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Sub-micrometre particulate matter is primarily in
liquid form over Amazon rainforest

Adam P. Bateman', Zhaoheng Gong', Pengfei Liu', Bruno Sato?, Glauber Cirino3, Yue Zhang',
Paulo Artaxo*, Allan K. Bertram®, Antonio O. Manzi?, Luciana V. Rizzo®, Rodrigo A. F. Souza’,

Rahul A. Zaveri® and Scot T. Martin’*

Atmospheric particulate matter influences the Earth's energy
balance directly, by altering or absorbing solar radiation, and
indirectly by influencing cloud formation'. Whether organic
particulate matter exists in a liquid, semi-solid, or solid state
can affect particle growth and reactivity?®, and hence particle
number, size and composition. The properties and abundance
of particles, in turn, influence their direct and indirect effects on
energy balance*. Non-liquid particulate matter was identified
over a boreal forest of Northern Europe®, but laboratory studies
suggest that, at higher relative humidity levels, particles can
be liquid®’. Here we measure the physical state of particulate
matter with diameters smaller than Tum over the tropical
rainforest of central Amazonia in 2013. A real-time particle
rebound technique shows that the particulate matter was
liquid for relative humidity greater than 80% for temperatures
between 296 and 300 K during both the wet and dry seasons.
Combining these findings with the distributions of relative
humidity and temperature in Amazonia, we conclude that
near-surface sub-micrometre particulate matter in Amazonia
is liquid most of the time during both the wet and the
dry seasons.

Particulate matter (PM) can occur in liquid (viscosity <10* Pas),
semi-solid (10°-10"Pas) and solid (>10"Pas) states®. By
influencing molecular diffusion within the particle, the physical
state affects the rates and pathways of atmospheric processing
of PM, with consequent influences on particle growth rates’ as
well as cloud condensation' and ice nuclei efficiencies". Under
clean conditions in forested environments, PM in the climate-
relevant sub-micrometre-size domain is produced in large part by
the oxidation of biogenic volatile organic compounds (BVOCs;
refs 12,13). This organic PM was assumed until recently to be
liquid. A liquid state tends to favour the growth of larger particles
because of the rapid absorption of semi-volatile organic vapours,
thereby suppressing the growth of smaller particles'*"®. In a study
of organic PM in a boreal forest of Northern Europe, however,
Virtanen et al’ suggested that PM is semi-solid or solid. That
study led to doubts about the appropriateness of liquid-oriented
process algorithms implemented in traditional chemical transport
models (CTMs). These models are used to predict the number
and mass concentrations of PM underlying many climate-related
effects'. Many laboratory>**”''® and modelling™" studies were

subsequently motivated. A species diffusivity of 107 cm?*s™

within PM has been proposed as a threshold value above which
particle-phase diffusion does not constrain particle growth via
condensation of semi-volatile vapours’.

In addition to confirming the possibility of non-liquid organic
PM, the recent laboratory studies further show that physical state
varies with a range of factors, ranging from BVOC precursor,
to relative humidity (RH), to temperature. The conditions of the
boreal forest favour non-liquid PM. By comparison, results of two
laboratory studies lead to the hypothesis that liquid PM might
prevail over tropical forests®” because of the combination of high
isoprene emissions, warm temperatures, and high prevailing RH.
Liquids have species diffusivities of the order of 10~ cm?s™.

There are significant uncertainties in the applicability of the
laboratory studies to the conditions of tropical forests and hence the
viability of the aforementioned hypothesis. Foremost, the laboratory
studies produce PM by the oxidation of at most a few BVOC
precursors and do so in a simulation chamber. Atmospheric PM
is far more complex®. It is produced and affected by multiple
precursors and pathways, and during its atmospheric lifetime it
continues to react with oxidants, sunlight and other species. Thus,
in the absence of atmospheric measurements, the physical state of
PM over tropical forests remains uncertain, even as these forests and
the associated PM cover vast regions of Earth. In this light, in the
present study real-world measurements were conducted to test the
hypothesis of liquid PM over tropical forests.

At two locations in central Amazonia during the wet and dry
seasons, the rebound of sub-micrometre PM was studied using a
particle-impaction apparatus equipped with RH adjustment®*' (see
Methods). Whether or not a particle rebounds is determined by the
kinetic energy before impact compared to the sum of dissipation and
surface adhesion energies associated with impact®. Liquid particles
more effectively dissipate energy at impact than do non-liquid
particles, and particle adhesion is therefore an indicator of liquid
PM. Conversely, the occurrence of particle rebound is an indicator
of non-liquid PM. Quantitative calibration of the apparatus was
completed using sucrose particles, yielding a viscosity of 10 Pas as
the transition point from rebounding to adhering particles®.

During the rainy season from 7 to 14 February 2013, PM was
sampled at site “TT34) located 50km to the north of Manaus,
Brazil®’. During the dry season from 19 to 23 August 2013, PM was
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Figure 1| Locations of the sampling sites TT34 and T3 in relation to the
city of Manaus in the central region of the Amazon basin. One-day back
trajectories (HYSPLIT model, start height 600 m) are computed for each
sampling time at TT34 during 7 to 14 February 2013 (green lines). The
one-day back trajectories for T3 during 19 to 23 August 2013 are coloured
according to those that pass through the city of Manaus (red lines) and
those that do not (blue lines). Image data: Google, Landsat.

sampled at site ‘T3] located 60 km to the west of Manaus. For both
T3 and TT34, easterlies dominated during the sampling periods.
One-day back trajectories at 600 m were calculated for the time of
each experiment (Fig. 1 and Supplementary Fig. 1). The air masses
sampled at T3 were sometimes affected by the plume of Manaus (red
lines of Fig. 1). By comparison, the air masses reaching TT34 (green
lines) did not intersect the city during the study period. There was no
evidence of significant regional biomass burning during the study
periods, although long-range transport and processing of biomass
burning material could not be completely ruled out.

The effect of relative humidity on particle rebound is represented
in Fig. 2 for all time periods and both measurement sites. The
ordinate of the top part of Fig. 2 is the rebound fraction for particles
of 200 nm and larger. This size range ensured that the sampled
particles had sufficient kinetic energy at impact to overcome
the surface adhesion energy (see Supplementary Fig. 2) and that
uncertainties in the data analysis were reduced (see Methods). In
Fig. 2, an absence of rebound implies liquid PM, as observed at
higher RH values. Conversely, a rebound fraction of 0.8 to 1.0
implies non-liquid PM, as observed at lower RH values. The
colouring of data points in Fig. 2 associates the different types of
back trajectories with the measurements (see Fig. 1). The data show
that the transition to liquid PM was complete by 80% RH for clean
conditions during both the dry and wet seasons.

This value of 80% RH can be compared to Amazonian
climatology. The probability density functions of RH and
temperature for the wet and dry seasons of 2014 at T3 are shown
in the insets of Fig. 2. The threshold of 80% RH was exceeded 70%
and 80% of the time for the dry and wet seasons, respectively. The
implication is that the prevailing sub-micrometre PM in Amazonia
is liquid most of the time, at least near the Earth’s surface. On
some hot afternoons in the dry season, the RH drops to as low
as 50%, meaning that non-liquid PM might be present at those
times, although temperature should also be taken into account as
a factor that favours liquid PM during these times. Materials can
remain liquid to lower RH for warmer temperatures®. Ambient
temperatures in the dry season (that is, 300-310 K; see Fig. 2) are
largely above the maximum temperature of 300K of the research
trailer in which the RH response was measured.

Organic PM—known to dominate the composition of sub-
micrometre PM in this region”**—is hygroscopic, and gradual
uptake or release of water occurs with changes in relative humidity*.
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Figure 2 | Rebound fractions of particles having aerodynamic diameters of
200 nm and larger as a function of RH setting. Each data point represents
one measurement. Green, red and blue colourings correspond to the back
trajectories described in Fig. 1. The one-sigma uncertainty bars are based
on error propagation of the condensation particle counters (CPC)
measurements and set-point aerodynamic diameter. For comparison to the
Amazon data set, data sets are included for PM produced in the Harvard
Environmental Chamber from different mixes of BVOCs (ref. 6). The
probability density functions of RH and temperature measured at T3 during
the 2014 wet (green) and dry (blue) seasons are plotted as insets.

Water is a plasticizer, meaning that it lowers the viscosity of PM
(ref. 8). Rebound curves for model PM studied in the laboratory
using the same apparatus as in Amazonia are also plotted in Fig. 2
(ref. 6). The rebound curves recorded in Amazonia during clean
periods (green and blue symbols) track the general behaviour of
the laboratory-generated PM (lines). Figure 2 also shows that the
specific behaviour of the diameter of 50% rebound depends on the
type of PM produced in the laboratory. PM produced from the
oxidation of a mixture of «-pinene and isoprene best reproduces
the Amazonian observations. Although Amazonian PM is complex
in its origins, isoprene and «-pinene are believed to dominate the
long list of BVOC precursors in Amazonia'>?. Furthermore, the
mass spectrum recorded for Amazonia PM also resembles that of
PM produced in the laboratory from these two precursors®.

On the basis of the laboratory experiments represented in
Fig. 2, Bateman et al.® showed that a hygroscopic growth factor
G normalized the RH-dependent rebound curves of the different
types of model PM (see Methods). An absorbed water volume
of 0.25 =+ 0.04, corresponding to G =1.10 £ 0.02, governed the
transition to a liquid state. This relationship is tested herein for the
more complex case of PM sampled in Amazonia (see Supplementary
Fig. 3). The data of Fig. 2 for clean conditions in both the wetand dry
seasons indicates a transition to a liquid state for G=1.10%0.02, in
agreement with the laboratory studies.

These findings suggest that a condition of G > 1.10£0.02 can
be used as a heuristic in CTMs for prediction of a liquid state for
organic PM. The mechanisms of growth and reactivity prevailing for
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different forest types in the absence of pollution can be anticipated,
at least for the temperature and composition ranges represented
by Fig. 2. Many CTMs already predict G, but do not predict
physical state. The implication is that, for times and locations
for which the threshold value of G is met, CTMs can assume
that particle-phase diffusion does not kinetically limit semi-volatile
partitioning of PM. The threshold value of G presented herein can be
considered an upper limit, as it corresponds to species diffusivities
of the order of 107° cm? s7* (liquid). Diffusion limitations for semi-
volatile partitioning are not expected until diffusion coefficients are
approximately 107> cm? s™! or lower, corresponding to lower values
of G. In the absence of diffusion limitations, other thermodynamic
and kinetic factors, most notably particle-phase reactions, can
regulate overall gas-particle molecular exchange®.

The effects of pollution on liquid or non-liquid states of PM
remains unknown, including the net effect of soot, inorganic,
organic and other constituents in varying quantities. For instance,
under urban influence (red symbols of Fig. 2), rebounding particles
were observed to 95% RH. Hydrophobic soot, expected to constitute
a non-rebounding particle class, is emitted in large quantities from
a large fleet of diesel vehicles and other pollution sources in Manaus
as well as from brick manufactories to the west of Manaus and
along the air mass trajectories of 22 and 23 August. A possibility
during these time periods is mixed particles having both liquid
and solid components, with a rebound behaviour dominated by the
solid component.

The results of the present study highlight a biome-dependent
distribution of liquid and non-liquid PM over forested regions.
These differences arise both because of intrinsic differences related
to BVOC emissions and oxidation pathways as well as extrinsic
differences in climatology of RH and temperature, among other
possible factors. Boreal forests are dominated by terpene emissions
and characterized by low RH (<30% during the sampling period of
Virtanen et al.?). The results plotted in Fig. 2 suggest that non-liquid
PM should be anticipated for these conditions. By comparison,
tropical forests are dominated by isoprene emissions, and high RH
(>80%) prevails. In consequence (Fig. 2), sub-micrometre PM is
primarily in a liquid form over the Amazon rainforest.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Site location. At TT34 (2° 35 40.50” S, 60° 12’ 33.42"” W) during the wet season of
2013, PM was sampled from the top of a tower at a height of 39 m, brought to
ground level through tubing (passing particles of 4 nm to 7 um), and dried to 35 to
40% RH. Instrumentation was housed inside an air-conditioned research trailer at
tower base. TT34 is located in a terra firma forest having a canopy near 35 m. At T3
(3°12' 47.82" S, 60° 35’ 55.32” W) during the dry season of 2013, a single
air-conditioned trailer equipped with a sampling mast at 6 m was located in a
pasture site. Particles passed through a diffusion dryer (50% RH). For the
prevailing easterlies, the forest was 2 km from T3. This pasture site was later
extensively developed for the GoAmazon2014/5 Experiment®, and data sets of
temperature and RH were continuously collected across the dry and wet seasons of
2014. The TT34 site is also referred to as “TOt' in GoAmazon2014/5 and ‘ZF2’ in
other literature.

Measurement technique. The impactor apparatus used herein was designed for
the study of particle rebound of sub-micrometre particles. The design of each
individual impactor followed prevailing literature guidelines®****. Although particle
rebound has been known for many years***, only recently has it emerged as a
technique to probe the physical state of particles®.

At both T3 and TT34, the PM was sampled by an impactor apparatus housed
inside the research trailers®*'. The apparatus consisted of an initial drying unit
(TSI 3062) to <25% RH, a differential mobility analyzer (DMA, TSI 3085) to select
dry particles by electric mobility, Nafion tubes (Perma Pure, MD 110) to
re-humidify particles to a variable RH up to 96%, three impactors in a parallel-arm
configuration, and condensation particle counters (CPC, TSI 3010) to measure the
particle number concentration N transmitted through each impaction arm. The
set-point aerodynamic diameter d;* of the impactors was 84.9 5.4 nm (one sigma)
at a flow rate of 1.01m™". The data protocol was to fix RH and to increase stepwise
the mobility diameter every 2 min. In this way, one experiment was completed
every 60-90 min at a fixed RH. The three different impactors represented
configurations having an uncoated aluminium impaction plate N;, an impaction
plate coated with high-vacuum grease (Dow Corning) Nj;, and an absence of an
impaction plate Nj;.

Data analysis: transmission function. The transmission functions 2,,caed and
Qcoued for the uncoated and coated arms, respectively, were calculated as follows?:
N, N;

Quncoated - Nm > Qcoated - Nm (1)
from particle number concentrations N measured by three condensation particle
counters. The standard deviation of each transmission function was based on error
propagation using an uncertainty estimate of N /2 (ref. 36).

The full set of transmission functions Qcogeq (d) and Qyncoated (A )> as measured
by stepwise adjustments of the mobility diameter d,, selected by the DMA, are
shown in Supplementary Figs 4 and 5. The figures show results for the wet and dry
seasons, respectively. A sigmoid function represents the transmission function of a
well-designed impactor, as follows:

1
@)= 1+exp((dy, —d2)/5) @

for a set-point diameter d;; and a width parameter 8. The values of d;, ; and §;, as
well as the one-sigma uncertainties for each parameter, are listed in Supplementary
Table 1 for each experiment i. The fitted sigmoid functions are shown as dashed
lines in Supplementary Figs 4 and 5. Small shoulders that do not match the fits
arise from multiply charged particles that pass through the DMA. These data
points are not included in the fitting. The goodness of fit parameter x is listed in
Supplementary Table 1.

The data sets of Qogeq () and Qyncontea (dm) Were converted to data sets of
Qeoated (dy) and Qupcoatea (d,) by calculating aerodynamic diameter from mobility

diameter, as follows:
pp Celdn) \ "
d=(=2=—"") da. 3
(Pu Cc(dn)> @)

This equation is for a limiting assumption of non-porous spherical particles having
+1 charge”. Terms include the particle material density p,, a reference material
density p, (1,000 kg m—), and the Cunningham slip correction factors C.(d,,) and
C.(d.). The material density p,,; of the different data sets i depended on relative
humidity (see Data analysis: material density and growth factor). The full set of
transmission functions Qeaea (d,) and Quncoatea (d,) is shown in Supplementary

Figs 6 and 7.

An empirical translation to the abscissa of each data set was made to
compensate for minor manufacturing differences among nozzle plates, differences
in experimental temperature and flow compared to calibration, and the variability
in grease coating on local flow patterns compared to calibration®*'. The coated data
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sets were individually translated along the abscissa so that the transmission
function Q. ouea(dy) was 0.5 at 84.9 nm, corresponding to the calibrated set-point
diameter d;* of the apparatus. The uncoated data sets were individually translated
along the abscissa so that Q,,couea (d,) equalled Quea(d,) at the onset of particle
rebound. The onset of particle rebound was determined by visual inspection of
each data set. The magnitudes of the translations are listed in Supplementary
Table 2 for each data set. The full sets of shifted transmission functions Q2 oueq (d.)
and Qyncoaed (d,) are shown in Supplementary Figs 8 and 9.

Data analysis: rebound fraction. The rebound fraction was calculated from the
shifted transmission functions Qcoyeq (dy) and Quncoatea (dy), as follows:

Quacouted (da) = Qeowed (da) _ Ni/Niag — N/ Nuy

S = T=No/Ne

(4)

Because of the translations, the abscissa values of the measured Q.oyeq(d,) and
Quncouted (d,) Were not in registry. In this case, Qcoued (dy) was well fitted to a version
of equation (2) (that is, using d, in place of d,,) to facilitate application of
equation (4) (that is, discrete values of €2,,couea (d2) and continuous values of
Qcouea (dy)). The full sets of calculated rebound fractions are shown in
Supplementary Figs 10 and 11.

Data analysis: material density and growth factor. In comparison to the earlier
analysis of laboratory data sets for which the particle material density p, was
known a priori®*, the analysis presented herein of atmospheric data sets required
an estimate of p, to apply equation (3). The density was assumed to follow a
volume mixing rule between p, 4, of the organic material and p,aeer Of

water®. The fractional particle water volume was derived by assuming the

following relationship*:
RH/100 1
=1 — A 5
¢ { +<1—RH/100) } ©)

In this equation, G is the diameter-based hygroscopic growth factor, RH is relative
humidity, and A is an empirical hygroscopicity parameter.

Values of p, 4y and A, as needed to estimate p,,; of each experiment, were
obtained by global optimization to each seasonal data set. The minimized quantity
was Y. (d;,—d,)* for each season, for which d;;=84.9 nm. For each i,d;, was
obtained using equation (3) with parameter values of d; ; listed in Supplementary
Table 1 and p,;(0p.ary>A) obtained by the volume mixing rule. Values of p, 4, and A
were taken as constant within one season. The optimized values of p,, 4., were
1,390 kg m~’ and 1,290 kg m~’ for the wet and dry seasons, respectively. Previous
studies in Amazonia during the wet?” and dry® seasons reported respective
densities of 1,390 kgm™ and 1,350 kg m~*. The optimized values of A were 0.053
and 0.063 for the wet and dry seasons, respectively. Previously, values of A ranging
from 0.044 to 0.065 were reported for Amazonia®. For reference, for the stated
optimized values of A, the corresponding hygroscopic growth factors at 90% RH
were 1.14 and 1.16, respectively. Previously, hygroscopic growth factors at 90% RH
have been reported to range from 1.12 to 1.17 (ref. 39).

Diameter-dependent rebound curve. Supplementary Fig. 2 shows one example of
diameter-dependent rebound observed at TT34 for four RH values, expressed as
the rebound fraction f (d,) for aerodynamic diameter d,. The full sets of data
collected at both TT34 and T3 are given in the Supplementary Figs 4 to 11. For a
single RH value, the rebound curve can be analysed in three segments, defined by
the set-point aerodynamic diameter d’, along the diameter abscissa. For the first
segment, d, < d, the rebound fraction is zero (left of dashed line). For the second
segment, d, ~d, the rebound fraction steadily increases with d, for non-liquid
particles or remains zero for liquid particles. For the third segment, d, > d,

the rebound fraction obtains a limiting value that depends only weakly on

d, (refs 6,21).

The behaviour in each of these three segments is explained by the energetics of
particle-surface interactions at impact?'. For segment 1, the incoming particle
kinetic energy is less than the surface adhesion energy, implying that rebound does
not occur. For segment 2, the fraction of particles having a kinetic energy greater
than the surface adhesion energy steadily increases with diameter, meaning that the
rebound fraction steadily increases for non-liquid PM. For liquid PM, additional
mechanisms of energy dissipation such as particle flattening are available on
impact, and complete adhesion occurs for both segments 2 and 3. For the
non-liquid PM of segment 3, the maximum rebound fraction is achieved
because all particles have a kinetic energy greater than the surface
adhesion energy.

Supplementary Fig. 2 shows that the rebound behaviour depends strongly on
RH. The RH is adjusted stepwise during the course of a measurement. Water is a
plasticizer, meaning that it lowers the viscosity of PM (ref. 8). The data in
Supplementary Fig. 2 implicate non-liquid PM at 25% RH and liquid PM at 95%
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