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• Biomass burning was the dominant
source of DOC in rainwater.

• The wet deposition flux of DOC was 44%
higher than the publishedworld average.

• Volatile dissolved organic carbon com-
prised up to 53% of the DOC in rainwater.

• DOC in rainwater appeared to be mostly
labile and rapidly bioavailable.
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This work presents the first comprehensive study of DOC in rainwater in a tropical agro-industrial region in
central São Paulo State. The DOC concentrations ranged from 15 to 4992 μmol C L−1, with an overall volume
weighted mean (VWM) of 288 ± 17 μmol C L−1 (n = 881). The number of fire spots accumulated within each
year of this study was positively correlated to the VWM concentration of DOC in rainwater. During the whole
study period, higher VWM DOC concentrations were found during the dry months, despite the phasing out of
agricultural fires in sugar cane plantations. The evidence suggested that inputs of atmospheric soluble organic
carbon from biomass burning exceeded those from vehicular fuel combustion and biogenic sources. In most
cases, dilution of DOC according to precipitation volume was minimal, showing that in-cloud processes were
dominant for this species. In contrast, most of the volatile dissolved organic carbon (VDOC) appeared to be re-
moved from the atmosphere in the first milliliter or so of rain, showing a dominance of below-cloud scavenging.
VDOC contributed a significant fraction of the DOC for 62% of the samples analyzed, ranging from 5.1 to 488
μmol C L−1 (n = 552). The average wet deposition flux of DOC was 49 kg C ha−1 yr−1, with VDOC accounting
for 10% of the total. This dissolved carbon flux is higher than the estimated world average (34 kg C ha−1 yr−1).
The DOC in the rainwater was mostly labile (75% on average) and rapidly bioavailable (within days to weeks),
in contrast to refractory dissolved carbon found in rainwater from regions where fossil fuel combustion is the
dominant source. The findings of this work indicate that biomass burning can lead to important atmospheric in-
puts of readily available organic matter to land and to the open ocean.
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1. Introduction

The atmosphere is an important reservoir of carbon that plays a key
role in global radiative forcing. Atmospheric organic carbon (OC)
originates from multiple sources. On a global scale, biogenic emissions
are themost significant source category, consistingmainly of volatile or-
ganic carbon (VOC) emitted by vegetation (dominated by isoprene and
monoterpenes), together with particles such as pollen, fungal spores,
and plant debris released into the atmosphere (Kanakidou et al., 2012).

Regionally, anthropogenic emissions of OC due to fossil fuel combus-
tion can overwhelm natural sources, especially in highly urbanized re-
gions (Wang et al., 2016). Biomass burning, as either a natural (10%)
or intentional (90%) process, is an important source of atmospheric OC
(including volatile species), especially in the tropics (Iavorivska et al.,
2016). In such regions, fire is intensively used for deforestation, land
clearance for temporary cultivations, and removal of dry vegetation to
improve productivity. It has been estimated that globally, wildfires con-
tribute to an amount of carbon equivalent to about 20% of the fossil fuel
carbon emitted to the atmosphere, although the increasing demand for
food, together with changes in the global climate,may increase the con-
tribution of biomass burning in the near future (Keywood et al., 2013).

Since the early 1990s, emissions of gases and particles to the atmo-
sphere due to biomass burning have been linked to ozone formation,
changes in tropospheric chemistry, and impacts on climate (Crutzen
and Andreae, 1990). In the past decades, numerous studies have
shown that primary smoke particles and secondary organic aerosols
affect the number of cloud condensation nuclei, cloud droplet size,
and precipitation (Kanakidou et al., 2012, and references therein).
Clouds are important in controlling the Earth's heat balance, so large-
scale changes in their properties are likely to strongly affect the climate.
Secondary particles can be formed by condensation of VOC molecules
that contain multiple functional groups. The primary VOC compounds
emitted can also be oxidized during photochemical processes in the
atmosphere, forming less volatile species that are subsequently trans-
formed into solid-phase particles (Hallquist et al., 2009).

Kanakidou et al. (2012), using a tridimensional global model, esti-
mated that annually 1108 Tg C (values reported in the literature range
from 427 to 1371 Tg C yr−1) are transferred to the atmosphere as gas-
eous and particulate OC. Approximately 90% of this carbon is in the
form of VOC and 10% is in the particulate organic form. Atmospheric
OC species are removed from this compartment by means of wet pre-
cipitation (60%) and dry deposition (40%). Of the total amount of OC
emitted, 489 Tg C yr−1 are deposited back onto the Earth's surface as
soluble OC (dissolved organic carbon – DOC), leading to a deposition
of about 50% onto land and 50% into the ocean. The remaining OC emit-
ted is transformed in the atmosphere into secondary organic products,
carbon monoxide, and ultimately carbon dioxide.

In an earlier study, Raymond (2005) suggested that the net transfer
of continental OC to the ocean could be close to zero, considering the
exchange fluxes between the two ecosystems. However, this calculation
could underestimate the terrestrial transfer of organic carbon, because it
assumed an average concentration of dissolved organic carbon (DOC) in
continental rainwater of 90 μmol C L−1, which is well below the global
continental average of 239 μmol C L−1, estimated by Iavorivska et al.
(2016).

The concentration of DOC in rainwater can be highly variable, both
spatially and temporally, and biomass burning emissions are especially
associated with the southern hemisphere, where the paucity of data on
rainwater DOC is notorious. Several studies have noted that global esti-
mates of the transfer of atmospheric organic carbon to the Earth's sur-
face have large uncertainties, due to a lack of knowledge concerning
DOC in precipitation (Iavorivska et al., 2016, and references therein).
Terrestrial inputs of bioavailable organic carbon to fuel oceanic primary
productivity are a subject of increasing interest (Hansell et al., 2004).
However, in order to improve understanding of the role of wet deposi-
tion of DOC to terrestrial and marine ecosystems, it is essential to
investigate the sources, concentrations, and reactivity of the organic
matter present in rainwater, especially in the southern hemisphere.

This study was conducted in an agro-industrial region of São Paulo
State (Brazil), where sugar cane plantation and processing is the main
economic activity. Brazil is the world leader in sugar cane production,
and about half of the total is used to produce ethanol fuel (UNICA,
2016; FAO, 2017). Vehicular ethanol fuel has been produced in Brazil
since the 1970s and is used either directly or as a gasoline additive
(23–28%, v/v; Anderson, 2009). Since 2013, approximately 88% of all
light duty vehicles in Brazil have been producedwith dual-fuel technol-
ogy, enabling the use of any proportion of gasoline and ethanol. The
high internal and external demand for ethanol fuel has resulted in a
doubling of the area planted with sugar cane in Brazil in the past
10 years or so, reaching over 10 million ha in 2016 (IBGE, 2016).

Prior to 2006, sugar cane harvesting was performed exclusively
usingmanual labor, requiring burning of the plant foliage before cutting
in order to protectworkers from injuries and increase productivity. Sub-
sequently, a mechanized process, which does not require the use of fire,
has progressively substituted manual harvesting, reaching about 91% of
the planted area in São Paulo State in 2016 (SMA, 2016). It is important
to point out that the law that imposes phasing-out ofmanual harvesting
only applies to São Paulo State, which accounts for around 50% of the
country's sugar cane production. Remote sensing data show that fire
in rural regions of Brazil and in the savanna biome is still very common,
either for expansion of agriculture and pasture, or for removal of waste
and renewal of agricultural areas (INPE, 2017).

In the past decade, the study region has experienced a major shift in
agricultural practices, while at the same time there has been important
regional economic growth, resulting in increases in the number of in-
habitants and the size of the vehicle fleet. The temporally-resolved as-
sessment of DOC in rainwater can provide important information
about the sources of carbon emissions to the atmosphere, aswell as pos-
sible shifts over time.

The aims of this work were to identify the main regional sources of
organic carbon emissions, calculate the wet deposition fluxes of dis-
solved organic carbon, and evaluate its bioavailability. This is the first
long-term assessment of DOC and volatile dissolved organic carbon
(VDOC) in rainwater from a Brazilian region where fire is a common
practice in agricultural management. The use of fire in farming is part
of the culture of several countries of Latin America and Africa, so the
data provided here can serve as a basis for improving regional and glob-
al carbon cyclemodels. Keywood et al. (2013) drew attention to the fact
that extreme weather events associated with a warming climate are
likely to increase wildfires (such as those seen in the western United
States, Australia, and Portugal), so it is imperative to improve under-
standing of the impacts of biomass burning on global atmospheric
chemistry.

2. Experimental

2.1. Collection sites and meteorological information

The rainwater sampling sites were located on the UNESP and USP
campuses in the municipalities of Araraquara (AQA) (21°47′37″S,
48°10′52″W) and Ribeirão Preto (RP) (21°10′42″S, 47°48′24″W), re-
spectively. Both sites were around 1 km distant from extensive sugar
cane plantations (Fig. 1).

AQAandRPwere chosen for this study because they are both located
within the sugar cane belt of the State and their main economic activi-
ties are based on sugar cane plantation and processing. Although they
have different populations, which could influence organic carbon emis-
sions (AQAhas 228,000 inhabitants and RP has 674,000; IBGE, 2016), as
this time series evolved, it became clear there were no significant
differences between the rainwater DOC concentration ranges or aver-
ages for the two sites. Nevertheless, sample collectionsweremaintained
at both sites in order to obtain a larger data set and enable a more



Fig. 1.Map of Brazil with a zoom showing the areas planted with sugar cane in São Paulo State and the sampling locations in Ribeirão Preto (RP) and Araraquara (AQA).
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comprehensive study. The twomunicipalities have a typical tropical cli-
mate with a dry season from April to September, and a rainy (warmer)
season from October to March. There is a small average temperature
gradient between summer and winter (~5 °C). The sugar cane harvest
period usually extends from April to November each year, but harvest-
ing is most intense between July and October, coincidingwith the driest
months. Annual average rainfall depths are very similar at the two loca-
tions: 1430 mm (AQA) and 1422 mm (RP), with approximately 80% of
the rain volume falling during the rainy season (CEPAGRI, 2016).

2.2. Sampling

Rainwater samples were collected from July 2004 to December 2016
(n = 881), using a wet-only automatic collector. The collector was
maintained closed in the field and would only open when the first
drops of rain reached the sensor. When the event finished, the sensor's
heating system provided rapid evaporation of the remaining drops on
its surface, automatically closing the funnel. On some occasions (n =
38), an additional sampling system was set up in parallel in the field
and the collection bottle was withdrawn after the first 1 mm or so of
rainwater. Samples were removed from the sites immediately after pre-
cipitation events or in the early morning if the rain event occurred
overnight.

The glass bottle and funnel used to collect the rainwater were
replaced by a clean set after each event, and before use were
decontaminated with Fenton solution (1.0 mmol L−1 Fe2+ and
100mmol L−1 H2O2), as described by Campos et al. (2007). The rainwa-
ter was filtered immediately after collection and stored at 5 °C for no
longer than 3–4 days. Until 2014, filtration was performed using 0.7
μmglassfibermembranes (Millipore) that had been previously calcined
at 450 °C for 6 h. Subsequently, filtration was performed using polye-
thersulfone membranes (0.2 μm) to enable different types of analyses.
DOC concentrations were measured in 13 samples after filtration
using both membranes, and the results were not statistically different
(t-test, P = 0.05). The membrane cleaning procedure consisted of pass-
ing ~30 mL of ultrapure water and ~20 mL of rainwater, which were
discarded. The membrane blank values were periodically checked, and
no significant DOC leaching was observed after the cleaning process.

2.3. Chemical analysis

The concentrations of different forms of dissolved carbon in rainwa-
ter were determined by high temperature combustion, using a
Shimadzu TOC-5000A total organic carbon analyzer with a normal sen-
sitivity catalyst. Details of the determination, including blank checks,
limits of detection, and precision can be found in Campos et al.
(2007). Briefly, the DOC determination consisted of two steps, with
quantification of total carbon (TC) followed by inorganic carbon (IC).
In the present work, particulate carbon was removed by filtration, so
TC corresponded to the total dissolved carbon. TC was measured using
high temperature catalytic oxidation, with conversion of all the organic
matter and inorganic carbon to CO2. The determination of IC involved
acidifying and purging a new sample aliquot, without the catalytic oxi-
dation step. Although volatile organic carbon was eliminated during
this purging procedure, only CO2 could be detected and measured by
the infrared sensor. Since the samples were previously filtered, the
difference between TC and IC corresponded to the dissolved organic
carbon fraction (DOC).

VDOC was routinely measured from 2008 onwards (n = 552). For
the determination of this species, another sample aliquot was firstly
acidified and purged during 10 min to allow all the inorganic and vola-
tile carbon to be lost to the atmosphere. The remaining non-purgeable
organic carbon (NPOC) was detected by injecting an aliquot into the
combustion tube. VDOC was then quantified as the difference between
DOC and NPOC. Several studies have used only this last measurement
and assumed that NPOC was equal to DOC, which may not always be
true, especially for low volumes of rain (Campos et al., 2007; Avery
et al., 2009).

Individual aqueous standard solutions of ethanol, acetaldehyde, and
formaldehyde were submitted to the purging system of the TOC equip-
ment in order to measure the loss of volatile dissolved carbon species.
The standard procedure for measurement of NPOC involves purging
the sample for 10 min after acidification to pH 3. However, in this
study, longer purging times were used to evaluate whether there
would be further removal of VDOC. The ethanol concentration was
monitored by DOC and NPOC measurements, and the acetaldehyde
and formaldehyde solutions were analyzed by high performance liquid
chromatography (Mopper and Kieber, 1990). The equipment used was
a Shimadzu LC 20AT Prominence, equipped with a diode array detector
and a C-18 column (Gemini, 5 μm, 150 × 4.60 mm, from Phenomex)
maintained at 40 °C. The mobile phase was a mixture of acetonitrile
and water (45:55) at a flow rate of 1 mL min−1. The injection volume
was 40 μL and the wavelength of detection 360 nm.
2.4. Air mass trajectories and data treatment

To evaluate the variability of the DOC concentrations according to
wind direction, three-day air mass back-trajectories arriving at 100,
500, and 1000 m above ground level (NOAA HYSPLIT, 2017) were
used to classify the samples according to the quadrants N-E, S-E, S-W,
and N-W. This evaluation was performed with all the data for samples
collected from 2013 to 2016, when manual sugar cane harvesting in
São Paulo State (preceded by fire) was reduced to 25–15%.



Fig. 3. Annual or biannual VWM DOC concentrations in rainwater samples. Typically, the
harvest period was from April to November and the non-harvest period was from
December to March. The number of samples (n) for each period is given in the graph.
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Themean values of DOC and the standard deviations in a given peri-
od were calculated using the volume weighted mean (VWM; Hu and
Balasubramanian, 2003; Mullaugh et al., 2011). The VWM calculation
considers the sum of the number of mols for a set of rain events and
divides by the total rain depth of the corresponding period, hence
accounting for the influence of rain depth within different seasons,
years, and parts of the world. Deposition fluxes were calculated based
on the VWM and the historical rainfall depths. Comparison of the
means of different sets of samples employed two-tailed t-tests with a
significant level of 95% (Miller and Miller, 2010).

2.5. Bioavailability

The bioavailability of the organic carbon in the rainwater was evalu-
ated by firstly measuring DOC and VDOC in a filtered aliquot shortly
after the rain event. The remainder of the non-filtered sample was
split into several 20 mL aliquots, which were stored in amber bottles
in the dark, at room temperature (~25 °C), for up to 36 days. Each ali-
quot retrieved was filtered (0.2 μm) prior to analysis of DOC and VDOC.

3. Results and discussion

3.1. Dissolved organic carbon in rainwater

The DOC concentrations in a total of 881 rainwater samples spanned
3 orders of magnitude, from 15 to 4992 μmol C L−1, with the highest
values found during the driest months of the year (Fig. 2). The overall
volume weighted mean (VWM) concentration and standard deviation
for the whole period was 288 ± 17 μmol C L−1. This value is above
the weighted average DOC concentration reported for the Amazon re-
gion (159 μmol C L−1; Williams et al., 1997) and above the estimated
global mean of 239 μmol C L−1 (Iavorivska et al., 2016).

The number of dry days before the rain event had no correlation
with the DOC concentration. For instance, one of the highest peaks
of DOC (4026 μmol C L−1; 02/Oct/2011) was preceded by 11 days of
drought, while another event of the same magnitude (7.1 mm; 19/
Sep/2012) was preceded by 62 dry days, and the DOC concentration
was about 3 times lower (1419 μmol C L−1). There was also no linear
correlation between rainfall amount and DOC concentration, indicating
an irregularmajor source of organic carbon (aswill be discussed below).
Considering a narrow precipitation range from 6.6 to 7.1 mm (a typical
local rain amount), the variability of the DOC concentrations for the 16
samples spanned two orders of magnitude, with values from 28 to
4026 μmol C L−1.

Despite the decrease in sugar cane burning since 2006, the yearly
DOC VWM values did not show any clear trend over the years, with
Fig. 2. DOC concentrations in rainwater samples collected from July 2004 to December
2016 (n = 881).
the coefficient of variation for both seasons ranging from 11 to 44%
(Fig. 3). Moreover, a significant difference between dry/harvest and
wet/non-harvest periods was maintained for the whole time series (t-
test, P = 0.05). Considering the historical rainfall and the weighted
mean concentration for each season, the estimated deposition fluxes
were 2.5 g C m−2 in the harvest/dry period and 1.9 g C m−2 in the
non-harvest/wet period. These fluxes showed that despite the lower
precipitation amount (38%) during the harvest/dry period, the inputs
of organic carbon resulted in significant fluxes of dissolved carbon dur-
ing this season.

Bordering the northern part of São Paulo State is the Savanna biome
that often experiences fire (natural and manmade), especially for the
expansion of cultivations (including sugar cane) or pasture, adding sig-
nificant amounts of organic carbon to the atmosphere (Ciglasch et al.,
2004; Boian and Kirchhoff, 2006). In 2015, the area of Savanna burnt
was 323,496 km2, and the States bordering São Paulo (Goiás, Mato
Grosso do Sul, and Minas Gerais) together had 22,795 fire spots detect-
ed (reference satellite; INPE, 2017).

The fact that many fire spots were still detected in the study region
can explain the maintenance of the seasonal variation during the
whole study period (Figs. 3 and 4). The overall DOC VWMconcentration
found for each year showed a significant correlation (t-test, P = 0.05)
with the number of fire spots detected in the same year (reference sat-
ellite; INPE, 2017). The fire spots were calculated for the area defined by
a radius of 600 km, centered at Ribeirão Preto, corresponding to a wind
speed of 8.3 km h−1 (typical in this region) during a 3-day period. The
significant correlation between DOC in rainwater and the number of
fire spots provides further evidence suggesting substantial emissions
Fig. 4.DOC concentrations in rainwater according to the number offire spots accumulated
per year within an area defined by a radius of 600 km, centered at Ribeirão Preto, from
2004 to 2016.



Fig. 6. VDOC concentrations in rainwater samples (n = 340).

Fig. 5. (A)DOC concentrations in rainwater, according towind direction (data from2013 to 2016), and (B) VWMconcentrations ofDOC according to the seasonof the year (data from2004
to 2016). The number of samples (n) is given in the graph.
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of soluble organic carbon from agricultural burning and wildfires. The
great influence of biomass burning on the chemical composition of the
troposphere in the study region has been previously recognized by
our group, based on measurements of levoglucosan (a specific biomass
burning tracer) in atmospheric particulate matter (Urban et al., 2012,
2016). Additionally, rural fires have been identified as one of the most
important factors affecting the levels of dissolvedmajor ions in rainwa-
ter, as well as potassium concentrations in fine aerosol (Coelho et al.,
2011; Souza et al., 2017).

Besides vegetation burning in the field, another important source of
organic carbon emissions in the study region is the combustion of bio-
mass residue (bagasse) formed after crushing the sugar cane. Thismate-
rial is used by the industry to fuel sugar cane and orange processing (the
latter occurring mostly during the wet months). The bagasse surplus
can be so plentiful that it is also used in thermoelectric power plants.
This means that although sugar cane leaves are not burnt in the field,
the cellulosic material present in the cane remains an important source
of biomass burning emissions, which can explain the presence of specif-
ic chemical tracers (such as levoglucosan) in the atmosphere during the
wet months (Urban et al., 2014, 2016).

In order to investigate possible spatial variability in the sources of
emission of organic carbon, precipitation events from 2013 to 2016
were classified according to 3-day air mass back-trajectories. The
prevailing winds were found to be from the N-E (35%) and N-W (17%)
directions, corresponding to a more variable range of DOC concentra-
tions, compared to the S-W and S-E wind directions, which were
much less frequent (~2%; Fig. 5A). Southeasterly air masses passed
over the largest and most industrialized cities of São Paulo State,
which together have around 32 million inhabitants. Nonetheless, it ap-
peared that inputs from vehicular and industrial sources were smaller,
compared to the biomass burning inputs. Previous work in the study re-
gion showed that fossil fuel combustion tracers (such as fluoranthene
and benzo(ghi)perylene) in atmospheric particulate matter presented
no concentration trends during the year (Urban et al., 2016). In contrast,
aerosol collected during the dry months was enriched in retene, a
biomass burning tracer. These findings, added to the ones presented
in this work, evidenced that emissions of soluble organic carbon from
biomass burning overwhelmed those from fossil fuel combustion.

Biogenic emissions of organic carbon may be significant during pe-
riods of vegetation growth in countries with well-defined seasons
(Kieber et al., 2002; Tsigaridis and Kanakidou, 2003). In the study re-
gion, insolation and temperature do not vary substantially during the
year, and biogenic emissions would be expected to be higher during
the summer months, due to greater water availability (Cepagri, 2016).
Nevertheless, our data suggest that biogenic emissions were a minor
source of organic carbon, since the lowest VWM concentration of DOC
was found in the summer (wet)months (Fig. 5B). This corroborates pre-
vious findings by our group showing that concentrations of biomass
burning sugar tracers (levoglucosan, mannosan, and galactosan) were
twice as high in aerosol collected during the winter, compared to the
summer. In contrast, no increases of sugar tracers of biological sources,
such as arabitol and mannitol, were observed during the summer
(Scaramboni et al., 2015; Urban et al., 2014).

3.2. Volatile dissolved organic carbon in rainwater

In this work, significant levels of VDOC (N5 μmol C L−1) were found
in 340 samples, corresponding to 62% of the total number of samples in
which this species was analyzed (n = 552). VDOC concentrations
ranged from 5.1 to 488 μmol C L−1, accounting for up to 53% of the
total dissolved organic carbon present in the samples (Fig. 6). These re-
sults reinforced the previous findings by Campos et al. (2007) showing
that non-purgeable organic carbon (NPOC) cannot always be expressed
as DOC, which could result in substantial underestimation of the
amount of dissolved carbon.

Similar to DOC,most of the volatile carbon concentrations above 100
μmol C L−1 (19 out of 23 data points) were observed during the dry
period, with rain depths for these events ranging from 0.5 to 28 mm.
The annual VWM VDOC concentration was 29 ± 3 μmol C L−1, corre-
sponding to a wet flux of 0.50 g C m−2 yr−1, which accounts for 10%
of the DOC flux. For the dry/harvest period, the concentration was 34
± 4 μmol C L−1 (n = 213), which was significantly higher than for
the wet/non-harvest period (20 ± 2 μmol C L−1; n = 127), indicating
a significant contribution of volatile organic carbon from biomass burn-
ing (t-test, P = 0.05).

Hydrocarbons (mostly alkanes) have been found to be highly abun-
dant in particulatematter from the same study region, especially during



Table 1
Percentage removal of ethanol, formaldehyde, and acetaldehyde from standard solutions
after acidification at pH 3, using different purging times.

10 min 20 min 40 min

Ethanol (100 μmol L−1) 3 14 14
Formaldehyde (0.2 μmol L−1) 6 8 12
Acetaldehyde (0.2 μmol L−1) 11 56 74
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the dry months (Urban et al., 2016). Despite the nonpolar character of
the compounds, the precipitation process may scavenge a proportion
of these molecules into the aqueous phase, contributing to increasing
the volatile organic carbon content of the rainwater. As mentioned
above, there is substantial use of sugar cane bagasse as an industrial
fuel, with the associated emissions being an important source of VDOC
to the atmosphere (Coelho et al., 2008; Urban et al., 2014).

Emissions of volatile carbon frombiological sources could be expect-
ed to be higher during summer, albeit at relatively low levels because
the VDOC volume weighted average concentration for this period
(20.1 μmol C L−1) was less than half the value found for the winter sea-
son (57.2 μmol C L−1).
3.3. Oxygenated low molecular weight dissolved carbon

In Brazil, vehicular ethanol is an important source of volatile carbon
to the atmosphere, due to the extensive use of this fuel. As this species is
highly soluble, it can be scavenged during rain events and contribute to
the volatile fraction of the organic carbon content of rainwater
(Giubbina et al., 2017; Félix et al., 2017). To date, no experimental
tests have been performed to evaluate whether ethanol and correlated
compounds derived from vehicular emissions would be identified as
volatile carbon by the analytical methods commonly used.

The standard procedure involving purging for 10min resulted in re-
moval of only 3% of ethanol, 6% of formaldehyde, and 11% of acetalde-
hyde (Table 1). After purging for 40 min, only acetaldehyde showed
substantial removal from the solution (74% removal). The formation of
hydrogen bonds between ethanol andwatermakes it difficult to volatil-
ize the alcohol. In aqueous solution, 99.9% of formaldehyde is in the
form of a diol (CH2(OH)2), due to its high hydrolysis equilibrium con-
stant (Kh = 2300), so a small loss of this compound was expected dur-
ing the purging procedure (Carey, 1983). In the case of acetaldehyde, an
acidic medium favors its hydration, contributing to its incomplete re-
moval (Carey, 1983). Hence, the volatile carbon detected in the samples
studied could not be attributed to direct biofuel emissions. The sum of
the carbon content corresponding to the average concentrations of eth-
anol, methanol, acetone, acetaldehyde, and formaldehyde in rainwater,
reported in publishedwork,was calculated to be ~24 μmol C L−1, which
is a substantial quantity, considering the average VDOC concentration
(Giubbina et al., 2017; Gonçalves et al., 2010).
Fig. 7. Ratios between the initial concentrations (i) and overall concentrations (t)
3.4. Efficiency of atmospheric removal processes

The efficiencies of removal of atmospheric volatile and dissolved or-
ganic carbon during the same rain event were assessed by comparing
the concentrations of the organic species at the beginning of the event
(i) and for the entire event (t). The ratios between VDOCi and VDOCt

were quite variable and ranged from 0.4 to 12, indicating an efficient
below-cloud scavenging process (Fig. 7). This efficient washout mecha-
nism was in agreement with the findings of Avery et al. (2009) in USA,
where significant VDOC concentrationswere only found in the firstmil-
liliters of rainwater samples. However, in the present work, precipita-
tion as high as 52 mm still showed significant volatile dissolved
organic carbon (29 μmol L−1). The ratios between DOCi and DOCt

were less variable and ranged from 1.0 to 3.4, demonstrating the impor-
tance of the in-cloud process for removal of organic carbon from the
atmosphere.
3.5. Lability of DOC

The bioavailability of atmospheric organic matter depends on its
source. External sources of DOC inputs into the oceans are mainly
river water discharges and rainwater deposition (Hansell et al., 2004).
In river water, DOC can be very refractory, given the ubiquitous pres-
ence of humic substances in this type of environment. In contrast, rain-
water DOC can bemore bioavailable, since its components include small
organic molecules such as carboxylic acids (Avery et al., 2003).

In this work, the DOC in rainwater appeared to be readily labile, as
the consumption of organic carbon exceeded 50% within one week of
incubation (Fig. 8A). Such a significant decrease was only observed
after a month of incubation of rainwater collected at Wilmington
(North Carolina, USA) (Avery et al., 2003). This indicated that there
was more intense bacterial activity in the Brazilian samples and/or
that the organic matter was more labile (with labile molecules likely
to include lowmolecular weight organic compounds derived from eth-
anol biofuel). DOC concentrations in surface waters (0–100m depth) of
the South Atlantic Gyre were found to range from 50 to 70 μmol C L−1,
highlighting the importance of long distance atmospheric transport of
organic carbon to fuel primary productivity (Pan et al., 2014).

For all the samples analyzed in thiswork, the biodegradation process
resulted in the formation of volatile organic compounds, but to different
extents (Fig. 8B). Part of the VDOC and CO2 produced during the
incubation time could have been lost to the headspace. Despite the
substantial variability in initial DOC concentrations and degradation
rates, the concentrations of refractory organic compounds were in the
range 20–40 μmol L−1 for all samples. These concentrations of
refractory organic compounds in the Brazilian rainwater samples were
close to those found in the USA samples, despite the differences in
sources and degradation rates, indicating a common source (Avery
et al., 2003).
of VDOC (A) and DOC (B) in 38 rainwater samples collected in Araraquara.



Fig. 8. Temporal changes in (A) DOC and (B) VDOC concentrations in unfiltered rainwater samples incubated at room temperature.
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4. Conclusions

Although the DOC content in rainwater spanned two orders of mag-
nitude, the annual average concentrations (VWM), and consequently
the estimated deposition fluxes, showed little variation during this 13-
year time series. During this period, the practice of burning sugar cane
leaves prior to harvest was gradually phased out. However, substantial
numbers of fires (rural burning andwildfires) continued to be detected.
We present evidence that biomass burning emissions of soluble organic
carbon overwhelm those from fossil fuel combustion and natural bio-
genic emissions in the study region. Biomass burning can also be re-
sponsible for the significant content of volatile organic carbon present
in the regional troposphere, leading to health impacts and climate ef-
fects that remain poorly understood.

The calculated wet deposition flux of soluble organic carbon
exceeded the global estimate by N40%, showing the need for further
assessments in the Southern Hemisphere in order to improve global
carbon cycle modeling. Model calculations have indicated a small
(or null) global transfer of continental organic carbon to the oceans in
the form of wet precipitation. However, the values may have been
underestimated, because the DOC concentrations used did not take
into account high biomass burning emission sources in tropical coun-
tries. The large carbon flux calculated here, added to the effect of long-
range transport and the presence of highly bioavailable organic
compounds, can lead to an important source of nutrients in the marine
environment. The increasing use of ethanol as a vehicular fuel may
increase the content of bioavailable low molecular weight organic
compounds in rainwater, and consequently their deposition to aquatic
ecosystems. In the context of a warming climate, a shallower oceanic
mixing layer is likely to increase the impact of atmospheric nutrient
deposition inputs to surface waters.

The findings of thiswork contribute to elucidation of the atmospher-
ic carbon cycle, highlighting the importance of taking account of all the
forms in which carbonmay be present in rainwater, in order to develop
reliable carbon flux models.
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