,167.77 km? of Brazilian Savanna (Cerrado, 3.0% preserved) [46,47]. While biogenic
emissions predominate in preserved forest areas [48], pyrogenic emissions play a relevant
role in sugarcane growing areas, which cover more than 20% of the state [49,50]. The
Metropolitan Area of Sdo Paulo is one of the largest megacities in the world, with more
than 21 million inhabitants and around 8 million vehicles [38,46]. Vehicular anthropogenic
emissions predominate in MASP, and the main fuels used are gasohol (73% gasoline and
27% anhydrous ethanol) and hydrous ethanol, used by light vehicles and motorcycles;
diesel (about 10% biodiesel), used by trucks and buses; in addition to fewer significantive
percentages of NGV (Natural Gas Vehicles) and electric vehicles [51]. Created in 1986,
the Brazilian vehicle emissions control program (PROCONVE) contributed to the gradual
reduction in pollutant emissions from new vehicles [52,53], while also managing to prevent
many of the potential environmental problems and health risks arising from the growth of
the vehicle fleet in recent decades [54]. Between 2006 and 2019, the vehicle fleet in the MASP
grew by 67%, but emissions of aldehydes, including formaldehyde, decreased by 27% and
those of hydrocarbons decreased by 51% [51]. Even so, air quality standards—established
by CETESB—are still exceeded for some pollutants, which mainly include the tropospheric
ozone, indicating that air pollution from mobile sources continues to be a major problem
for the megacity [37].

TROPOMI's spatial resolution makes it possible to identify HCHO columns on the
scale of cities, enabling the observation, if any, of the nuclei of pollution with high concen-
trations over individual urban centers [42]. The present work will focus on four areas of
interest in the state of Sdo Paulo: Metropolitan Area of Sdo Paulo (MASP), Morro do Diabo
State Park (PEMD), Alto Ribeira Tourist State Park (PETAR) and North of the State/Grande
River (NERG) (Figure 2).
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Figure 2. Location of the four areas of interest in the Sdo Paulo State.

The MASP covers an area of 7944 km?2, with over 21 million inhabitants and around
7 million vehicles. Direct emissions from burning fossil fuels and secondary formation
through precursors also emitted by motor vehicles are the predominant sources of formalde-
hyde in this region [38]. Throughout the year, the highest concentrations of HCHO are
recorded during winter, when there are thermal inversions near the surface, lower precipi-
tation rates, weaker winds and lower radiation availability for photolysis processes [37].
The PEMD and PETAR parks have areas of 338.5 km? and 357.8 km?, respectively, and
keep preserved native species from Atlantic Forest. The vegetation coverage of PEMD is
composed by semideciduous seasonal forest, while that of PETAR is composed by dense
ombrophylous forest [47]. The major source of formaldehyde to the atmosphere of these
locations is secondary production from the oxidation of isoprene, an important biogenic
VOC [15].

The fourth area of interest, NERG, is located about 20 km north of the city of Barretos,
with the Pardo River to the east and the Grande River to the west, and it was chosen
to represent a region of large areas cultivated with sugarcane in the north of the state.
Sugarcane is the main agricultural product in Sdo Paulo, representing 35.22% of the sector’s
revenue [55]; however, the production of sugarcane involves a stage called pre-harvest
straw burning, which consists in the elimination, by combustion, of dry leaves close to the
cultivated canes [56]. This burning is characterized as incomplete combustion, emitting
various pollutants to the atmosphere, such as carbon monoxide (CO), carbon dioxide (CO,),
fine particulate matter (PM, 5), inhalable particulate matter (PMjg), nitrogen oxides (NOx),
aldehydes (such as formaldehyde) and other volatile organic compounds (VOCs) [50,57].
In 2002, state law N° 11.241 was enacted with the intention of gradually eliminating the
practice of pre-harvest straw burning in Sao Paulo by 2031. Studies show that the number
of burnings has decreased in recent years, despite the increase in production, which can be
attributed as a result of the state law [58,59]. Nonetheless, that, due to its relevance in the
agricultural sector of Sdo Paulo and to its process being an important source of pyrogenic
pollutants, the production of sugarcane is of high importance for the understanding of
the sources of formaldehyde, especially in the north of the state, where the largest areas
used for this production are concentrated [60]. Unlike the other selected areas of interest,
this one is located in the Cerrado region, with patches of preserved native vegetation
and many farms [47]. The main sources of HCHO are biogenic and pyrogenic emissions,
and the daily peaks of concentration are explained by occurrences of fires and, therefore,
pyrogenic sources.
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Over each area of interest, small regions of 0.1° latitude by 0.1° longitude—about
11 x 11 km?>—were defined, in order to select a group of, on average, four vertical columns
of formaldehyde per region. We chose to call these regions “analysis windows”, as more
in-depth analyses of each area of interest will be carried out with the columns monitored
within each of these regions. Three analysis windows were defined on the PEMD: three
on the PETAR, three on the NERG and ten on the MASP, eight of which were used to
represent the urban sprawl of the megacity and two were used to represent a third area
with remnants of the Atlantic Forest at the Morro Grande Reserve (Figure 3). This reserve is
located southwest of the urban area, near the city of Cotia and covers an area of 108.7 km?,
and its vegetation presents mostly dense ombrophylous forest characteristics [61,62].
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Figure 3. Geographic positioning of the three analysis windows on the NERG (a), three on the PEMD
(b), three on the PETAR (c) and ten on the MASP (d). Analysis windows are regions that select HCHO
columns for more in-depth analyses.

2.3. Meteorological Parameters and Auxiliary Data

Auxiliary data were used to associate the observed formaldehyde densities with the
main variables capable of controlling its formation and removal processes in the atmosphere.
Hourly meteorological data (temperature, atmospheric pressure and precipitation) were
provided by the Brazilian National Institute of Meteorology (INMET) and the monthly
number of wildfires was provided by the Queimadas Program, which was developed by
the Brazilian National Institute for Space Research (INPE). In the present study, the seasons
were defined in relation to the southern hemisphere as follows: summer from December
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to February; autumn from March to May; winter from June to August; and spring from
September to November.

2.4. Estimate of HCHO Surface Concentration

Satellite-recorded formaldehyde concentrations take into account the entire atmo-
spheric column from the ground to the sensor—which, in the case of TROPOM], is at an
altitude of 824 km. However, HCHO is a short-lived constituent that remains below the
planetary boundary layer (up to 3 km), with higher concentrations near the surface [26,28].
In order to make it possible to compare the concentrations monitored by TROPOMI and
those monitored by surface stations, presented by other works [37,63-65], a methodology
was proposed to estimate the surface formaldehyde concentration in the MASP, converting
the data in mol/m? to ppbw.

A study carried out by Pifiero Sanchez et al. [66] used radiosondes to estimate the
monthly average heights of the planetary boundary layer (PBL) in the Metropolitan Area
of Sao Paulo. Measurements were performed once a day, at 9 p.m. local time, for four
years, from September 2009 to 2013 August. Monthly averages ranged from 1061 m in
September to 1632 m in May. Considering the average heights for each month, the proposed
methodology considers that all formaldehyde registered in an atmospheric column is
homogeneously distributed below the PBL. In this manner, the concentration per unit area
(mol/m?) can be converted to a concentration (C;) of per unit volume (mol/m?3). Using
the ideal gas law, it was possible to find the total molar concentration of air (Ci1) and,
dividing one concentration by the other (C;/Ciya1), the mixing ratio of formaldehyde inside
the PBL is determined. The air temperature and atmospheric pressure data entered in the
ideal gas law were obtained locally at INMET meteorological stations.

3. Results
3.1. Annual and Seasonal Statistics

For each analysis window, the number of days with valid columns retrieved in the
year, the annual mean concentration of formaldehyde and the standard deviation of the
concentrations were calculated. On average, the data covered 193 days of the year, with a
total of 3677 validated daily average columns distributed over the 19 analysis windows. To
study the statistical similarity among the windows, analysis of variance (one-way ANOVA
and confidence interval = 95%) and Tukey’s test (for pairwise comparisons) were applied
(Table 1).

Observing the annual means of the columns, it can be seen that the concentration of
formaldehyde in the MASP windows is higher than those calculated for all other areas of
interest, exceeding 2 x 10~% mol/m? in seven of the ten analysis windows. The three win-
dows below this mark were the furthest away from the densely urbanized area: Aeroporto
de Guarulhos, which still presented a concentration very close to those registered in the
other windows; and Morro Grande 1 and 2, delimited over the Atlantic Forest reserve, with
1.69 + 1.05 x 10~ mol/m?2 and 1.73 + 1.07 x 10~% mol/m?, concentrations that are closer
to those recorded for the three other areas of interest than for MASP. It is also noted that
the windows of the Morro Grande reserve showed greater statistical similarity with all
the windows outside MASP (with all the locations that received the letters B, C, D, E or
F) than with three inside the same (Zona Leste, Campo Limpo and Mirante de Santana,
which received the letter A). Thus, despite its proximity to the urban area, the reserve
suffered little influence from anthropogenic emissions from the Metropolitan Area of Sdo
Paulo, showing greater statistical similarity with PEMD, PETAR and NERG. It can also be
observed that these three areas of interest showed no significant difference between them
(all received the letter F), indicating that the annual mean concentrations of all of them are
statistically equal.
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Table 1. Number of days with valid data, annual arithmetic mean and standard deviation of HCHO
columns (12 p.m.—4 p.m. local time, from January to December 2020) and Tukey’s test results for each
analysis window. Windows with the same letter in the Tukey’s test result presented statistically equal
mean HCHO concentrations.

Analysis Window Days with Data HCHO (10~* mol/m?) Tukey’s Test Result
Zona Leste 181 220+1.31 A
Campo Limpo 185 219+1.22 A
Mirante de Santana 201 218 +1.24 A
Parque CienTec 193 2.13+1.37 AB
Maua 180 2114132 ABC
Osasco 204 2.08+1.24 ABC
Barueri 203 2.05+1.18 ABCD
Guarulhos 196 198 +1.13 ABCDE
Morro Grande 2 168 1.73 £1.07 BCDE
Morro Grande 1 170 1.69 +£1.05 CDEF
PEMD 3 206 1.67 +£1.05 DEF
NERG 2 241 1.64 +1.06 EF
NERG 3 246 1.62 +£1.09 EF
PEMD 2 200 1.59 +£1.04 EF
PETAR 2 172 1.56 +1.04 F
PETAR 3 150 1.54+1.19 F
NERG 1 246 1.54 +1.07 F
PEMD 1 195 1.52 +0.962 F
PETAR 1 140 1.51 +£1.03 F

In addition to the annual assessment of the HCHO columns, a seasonal assessment
was carried out in order to find which seasons of the year had the highest and lowest mean
concentrations in each analysis window (Table 2).

Table 2. Mean of the HCHO columns (12 p.m.—4 p.m. local time) for each season of 2020. The number
of days with data is shown in parentheses, and the maximum (yellow) and minimum (green) mean
values are highlighted for each analysis window.

Analysis Window Summer Autumn Winter Spring

(10~% mol/m?) (10~% mol/m?) (10~% mol/m?) (10~% mol/m?)

Zona Leste 1.80 + 0.798 (29) 1.91+1.28 (57) 2.65 +1.50 (61) 221 +1.16 (34)
Campo Limpo 1.89 £ 1.01 (31) 2.10 +£1.22 (43) 2.34 +1.29 (67) 2.26 £1.25 (44)
Mirante de Santana 2.31 £1.20 (36) 1.94 + 1.01 (50) 2.02 £1.19 (69) 2.58 + 1.46 (46)
Parque CienTec 1.89 + 1.06 (30) 1.73 +1.18 (51) 2.31 £1.35(69) 2.48 +1.67 (43)
Maua 1.89+1.11 (31) 1.78 £ 1.04 (45) 2.13£1.27 (63) 2.59 £+ 1.68 (41)
Osasco 1.79 + 1.24 (35) 2.04 £1.25 (53) 1.99 + 1.17 (68) 2.46 £+ 1.29 (48)
Barueri 1.77 £ 1.13 (36) 2.18 £1.31 (48) 1.99 + 0.986 (68) 2.20 £1.30 (51)
Guarulhos 1.71 £ 1.02 (33) 1.72 +0.982 (50) 2.14 £ 1.06 (64) 2.23 +1.34 (49)
Morro Grande 2 1.54 +1.04 (30) 1.49 +0.977 (43) 1.92 + 0.989 (63) 1.88+1.33 (32)
Morro Grande 1 1.38 + 0.845 (29) 1.57 +0.972 (50) 1.82 + 1.04 (58) 1.92 + 1.27 (33)
PEMD 3 1.24 + 0.887 (48) 1.73 £ 0.965 (45) 1.77 £ 1.06 (62) 1.90 £ 1.17 (51)
NERG 2 1.05 + 0.755 (54) 1.67 +0.986 (54) 1.89 + 1.16 (76) 1.84 +1.06 (57)
NERG 3 1.04 + 0.533 (50) 1.43 +0.785 (54) 1.88 +1.19 (80) 1.90 + 1.32 (62)
PEMD 2 1.18 + 0.925 (45) 1.57 £ 1.09 (44) 1.79 £+ 1.10 (63) 1.71 £ 0.947 (48)
PETAR 2 1.35 + 0.821 (38) 1.42 +0.955 (44) 1.62+1.10 (52) 1.82 +1.22 (38)
PETAR 3 1.23+1.13 (34) 1.24 +1.00 (35) 2.00 £+ 1.19 (50) 1.47 +£1.28 (31)
NERG 1 0.948 £ 0.615 (52) 1.44 +0.882 (60) 1.78 £ 1.22 (69) 1.84 + 1.16 (65)
PEMD 1 1.19 + 0.871 (45) 1.56 + 0.720 (38) 1.74 + 1.07 (65) 1.52 +0.998 (47)
PETAR 1 1.24 +0.770 (29) 1.66 + 1.23 (33) 1.66 + 1.03 (43) 1.42 +0.987 (35)

It is observed that the lowest seasonal averages occur mostly in summer (wet season)
for almost all analysis windows, except for Mirante de Santana, Parque CienTec, Maua
and Morro Grande 2, with minimums in autumn. On the other hand, the highest seasonal
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averages were between winter and spring (dry season) throughout the state, but with a
predominance in spring over the MASP (except for Campo Limpo, Zona Leste and Morro
Grande 2). This high seasonality is even more visual when analyzing Figure 4, with HCHO
columns retrieved on 26 January (wet season) and 13 September (dry season) plotted on
the Sao Paulo State map.
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Figure 4. Satellite HCHO data (12 p.m.—4 p.m. local time) in Sao Paulo State: (a) 26 January 2020
(summer) and (b) 13 September 2020 (winter-spring). The black squares indicate the locations of the
four areas of interest shown in Figure 2.

With the eight analysis windows on the densely urbanized region of the MASP, graphs
were produced with the daily variation of HCHO concentrations throughout 2020 (Figure 5).
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Figure 5. Daily HCHO mean columns (12 p.m.—4 p.m. local time) located in the MASP analysis
windows throughout 2020.
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It is noted that the summer months presented low concentrations and smaller variance
between maximums and minimums, while the situation is opposite in the winter months,
with high concentrations and greater dispersion between very concentrated days and less
concentrated days. It is also possible to observe that the months of September and October
presented the most concentrated HCHO columns, which may be related to the plume of
pollution from the fires that occurred in the Brazilian Pantanal in these same months of
2020 [67-69]. Some episodes of high concentration can be observed, such as those that
occurred on 12 March and 6 October. They repeated this in different analysis windows,
which highlights the high spatial extent of these episodes. With the daily data from the
other areas of interest, it was observed that other days also showed high concentrations
of HCHO, such as 28 September for the PEMD and 13 September for the NERG. To study
these episodes in more detail, four case studies were conducted.

3.2. Case Studies

The episode of high concentration of HCHO over NERG, on 13 September, was marked
by many fire outbreaks in the region, indicating that the peak of formaldehyde identified
by TROPOMI had, mainly, pyrogenic sources (Figure 6).

Data from INPE’s Queimadas Program indicated several fires that occurred north-
east of the NERG on this day, in rural areas near the municipalities of Igarapava and
Miguel6polis, in the state of Sdo Paulo, and Uberaba, in the state of Minas Gerais. Using
NOAA’s HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model, the
backtrajectory of air masses was performed to the NERG area at a height of 500 m at 5 p.m.
UTC on 13 September. Figure 6 shows that the air masses arrived from the northeast on
this day, which may have brought pollutants from the fires that occurred nearby.

On 28 September, in the episode over the PEMD, the most likely cause was also pyro-
genic emission but from fires in the Pantanal and in the Paraguayan Chaco region [68,70].
In Figure 7, it was observed that the HCHO columns with high density are not only over
the PEMD but also over the entire west of the state of Sdo Paulo. In this manner, the high
concentrations recorded over the park on that day did not come from its vegetation, but
came loaded from another location. To confirm this hypothesis, the 24 h backtrajectory of
the air masses was again carried out using the HYSPLIT model. It can be seen that the air
masses that arrived at PEMD at 5 p.m. UTC—and, therefore, within the time window of
the TROPOMI passage—came from the southwest, passing through Paraguay. Moreover,
according to the Queimadas Program, there were many active fires in this country on 28
September, indicating that the VOCs emitted by the burnings after being oxidized in the
atmosphere may have caused the increase in formaldehyde column densities in the west of
Sao Paulo State.

The third episode occurred on 12 March over MASP (Figure 8). The CETESB Air
Quality Report [38] explains that, during this period, the state of Sdo Paulo was under the
action of a high pressure system (anticyclone), which prevented the entry of cold fronts,
with high temperatures and high incidence of solar radiation. Associated with this, 2020
had the driest month of March in the last 36 years [38]. These conditions, combined, favored
the secondary production of formaldehyde and, consequently, also of tropospheric ozone,
with several exceedances of the established air quality standard. The 8 h average of hourly
ozone concentrations reached values above 168 pg/m?> on this day, with the standard being
140 pg/m3. During the spring of 2020, there were 33 days with exceedances of the standard,
while there were four exceedances during the summer, during the autumn there were 14 (9
being in March) and only one during the winter [38].
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Figure 6. Data for 13 September from (a) INPE’S Queimadas Program, where the red dots represent
fire outbreaks; (b) TROPOMI's vertical columns of formaldehyde (12 p.m.—4 p.m. local time); and (c)
HYSPLIT’s backtrajectory of air masses to the NERG area. The black squares indicate the locations of
the four areas of interest showed in Figure 2.
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Figure 7. Data for 28 September from (a) INPE’S Queimadas Program over Paraguay; (b) TROPOMI'’s
vertical columns of formaldehyde (12 p.m.—4 p.m. local time); and (c¢) HYSPLIT’s backtrajectory of
air masses to the PEMD area. The black squares indicate the locations of the four areas of interest
showed in Figure 2.



Remote Sens. 2022, 14, 3032

11 of 17

23°5 4

24°5 -

25°5 -
52PW  B0°W  48°W  46°W  44°W

HCHO

(mol/m?) § 2x10  4x10~  6x10~  8x10~*

Figure 8. Vertical HCHO columns (12 p.m.—4 p.m. local time) over Sao Paulo State on 12 March. The
black squares indicate the locations of the four areas of interest shown in Figure 2.

Finally, the last episode included two days of high densities in the MASP: 5 and 6
October. This episode caused the highest mean column in more than a half of the analysis
windows in this area of interest—Barueri, Mirante de Santana, Parque CienTec, Aeroporto
de Guarulhos, Maua and Morro Grande 1—which shows its great spatial and temporal
amplitude (Figure 9).
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Figure 9. Vertical HCHO columns (12 p.m.—4 p.m. local time) over Sdo Paulo State on (a) 5 October
and (b) 6 October. The black squares indicate the locations of the four areas of interest showed in
Figure 2.

The maps with HCHO columns for these days reveal high concentrations over the
entire state, demonstrating the influence of meteorology and, possibly, also of the fires
that occurred in the Pantanal, but with more concentrated spots over the metropolitan
region, indicating that there was, in addition to favorable weather conditions, also strong
anthropogenic emissions. The 5th and 6th of October, and also the 12th of March, were
weekdays, with more intense traffic in the city and greater anthropogenic emissions of
HCHO precursors by mobile sources.

4. Discussion

The results shown in Table 1 were compared with those found in studies conducted in
urban and forest areas in other countries. Mean values were reported in molecules/cm?,
but they are presented here in mol/m? Using the average of the vertical columns of HCHO
recorded between 2006 and 2015 by the OMI instrument onboard NASA’s Aura satellite,
Wang et al. [71] found concentrations close to 1.6 x 10~* mol/m? in the southeastern
United States, especially in regions near the Ozark Mountains, characterized by the dense
cover of oak forests and high temperatures. High isoprene emission rates, associated with
anthropogenic emissions related to oil and gas extraction, were identified as possible causes
of the retrieved HCHO densities.

Moreover, using OMI data, Zhang et al. [48] studied formaldehyde columns over the
Amazon, which is the largest rainforest in the world. It is the greatest emitter of biogenic
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VOCs, especially isoprene, but it has also been an important source of pyrogenic pollutants,
particularly in a region called “Arc of Deforestation” [16]. Data from January 2005 to
December 2010 were used, and the results were separated into two groups: one only with
days in which there were no fires and the other with all days sampled. Disregarding
the days when there were fires, the average density of the HCHO columns was around
1.7 x 10~* mol/m?, while considering the entire period, this density rises to more than
2.0 x 10~* mol/m2.

Finally, using data from three satellite instruments, SCTAMACHY (Envisat), OMI
(Aura) and GOME-2 (MetOp-A), Shen et al. [11] studied HCHO densities over China. The
highest concentrations of HCHO were identified between the months of May and Septem-
ber; thus, the work focused on these months. The columns retrieved by satellites followed
the distribution pattern of anthropogenic production due to the dense urbanization and
intense industrial activity in the regions of the megacities Beijing, Shanghai, Wuhan and
Hong Kong, in which the columns approach a concentration equal to 3.0 x 10~% mol/m?.
Biogenic production also plays an important role in Southern China, and it is the main
source in some regions.

Forest or agricultural areas in Sdo Paulo State (PEMD, PETAR, NERG and Morro Grande)
showed concentrations close to those recorded in the southeastern United States [71] and
in the Amazon on days without records of fire outbreaks [48]. On the other hand, the
densities registered in the most densely urbanized area of the MASP were below those
measured in Chinese megacities, probably due to the difference in the typology of sources:
predominance of industrial sources in China and mobile sources in Sdo Paulo.

The results shown in Table 2 are in accordance with a study by Nogueira et al. [37],
which used surface formaldehyde measurements, from 2012 to 2016 in the Metropoli-
tan Area of Sdo Paulo, and found smaller average concentrations during the autumn
(3.5 £ 1.0 ppbv) and higher during the winter (4.3 £ 1.4 ppbv). It is important to note that
surface measurements perform sampling during 24-hour periods, while satellite measure-
ments sample a single moment of the day in the time window between 12 p.m. and 4 p.m.
local time. In order to enable the quantitative comparison between the results, the smallest
(1.71 £ 1.02 x 10~* mol/m?) and the highest (2.65 4- 1.50 x 10~* mol/m?) values for MASP
in Table 2 were taken, disregarding the reserve of Morro Grande, and the conversion was
made to ppbv, finding the values 2.9 &+ 1.7 ppbv and 4.5 + 2.5 ppbv, respectively. Thus,
satellite data presented high reliability after the proposed conversion, with results that
achieve the same order of magnitude as surface measurements.

Formaldehyde can cause adverse effects on human health at mixing ratios greater than
0.1 ppm, such as eye, nose, throat and skin irritation; effects on the nervous system and
lung function; and headache and some types of cancer [13,72]. In Sdo Paulo State, external
HCHO concentrations rarely exceed 0.025 ppm [36]. Nevertheless, monitoring HCHO in
outdoor environments remains necessary to identify episodes of peaks in its concentrations;
estimate biogenic, anthropogenic and pyrogenic VOC emissions; and monitor the adverse
environmental effects that can be caused by this constituent [30].

Another study, carried out with data measured on the surface in 2002 by Pinto and
Solci [65] in Londrina, a city in southern Brazil, found the same seasonal pattern of con-
centrations, with 4.11 & 0.97 ppbv during summer and 5.07 & 2.09 ppbv during winter.
With an interval of 18 years between this study and the present work, the main difference
lies in the technological advance applied to the automotive industry, since PROCONVE
was in the L3 and P4 phases in 2002, with a higher limit for the emission of aldehydes and
hydrocarbons, and the commercialization of flex-fuel vehicles (designed to be fuelued with
gasohol, ethanol or any blend of the two) had not yet started in Brazil, which began in
2003 [73].

Observing Figure 9, a gap in the data can be observed in the first half of April,
corresponding to the corrupted files that could not be read by the processing software.
The year 2020 was marked by the COVID-19 pandemic; however, the low number of data
for April should not be confused with the effects of the reduction in emissions caused
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by social isolation and restrictions on mobility. In the state of Sdo Paulo, although the
population initially adhered to the recommendations of limiting circulation in public spaces
(with a reduction of 75 to 80%), overtime, this adherence decreased, causing a partial
lockdown, with low impact on emissions of atmospheric pollutants [74]. The changes
observed in the HCHO columns between 2019 and 2020 in southeastern Brazil were
caused by weather conditions (lower air temperature) and they were not influenced by the
pandemic [75]. In addition, pollutants with standards established by Brazilian legislation,
such as tropospheric ozone, did not show a substantial reduction in their concentrations
when comparing the years 2019 and 2020 [76].

5. Conclusions

Vertical formaldehyde columns, monitored remotely by the TROPOMI spectrometer,
were used to study atmospheric chemistry conditions in four areas of interest in Sdo Paulo
State throughout 2020, covering urban and forest regions. This was the first work to
study the atmospheric concentrations of HCHO in the state of Sdo Paulo through satellite
observations.

The summer and autumn months had the lowest mean concentrations of formaldehyde
(minimum = 0.948 4 0.615 x 10~# mol/m?), while the winter and spring months had the
highest ones (maximum = 2.65 + 1.50 x 10~* mol/m?). This was due to the precipitation
regimes, temperature, photochemical activity of the atmosphere and seasonality of fires in
the state and nearby. Such results agree with studies carried out with surface measurements,
including with respect to the magnitude of concentrations, after carrying out the conversion
of units proposed in the methodology of this work.

By performing statistical procedures such as analysis of variance and Tukey’s test,
it was found that the analysis windows located on the densely urbanized area (MASP)
differed from the windows selected on the other areas of interest, which showed no
significant difference between them. The analysis windows on the Morro Grande reserve,
despite its proximity to the MASP, had HCHO columns significantly less concentrated
than those identified on the urban area, which were more similar to the other forest areas,
with preserved Atlantic Forest and a predominance of secondary formaldehyde from the
oxidation of isoprene.

September and October, the months that presented the most concentrated formalde-
hyde columns, seemed to be related to the driest period of the year and to the high number
of fires registered by the INPE monitoring, especially in the north of the state. In addition,
most of the highly concentrated columns in the MASP occurred during weekdays, with
greater vehicle circulation and, therefore, higher emissions from fuel burning, mainly
including ethanol and gasohol.

Comparison with other studies that also used satellite-monitored HCHO columns
showed that the densities observed in forest areas in the state of Sdo Paulo presented
magnitudes close to those recorded in the Amazon for days without fire and that those
observed in the urban areas of the MASP were below those identified in other megacities,
possibly due to the reduction in the emission of HCHO and hydrocarbons from mobile
sources promoted over the last few years by the PROCONVE program.
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