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ABSTRACT: Primary brown carbon (BrC) co-emitted with black [Fga™] 0. -,

carbon (BC) from biomass burning is an important light-absorbing g e
12C_ 12C14N_ 150_

carbonaceous aerosol. BC from the Indo-Gangetic Plain can reach the
Himalaya region and influence glacial melting and climatic change.
However, to date, there is still not sufficient direct evidence for
primary BrC in the Himalayan atmosphere. Here, we detected light-
absorbing tarballs at microscopic scale collected on the northern slope
of the Himalayas. We found that about 28% of thousands of individual
particles were tarballs. The median sizes of externally mixed tarballs
and internally mixed tarballs were 213 and 348 nm, respectively. Air
mass trajectories, satellite detection, and Weather Research and
Forecasting model coupled to Chemistry (WRF-Chem) simulations
all indicated that these tarballs were emitted from biomass burning in the Indo-Gangetic Plain. A climate model simulation shows a
significant heating effect (+0.01—4.06 W/m?) of the tarballs in the Himalayan atmosphere. We conclude that the tarballs from long-
range transport can be an important factor in the climatic effect and would correspond to a substantial influence on glacial melting in
the Himalaya region.

B INTRODUCTION single particle soot photometry,”' especially in the clean
Himalayan atmosphere with low concentrations of carbona-
ceous aerosol (mostly <5 ug/m?)."> If primary BrC particles
occur in the Himalayan atmosphere, as is probable, they must
influence atmospheric optical properties and contribute to the
glacier retreating problem alongside BC and secondary BrC.>'°
Tarball is a polymerized, particular, and abundant particle type
of primary BrC with a spherical shape, a small size, a high
viscosity, and an insoluble amorphous property.”' ~>* Tarball is
mainly emitted from fossil fuel burning or biomass burning and
formed by the chemical or thermal transformation of low-
molecular-weight organic molecules.”’ Tarball consists of
major C, O, and N, with minor S and K.2'7%% On the basis
of their refractory properties, spherical shapes, and small sizes,
tarballs can be identified by electron microscopy.””****

Here, we have attempted to use various electron microscopy
analyses to identify primary BrC through ground-based
sampling at the Qomolangma Station (QOMS), a remote
site at high altitude along the northern slope of the Himalayas.

The Himalaya—Tibetan Plateau (HTP), often referred to as
the “third pole”," exhibits as the “Asian water tower” and plays
a crucial role in supplying water for the Asian ecosystem and
human survival owing to the largest reserves of glacial area
(~10° km?) beside the polar regions.” Over the past decade,
the HTP glaciers have been retreating continuously, and the
Himalayan glaciers have the greatest recession due to their
extreme sensitivity to climate change and anthropogenic
influence.” The long-range transport of light-absorbing
carbonaceous particles by the Asian monsoon system could
accelerate the melting of glaciers by deposition on the snow
and ice surface.*™

Brown carbon (BrC) is an important light-absorbing fine
carbonaceous aerosol in addition to black carbon (BC).”® BrC
can modify the Asian monsoon rainfall, affect the hydrological
cycle, and accelerate glacial melting.”~'" Primary BrC from
combustion is the major species of BrC and is usually co-
emitted with BC during biomass burning.” However, previous
literature mostly paid attention to BC in the Himalaya

region,”'*”"* and some studies reported secondary BrC.'° Received:  September 14, 2020
To date, few studies have provided sufficient direct evidence of Revised:  October 20, 2020
primary BrC in the Himalayan atmosphere.'”'® The main Accepted:  October 20, 2020

challenge is to reliably identify the primary BrC subcategory of Published: November 4, 2020

carbonaceous aerosol by using online/filter-based bulk
measurements, including aerosol mass spectrometrylg’m and
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Figure 1. Microscope images of tarballs. (a) SEM image at 60° tilt angle of tarballs. (b)AFM image of tarballs. (c) TEM bright-field image of
tarballs. (d—g) TEM-EDS elemental maps of C, O, Si, and S of a tarball monomer. (h—k) NanoSIMS ion intensity maps of *C”, 1607, 2CHNT,

and 32S” of a tarball monomer.

This remote site locates in a desolate environment with rare
vegetation and harsh weather conditions.”® The air pollutants
from the Indo-Gangetic Plain can cross Mt. Everest and reach
QOMS via the westerly synoptic-scale circulation® and
mountain—valley wind,”” suggesting that QOMS is a suitable
site for studying the evidence for long-range transport of
anthropogenic aerosols. Air mass backward trajectories,
satellite data, and the Weather Research and Forecasting
model coupled to Chemistry (WRF-Chem) were used to trace
their possible transport paths. Our findings provide direct
evidence for primary BrC from the Indo-Gangetic Plain being
transported into the Himalayan atmosphere in the premon-
soon season.

B MATERIALS AND METHODS

Sampling Site and Bulk Measurement. Our field
observation was conducted from 23 April to 4 May in 2016,
at the background QOMS (86.95° E, 28.36° N; 4276 m a.s.l.)

on the north slope of the Himalayas and at the toe of Mt.
Everest (Figure S1). The QOMS locates in a long valley
covered by a group of glaciers at higher elevations, and strong
mountain—valley winds are produced.”® This background site
is far from human activities, and the nearest densely inhabited
district (Dingri County with a population of ~10%) is
approximately 100 km to the north. An Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS, Aerodyne Research Inc., Billerica, MA, USA) was used
to measure the chemical compositions (organics, sulfate et al.)
of submicrometer particles at the QOMS."® According to the
HR-ToF-AMS observation, we divided our sampling period
into two typical events: polluted days (25—30 April, PM;: 9.0
ug/m?) and clean days (23—24 April and 1—4 May, PM,: 2.9
ug/m®) (Figures S2 and S3). More details of the bulk
measurements are included in the Text SI.

Individual Particle Collection and Microscopic Anal-
ysis. The individual particle samples were collected according
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Figure 2. Relative abundances of six major particle types in this observation. (a) Relative abundances of individual particles from 23 April to 4 May,
2016. (b) Relative abundances of individual particles in different size ranges. A total of 6574 particles were analyzed, and the number of analyzed
particles is shown above the column. The red frame in the left panel contains polluted days influenced by westerly or southwesterly winds.

to the detailed procedures in Text S2 and Yuan et al”® A
scanning electron microscope (SEM, Zeiss Ultra S5,
Germany), an atomic force microscope (AFM, Dimension
Icon, Veeco Instruments Inc., USA), a transmission electron
microscope (TEM, JEOL JEM-2100, Japan) combined with an
energy-dispersive X-ray spectroscopy (EDS, INCA X-Max"
80T, Oxford Instruments, UK), and a nanoscale secondary ion
mass spectrometer SOL (NanoSIMS, CAMECA Instruments,
Geneviers, France) were employed to systematically character-
ize the morphology, size, composition, and mixing state of
tarballs in the samples. Further details of the microscope
analyses can be found in Text S3 and Li et al.*’

Backward Trajectory, Fire Spot Information, and
CALIPSO Data Analysis. The 72-h backward trajectories
were calculated every 2 h and clustered for each day at an
ending height of 50 m above ground level by using a Hybrid
Single Particle Lagrange Integrated Trajectory (HYSPLIT).
Various active fire spots were detected over South and
Southeast Asia by the Fire Information for Resource
Management System (FIRMS) provided by the MODIS
satellite (https://firms.modaps.eosdis.nasa.gov). Cloud-Aero-
sol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) provides a direct measurement of the aerosol
subtype (http://www-calipso.larc.nasa.gov/).

WRF-Chem Model Simulation. The WRE-Chem model
(version 4.1) has been proved to be an effective transport
model with a combination of meteorological and chemical
factors’>! and is widely implied for simulating the carbona-
ceous aerosols emission and transport in South Asia and the
HTP.*” In this study, the WRF-Chem simulated the surface
mass concentrations of organic carbon (OC) and BC and the
regional wind fields in South Asia and the southern HTP from
08:00 (Beijing time) on 1 April to 07:00 (Beijing time) on 1
June, 2016. Further details can be found in Text S4.

Hygroscopicity Measurements. An individual particle
hygroscopic (IPH) system was built to observe the
hygroscopic properties of tarballs at different relative humidity
(RH) values. This IPH system has successfully captured the
hygroscopic growth of individual particles collected on either a
silicon wafer or TEM grid.*® In this study, two typical samples
were chosen to observe the hygroscopic growth of tarballs at
RHs ranging from 10% to 85%.

18

Optical Properties Calculation and Direct Radiative
Effect Simulation. The absorption cross section (ACS)
values of sulfate-mixed tarball (named tarball-S) particles with
core—shell structures and those of tarball cores are calculated
by using the BHCOAT code.”* For calculation, the refractive
index of the sulfate coating was set to m = 1.55—0.00i at 550
nm, and a refractive index of 1.84—0.21i at 550 nm”’ was used
for the tarball core. The Santa Barbara DISORT Atmospheric
Radiative Transfer (SBDART) model’ was used to investigate
the direct radiative effect (DRE) of tarballs and BC in a short
wave range (0.25—1.0S um) at the top of the QOMS
atmosphere during the sampling period. The various refractive
index and absorption Angstrom exponent values of tarballs in
previous studies were used for DRE simulation.”*>**¢~%
Further details can be found in Text SS5.

B RESULTS AND DISCUSSION

Relative Abundance and Source of Tarballs. Electron
microscopy analysis generally shows that large numbers of fine
spherical particles occur in the samples (Figure la—c). EDS
shows that they mainly consist of C with minor O, Sj, S, and K.
Elemental mapping of these fine spherical particles shows that
they contain abundant C and minor O, Si, and S distributed
throughout the particles (Figure 1d—g). NanoSIMS analysis
produces strong signals and uniform distributions of L2¢c-
107, and '>C!*N~ and a bit weaker signal of 3287, thus
confirming that this type of particle consists of organic matter
(Figure 1h—k). The spherical organic particles with a high
viscosity are likely primary particles emitted from combustion
sources’” and are identified as tarballs in the atmos-
phere.””>***" SEM images taken at a sample stage tilt of
60° and AFM images both show that the tarballs still maintain
spherical shapes after impacting on the substrate (Figure 1a,
b). These results suggest that tarballs should be in a glassy
solid state in the atmosphere.”” In the following, we define
individual particles containing tarballs as tarball-containing
particles.

Unexpectedly, tarball-containing particles accounted for an
average of 28% (+18%, variability between samples) by
number of the total analyzed particles, which was higher than
the observation result (3%) of Cong et al,'” indicating a more
significant anthropogenic interference at the background
QOMS during the sampling period. The contribution of
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Figure 3. Horizontal and vertical distributions of OC and wind fields in South Asia and southern HTP. (a) Simulated horizontal spatial
distributions of surface OC concentrations and winds at 12:00—20:00 (Beijing time) in April 2016. (b) Simulated horizontal spatial distributions of
surface OC concentrations and winds at 12:00—20:00 (Beijing time) in May 2016. (c) Vertical profiles of OC concentration and winds at 12:00—
20:00 (Beijing time) in April 2016. (d)Vertical profiles of OC concentration and winds at 12:00—20:00 (Beijing time) in May 2016. The red circle
dot (a, b) represents the sampling site. The orientations of the black arrows (a—d) refer to the wind direction, and the lengths of the black arrows
refer to the wind speed. Scale bars (a—d) show the mass concentrations of OC. The thick red arrows (a, b) represent the upward transport from the
Indo-Gangetic Plain to the HTP. Air along the mountain face flows out of the image toward the viewer (Figures S6 and S7). The line used for the
cross section of the vertical WRF-Chem simulation can be seen in Figure S6. The black color (c, d) indicates the profile of the Himalaya

Mountains.

tarball-containing particles to the total particle counts
increased from 12% on clean days to 38% on polluted days,
with the highest value of $3% occurring on 27 April (Figure 2a,
Figures S4 and SS). Tarball-containing particles occurred in
the fine mode, and 80% of them were smaller than 500 nm
(Figure 2b). Furthermore, HR-ToF-AMS measurements
showed that organic aerosols were the dominant PM, species
(contributing 51% + 8% on average to the total PM; mass)
during the sampling period, and biomass burning organic
aerosol (BBOA) contributed a large fraction (36.6%) to the
total organic aerosol mass (Figure S2). The mass concen-
trations of BBOA and BC at the QOMS increased from 0.76
and 0.92 ﬂg/m3 on clean days to 1.78 and 2.01 /tg/m3 on
polluted days, respectively (Figure S2). In brief, our results
provide direct evidence that large numbers of tarballs occurred
in the Himalayan atmosphere during the sampling period.
The 72-h backward trajectories showed that westerly and
southwesterly air masses were the dominant sources of aerosol
particles during 23—30 April and passed through Pakistan,
India, and Nepal before arriving at the QOMS (Figure S1).
The average fraction of tarball-containing particles was 34%
when the westerly and southwesterly air masses prevailed.
During the dominance of easterly and northerly air masses, the
fraction of tarball-containing particles decreased to 11%, and
the fraction of mineral particles increased 7 times (Figures S1

19

and S5). MODIS data further showed that a dense array of
active fire spots occurred along the pathways of westerly air
masses (Figure S1). In the Indo-Gangetic Plain, large-scale
wheat-residue burning is the principle source of biomass
burning emissions, after the wheat crops are harvested in
April—-May each year.*"** Wheat residue burning can emit
large amounts of spherical organic particles with a small
amount of soot particles.”” Satellite and ground-based laser
radar observations both have proved that biomass burning
smoke can be injected into the stratosphere, and light-
absorbing aerosols could promote the rising smoke plumes
due to solar heating.43 Here, the horizontal WRF-Chem
simulation shows that the ground southwesterly wind at noon
and the afternoon of each day brought high concentrations of
air pollutants from the Indo-Gangetic Plain to the south of the
Himalayas during the entire April and May (Figure 3, Figures
S6 and S7). The vertical WRF-Chem simulation also shows
that the southwesterly wind prevailing at a 1—6 km height
lifted a small part of the carbonaceous aerosols from the high
emission zone in the low central Indo-Gangetic Plain to the
high Himalayas (Figure 3, Figures S6 and S7). Furthermore,
the CALIPSO data shows that a thick air pollutant layer
containing large amounts of smoke aerosols from the Indo-
Gangetic Plain climbed along the south ridge of the Himalayas
into the Tibetan plateau following the elevated air masses
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Figure 4. Shapes and size distributions of tarball-containing particles. (a) TEM image of tarball monomers and tarball aggregates. (b) Size
distributions of tarballs monomers and tarball aggregates. The log-normal peaks are at 202 nm (¢ = 2.3) and 296 nm (¢ = 2.5) for tarball
monomers and tarball aggregates, respectively. (c) TEM image of externally and internally mixed tarballs. (d) Size distributions of externally and
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respectively.

(Figure S8). In this study, the air mass backward trajectories,
CALIPSO data, WRF-Chem simulation, and field investiga-
tions are all consistent with the interpretation that the tarball-
containing particles observed in the Himalaya region were
sourced from agricultural residue burning in the Indo-Gangetic
Plain. Indeed, a few previous studies suggested that air
pollutants from the Indo-Gangetic Plain can be elevated along
the south slope of the Himalayas and transported further into
the Tibetan Plateau in the premonsoon season.'>'””#4%°

Size Distributions, Mixing States, and Aging of
Tarballs. On the basis of the characteristic morphology of
tarballs, we identify tarball monomers and tarball aggregates
(Figure 4a, c). Tarball monomers are isolated spherical
particles with a low aspect ratio of nearly 1 (Figure S9, a
mean aspect ratio of 1.11). The tarball aggregates appear as
agglomerates of two or more tarball monomers (Figure 4a, c),
and they show various irregular shapes with a relatively high
aspect ratio (Figure S9, a mean aspect ratio of 1.57). Figure 4b
shows that the size distribution of tarball aggregates displays a
peak at 296 nm (geometric standard deviation, o = 2.5),
whereas the peak for tarball monomers occurs at 202 nm (6 =
2.3). Model simulation shows that the lifetime of BC from
India is approximately 5 days,* and their spherical geometry
could increase the lifetime of aerosols compared with fractal
agglomerates.””*® Tarballs exhibit a similar small size and
hydrophobic property but more spherical morphology by
comparing with BC. Therefore, like BC, tarballs from the Indo-
Gangetic Plain could be transported long distances to the
Himalayan atmosphere.
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On the basis of the mixing state of individual particles, we
distinguished externally mixed (only tarball) and internally
mixed tarballs (tarball associated with other aerosols) (Figure
4c). Approximately 43% of all tarball-containing particles
during the sampling period were externally mixed tarballs,
while the rest were tarball-S particles (Figure 4c and Figure
S10a). The size distribution of externally mixed tarballs peaked
at 213 nm (o = 2.6), which is consistent with the results of the
other observations,””** and occurred at a much smaller value
than the peak at 348 nm (¢ = 3.4) for internally mixed tarballs
(Figure 4d). This result suggests that secondary sulfate mixed
with the tarballs increased particle size (Figure S10b, d).
Hygroscopic experiments with individual particles further
showed that the externally mixed tarballs had extremely weak
hygroscopicity under RH = 85%, whereas the aged tarballs
mixed with sulfates started to take up water at RH = 65% with
a mean growth factor of 1.3—1.4 at RH = 85% (Figure S11).
Here, we can infer that atmospheric aging via sulfate coating
favors the hygroscopic growth of tarballs during long-range
transport.

Optical Property and Climatic Effect of Tarballs in the
HTP. The Himalaya region has an extremely high altitude and
is the most vulnerable region on the planet aside from the
south and north poles.”*’ Compared with other places in the
world, anthropogenic aerosols from outside the Himalaya
region could trigger various climate and environment
problems.”® Our observations conducted at a high-elevation
background site of the Himalaya provided direct evidence of
abundant tarballs occurring there. Intense agricultural biomass
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burning activities in the Indo-Gangetic Plain during the
premonsoon season’' contributed abundant primary BrC
beside BC into the Himalayan atmosphere (Figure 2 and
Figure S5).

Previous studies have shown that internal mixtures of BrC
can enhance optical absorption by up to 70%, especially in the
ultraviolet and short-visible range of the spectrum.”” In our
study, during the premonsoon season, approximately 28% of all
particles were tarball-containing particles in the Himalayan
atmosphere, and approximately one-third of internally mixed
tarballs were found to be mixtures of a tarball core and a sulfate
coating (Figure S10). A modeling calculation for tarball-S
particles with core—shell mixing structures shows that a sulfate
coating could increase the ACS of tarball-S particles on average
by a factor of 2 compared to bare tarball cores (Figure S12).
On the basis of this estimation, the tarballs internally mixed
with sulfate shells would significantly increase optical
absorption relative to the externally mixed tarballs. Once
these abundant atmospheric tarball-containing particles are
deposited onto the glacial surfaces of the Himalayas through
either dry or wet deposition (Figure S13), their light
absorption could intensify glacial melting.”**>> The SBDART
model simulation shows that the DRE of tarballs ranged
between +0.01 and +4.06 W/m? (Table S1), which is lower
than that of soot (+3.46—8.34 W/m?) in the QOMS
atmosphere (Table S2). As a result, the positive DRE values
indicate that tarballs as the BrC contribute a significant
warming effect to the QOMS atmosphere after BC.
Consequently, the current climate models need to consider
the long-range transport of primary tarballs on a regional scale
in the future.

In summary, the present study demonstrates the significant
impacts of seasonal agriculture biomass burning practices in
the Indo-Gangetic Plain on the Himalayan atmosphere (Figure
S13). The present evidence of tarballs will promote the future
evaluation of climatic and glacial effects of BrC in the Himalaya
region.
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