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Abstract

Lulin Atmospheric Background Station (LABS, 23.47°N, 120.87°E; 2862 m above sea level) at the
summit of Mount Lulin in central Taiwan was established in spring 2006 and is the only high-altitude
background station over western Pacific region in East Asia to study the impact of various air
pollutants through long-range transport. Continuous in-situ measurements of equivalent black carbon
(EBC) and carbon monoxide (CO) concentrations were made at LABS from June 2012 to May 2014
and their association was investigated in this study. The highest monthly concentration of EBC
(median; 840 ng m~3) and CO (212 ppbv) in March were primarily attributed to the westerly winds
coupled with biomass-burning (BB) emissions from Southeast Asia (SEA) region. The association of
EBC and CO was weak at LABS possibly due to the influence of dissimilar air masses from various
sources, and scavenging or dilution of EBC during the long-range atmospheric transport to MLt.
Lulin. The mean AEBC/ACO ratio (slope of least-squares regression line of AEBC-ACO scatterplot;
where A indicates surplus amounts with respect to the background value) was found the most
significant in March (5.3 ng m= ppbv~! or 7.3 x 1073 grams of carbon as EBC per gram of carbon as
CO). On the basis of episodic cases, the mean AEBC/ACO ratios at LABS were estimated to be 6.1,
8.0, and 2.4 ng m= ppbv~!' for SEA BB emissions, southern China mixed pollution, and northern
China mixed pollution, respectively. A total of 32% loss in EBC aerosols (6.4% of EBC removal per
day) was estimated for the atmospheric transport of BB emissions from SEA region to LABS. This
study provides needful information to understand the AEBC/ACO ratios at a remote site and would
be used in model simulations to evaluate BC aging and scavenging over western Pacific region in
East Asia.

Keywords, Mount Lulin; Equivalent black carbon; Carbon monoxide; Long-range transport;

Southeast Asia biomass-burning
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1. Introduction

Black carbon (BC), an important carbonaceous component in atmospheric aerosols, is
primarily formed by the incomplete combustion of carbon-containing substances including fossil
fuels, biomass, and biofuels (Bond and Bergstrom, 2006; Petzold et al., 2013). BC directly absorbs
the incoming solar radiation and acts as a direct radiative forcing agent (IPCC, 2013; Ramanathan
and Carmichael, 2008); it also influences the lifetimes of cloud droplets and cloud microphysical
properties as an indirect radiative forcing agent (Haywood and Boucher, 2000; Conant et al., 2002;
Forster et al., 2007). Overall, BC aerosols can significantly influence the climate on local, regional,
and global scales (Jacobson, 2001; Ramanathan and Carmichael, 2008). BC contributes significantly
to the atmospheric warming (e.g., Verma et al., 2013; Pani et al., 2016a, 2016b, 2018, 2019) and is
also considered as a major contributor to the global warming after carbon dioxide (COz) and methane
(CHs) on global scale (Ramanathan and Carmichael, 2008; Bond et al., 2013; IPCC, 2013).
However, because of its non-uniform spatial and temporal distribution, BC can cause significantly
higher regional forcing than CO> and CHs (Chung et al., 2005, 2010; Wang et al., 2014). BC
radiative forcing with a mean value of +0.9 W m™ (ranged between +0.4 and +1.2 W m™) at the top-
of-atmosphere was estimated to be as much as 55% of the CO» forcing (Ramanathan and Carmichael,
2008). Being chemically inert and mostly concentrated in fine mode (Bond et al., 2013), BC
atmospheric lifetime varies from 4 to 12 days (Cape et al., 2012) depending on the source region and
meteorological conditions, and hence is subject to long-range transport (Liu et al., 2011; Wang et al.,
2015).

Carbon monoxide (CO), like BC, is produced primarily from the incomplete combustion of
fossil fuels and biomass (Verma et al., 2011). It is a primary trace gas but not a radiatively important

gas and indirectly affects the climate through its interaction with hydroxyl radical (OH) in the
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troposphere (Logan et al., 1981; Thompson, 1992; Ou-Yang et al., 2014; Okamoto and Tanimoto,
2016). OH radicals are the primary CO sink in the atmosphere. The changes in the concentration of
OH radicals due to changes in CO can modify the concentrations of greenhouse gases (GHGs) like
CHs (Thompson and Cicerone, 1986) and chlorofluorocarbons (CFCs) along with others such as
hydro-chlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) (Okamoto and Tanimoto,
2016). The indirect radiative forcing due to CO is estimated to be 0.23 W m (0.18-0.29 W m~?)
through the production of ozone (O3), CH4, and CO, (IPCC, 2013) in the atmosphere. The global
mean lifetime of CO is approximately 2 months (e.g., Prather, 1996; Jennings et al., 1996) in the
troposphere; however the seasonal and spatial CO lifetime variations have been reported by Duncan
et al. (2007). Due to the relatively longer lifetime in the atmosphere (few weeks to 2 months), CO is
a good tracer of anthropogenic pollution including burning of fossil-fuel, biomass, and biofuel and
also the oxidation of hydrocarbons (Girach et al., 2014). The ocean and plants (from oxidation of
biogenic hydrocarbon) are the weak natural sources of CO in the atmosphere (Finlayson-Pitts and
Pitts, 2000).

Long-term measurements of BC and CO either in densely polluted or remote areas are
important for better estimating the regional characteristics (Wang et al., 2006), and constraining the
highly uncertain emission rate of BC (Kondo et al., 2006; Han et al., 2009; Pan et al., 2011), and also
assessing the transport of BC and CO along with their effects on wide downstream regions (Verma et
al., 2011). The strong positive correlation between BC and CO has been reported in several studies
over distinctly different environments such as coastal, free troposphere, urban centers, and oceanic
regions (Jennings et al., 1996; Chen et al., 2001; Derwent et al., 2001; Kondo et al., 2006; Andreae et
al., 2008; Spackman et al., 2008; Pan et al., 2011; Verma et al., 2011; Girach et al., 2014; Kanaya et

al., 2016; Guo et al., 2017). The BC/CO ratio is recognized as a good indicator to estimate the BC
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emission following a top-to-bottom approach (Dickerson et al., 2002) and to distinguish different
source characteristics in case studies (Kondo et al., 2006; Spackman et al., 2008; Han et al., 2009;
Subramanian et al., 2010; Pan et al., 2011; Kanaya et al., 2016; Guo et al., 2017). The BC/CO ratio
changes significantly for different emission sources, making it a useful index to validate emission
inventories (Han et al., 2009; Girach et al., 2014) at near-source region. Moreover, the measurements
of this ratio at remote background sites (far away from sources) such as islands and high mountains
would be used in evaluating model treatment of BC aging and scavenging.

East Asia is a region where large amounts of BC are emitted. Several studies have
investigated the BC-CO relationship over China (e.g., Zhou et al., 2009; Verma et al., 2010; Pan et
al., 2011; Guo et al., 2017), Japan (e.g., Kondo et al., 2006; Kanaya et al., 2016), South Korea (e.g.,
Sahu et al., 2009), western north Pacific rim (e.g., Verma et al., 2011), and Taiwan (e.g., Chou et al.,
2010). However, situated far away from the anthropogenic or biomass-burning (BB) source-
emissions, high-altitude mountain stations are considered to be ideal sites for monitoring the
temporal/seasonal variations of aerosols and trace gases in the atmosphere at background levels
(Okamoto and Tanimoto, 2016). These sites also allow for continuous observations at high-altitude
often in the free tropospheric zone (e.g., Freney et al., 2016; McClure et al., 2016; Shen et al., 2016;
Ou-Yang et al., 2017). This present study focuses on continuous measurements of BC and CO at a
high-altitude regional background site in East Asia, i.e., Mount Lulin in central Taiwan. Even though
the seasonal variation of elemental carbon (EC; Chuang et al., 2014) and CO (Ou-Yang et al., 2014)
have been reported at Mt. Lulin by using long-term and multi-year datasets, their associations are not
yet thoroughly investigated and well understood. In this current study, we mainly discuss the
monthly/seasonal variations of BC and CO mass concentrations and their ratios at the summit of Mt.

Lulin in East Asia.
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2. Instrumentation and measurements
2.1. Brief description about the observational site
The focus observational site (Fig. 1) in this present study is the Lulin Atmospheric

Background Station (LABS; 23.47°N, 120.87°E; 2862 m above sea level, a.s.l.) at the summit of Mt.
Lulin, Taiwan (http://lulin.tw/en/). LABS is a two-story building situated at the peak of Mt. Lulin in
Yushan National Park (http://www.ysnp.gov.tw/en/) in central Taiwan. LABS is the first high-altitude
background station in East Asia and complements the Global Atmospheric Watch (GAW) network.
This site is 2 km away from the nearest minor traffic road and there are no significant known
emissions of BC or CO in the proximity of the site. Owing to the geographical features, the LABS
frequently lies within the free troposphere and is an ideal site to conduct measurements to study the
impact of air pollutants resulting from both regional sources and those arriving at the site via long-
range transport (e.g., Sheu et al., 2010; Lee et al., 2011; Ou-Yang et al., 2012; 2014; Chuang et al.,
2014; Pani et al., 2017; Park et al., 2018, 2019).
2.2. Measurements

An aerosol observation system (AOS) was built by the National Oceanic and Atmospheric
Administration (NOAA, USA) at LABS. Continuous measurements of meteorological parameters,
solar radiation, trace gases, and aerosol properties have been operational since spring of 2006 (Sheu
et al., 2010). Light absorption and scattering measurements were added to the suite of instruments in
the autumn of 2008 (Andrews et al., 2011). The detailed description about the NOAA AOS can be
found elsewhere (Sheridan et al. 2001; Delene and Ogren, 2002; Hsiao et al., 2017; Andrews et al.,
2019).

The equivalent BC (eBC; Petzold et al., 2013) determinations were made from June 2012 to

May 2014 at LABS using an aethalometer (AE, Model AE-31; Magee Scientific, Berkeley, CA USA)
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which measures changing light attenuation through an aerosol-laden filter. Sample air was obtained
from the top of the sampling stack (~10 m above ground level) with a PMjo cyclone (cut-off diameter
of 10 um) size-selective inlet with a protective rain cap. A heater was attached to control the relative
humidity to less than 40% (RH < 40%) to minimize any hygroscopic effects. AE-31 performs
continuous determinations of light absorption coefficient (cap) at seven different wavelengths (370,
470, 520, 590, 660, 880, and 950 nm). The principle of AE-31 determines c.p by quantifying the
attenuation of light transmitted through the sample spot on a quartz fiber filter (Hansen et al., 1984).
The eBC mass concentrations (in ng m3) were estimated from the cap (in Mm™") using a wavelength-
dependent specific mass absorption cross-section (MAC) value of 16.6 m?> g-' at 880 nm and as

follows (Bodhaine, 1995; Weingartner et al., 2003).

GapXCXRX1000
16.6

eBC = )

The eBC measurement at 880 nm is considered as standard because BC is the principal absorber of
light at this wavelength and other aerosols have negligible absorption at this wavelength (Hansen et
al., 1984; Bodhaine, 1995; Weingartner et al., 2003; Verma et al., 2013, Pani, 2013; Pani and Verma,
2014). This MAC value of 16.6 m? g-! at 880 nm is also recommended by the manufacturer for AE-
31 measurements to account for absorption by BC and additional light scattering by both particles
and filter fibers (Xu et al., 2017; Sharma et al., 2017). However, the use of factory calibrated MAC
value of 16.6 m? g”! may lead to some uncertainty, because MAC varies anywhere between 5 and 25
m? g~! for various locations (Liousse et al., 1993, Petzold et al., 1997, Weingartner et al., 2003; Bond
and Bergstrom, 2006). Uncertainties involved in the eBC measurements using an AE are reported in
literatures (Weingartner et al., 2003; Arnott et al., 2005; Sheridan et al., 2005; Corrigan et al., 2006;

Schmid et al., 2006; Virkkula et al., 2007; Collaud Coen et al., 2010; Backman et al., 2017). Filter-
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based absorption method in AE has two known impediments that interfere with measurement
accuracy (Arnott et al., 2005; Corrigan et al., 2006). These interferences must be considered in order
to obtain reliable 6, and BC mass (Sheridan et al., 2005; Corrigan et al., 2006). Firstly, the
amplification factor arising from multiple scattering of light in the quartz filter fiber matrix and is
commonly termed as “C-factor” (Weingartner et al., 2003). Secondly, the change in the optical path
length due to successive filter loading (shadowing effect) and is commonly termed as “R-factor”
(Weingartner et al., 2003; Arnott et al., 2005). In Equation (1), C is the enhancement parameter
which accounts for the multiple scattering and strongly depends on the filter material (C = 2.81;
Weingartner et al., 2003) and R is the correction for shadowing effect (R = 1; Weingartner et al.,
2003). Andrews et al. (2011) also used the same C = 2.81 value for the correction of oap
measurements at a high-alpine research station in Jungfraujoch, Switzerland. The shadowing effect
has been found to be more prominent for pure soot (BC) particles but almost negligible for aged
aerosols (Weingartner et al., 2003). The aged aerosol concept applies well to our sampling site
LABS. Moreover, this study utilizes the hourly averaged and quality-checked 6., measurements to
determine eBC and the temporal averaging can significantly lessen the measurement uncertainty and
noise (Jefferson, 2011). Filter-based absorption photometers are normally considered to be accurate
within 20-30 % of the true o value (Bond et al., 2013). The accuracy is a combination of
instrument noise, variability, and calibration uncertainty (e.g. Sherman et al., 2015; Backman et al.,
2017).

The AE-31 was set to function at a standard mass flow rate (Vo) of 4 liter per minute (LPM)
under standard temperature and pressure (STP, To = 273.15 K and Po = 1013.25 hPa) condition.
However, the ambient pressure being lower than the standard condition, AE-31 samples aerosols

with higher pumping speed in order to maintain the set mass flow rate, and hence more volume of air
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gets aspirated. Hence, the actual volume (V) of ambient air aspirated at an ambient temperature (T)

and pressure (P) was,

T

Po
= X=X
V=YV, P X,

2)

Since the eBC concentrations were calculated based on Vo, the eBC concentration at ambient
conditions (EBC) was estimated as follows (e.g., Moorthy et al., 2004; Babu et al., 2011)

-1
EBC = eBC x [%] 3)
0

Following the equation (3), each measurements of eBC were converted to the EBC concentrations.
The accuracy of EBC concentrations measured by AE-31 has been estimated to be ~20% as
compared to thermal-optical reflectance (TOR) based EC concentrations measured at Mt. Lulin (e.g.,
Chuang et al., 2014, 2016b).

Simultaneous and continuous measurements of CO concentrations were obtained from an in-
situ non-dispersive infrared spectrometer (NDIR; APMA-360, Horiba, Japan) with a flow rate of 1.2
LPM (at ambient temperature and pressure condition) at a frequency of 6 second and further
calculated into hourly averages. The detection limit of the NDIR is ~20 ppb (1o; Zellweger et al.,
2009) and the overall statistical uncertainty is calculated to be +14.4 ppb based on the mean standard
deviation of the 6 s data within each hour in this current study. The calibration details of the NDIR
instrument have been discussed in Ou-Yang et al. (2014).

In order to make source-receptor analysis, EBC and CO measurements made (following the
same instrumentation and methodologies as discussed above) at an upwind near-source BB location
in northern SEA i.e., Doi Ang Kang Meteorology Station (DAK), Chiang Mai Province, Thailand
(19.93°N, 99.05°E, 1536 m a.s.l.) during March 2013 as part of the Seven South East Asian

Studies/Biomass-burning Aerosols & Stratocumulus Environment: Lifecycles & Interactions
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Experiment (7-SEAS/BASELInE; Lin et al., 2014; Tsay et al., 2016) campaign were also included in
this current study.
3. Results and discussion
3.1. Local meteorology and air mass back trajectories

Monthly meteorological parameters (mean + 1c) obtained from hourly measurements of
temperature (T), relative humidity (RH), wind speed (WS), and rainfall at LABS are presented in
Figs. 2a-d. Monthly mean T (Fig. 2a) varies in between 6 °C (January) and ~14 °C (July) with an
annual mean (+ 1o) value of 10 =4 °C. RH was generally high (> 60%) throughout the observation
period with an annual mean (£ 1c) value of 79 + 25%, varying from January (62%) to May (94%) as
shown in Fig. 2b. The annual WS (mean * 16) was about 3.9 = 2.5 m s~ with the lowest (Fig. 2¢) in
September (2.1 £ 1.3 m s7!) and the highest in December (5.5 + 2.8 m s7!). Hourly rainfall data was
obtained from an automatic rain gauge installed in the LABS premises and the monthly rainfall (Fig.
2d) was ranged between 36 mm (January) and 1455 mm (August). Monthly mean surface pressure
(P) was varied between 722-726 hPa at LABS. According to the classification given by previous
studies depending on local meteorological conditions (e.g., Wai et al., 2008; Ou-Yang et al., 2012,
2014), LABS experiences four distinct seasons, namely summer (June, July, and August), fall or
autumn (September, October, and November), winter (December, January, and February), and spring
(March, April, and May). The seasonal variability of meteorological parameters along with their
statistical analysis is listed in Table 1.

LABS generally receives air masses that have originated/passed over China, India, cleaner

maritime regions, and also from SEA BB emissions (e.g., Lee et al., 2011; Lin et al., 2013; Ou-Yang
et al., 2014). In order to better understand the influence of heterogeneity in air masses during the

observation period, 5-day air mass backward trajectories (BTs) ending at ground level (altitude =
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2862 m a.s.l) of LABS at 00/06/12/18 UTC daily (i.e., 4 BTs per day) have been computed by using
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT; Draxler and Rolph, 2013)
model. Fig. 3 shows the monthly relative frequency (%) distributions (e.g., Pani and Verma, 2014;
Verma et al., 2014, 2016) for different possible pathways from June 2012 to May 2014. The intensity
of BB emissions in East Asia, South Asia, and SEA (as shown in Fig. 3) were illustrated by fire
counts obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) Collection 5
near real-time Hotspot/Active Fire Detections (MCDI14DL) using the Terra/Aqua satellites
(https://earthdata.nasa.gov/data/near-real-time-data/firms/). During the spring, air masses carry
mainly continental BB emissions from SEA to the sampling site in the Pacific by a long-range
atmospheric transport (cf. Lee et al., 2011). The LABS gets the air masses from oceanic area and free
troposphere higher than 700 hPa over the Asian continent (cf. Lee et al., 2011) during the summer. In
autumn, the northwesterly air mass pattern carries continental anthropogenic-pollutants, dusts, and
BB emissions from East Asia to the sampling site by a long-range atmospheric transport. In winter,
the air mass pattern shifts majorly from northwesterly to southwesterly with stronger winds towards
February.
3.2. EBC mass concentrations

The annual mean (= 1o) EBC concentration was found to be 275 + 406 ng m3, with the
median value of 117 ng m=3, at LABS during the whole observation period. The monthly EBC mass
concentration (mean * 1o; Fig. 4a) started increasing from June (60 + 64 ng m~3) until October (220
+ 169 ng m™3), then suddenly decreased in November (89 + 107 ng m™3), followed by an increasing
trend to reach the annual maximum in March (883 + 621 ng m~3) and then started decreasing again to
June. The bimodal distribution of EBC concentrations with the major mode in March and relatively

less pronounced minor mode in October were related to the insignificant wet removal of EBC due to
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low RH (Fig. 2b) and rainfall (Fig. 2d) during these two months. EBC mean concentration varied
approximately fifteen-fold from the lowest in June to the highest in March during the observation
period. The highest mass concentration of EBC in March (median = 840 ng m~) was primarily
attributed to the influence of westerly winds coupled with BB emissions from SEA. It can be
explained with the analysis of air mass BTs and MODIS fire count data during March (Fig. 3), which
clearly showed that air masses were frequently coming from the peninsular SEA (Vietnam,
Cambodia, Thailand, Laos, and Myanmar, etc.) where intense BB was occurred particularly in
March. The secondary peak during October was linked with the influence of Asian continental
outflows in conjunction with BB emissions from north/northeastern/southern China (Fig. 3). Pani et
al. (2017) recently reported the influence of Asian continental outflows to the surface mass
concentration of EC at Mt. Lulin during an intensive observational period (IOP) in winter of 2015.
Ambient aerosols were greatly influenced by the agriculture crop residue burning in northern China
during late September to early November (You et al., 2015). Moreover, the prevalence of dry weather
since late autumn in most parts of northern China (Zhai et al., 2005) increases the forest and
grassland fire activities (You et al., 2015). Pan et al. (2011) also reported higher concentration of
EBC in October than the summer months at Mt. Huang, China, consistent with the large-scale
burning of crop residues over the region.

The seasonal statistics of EBC concentrations measured at LABS are also summarized in
Table 1. The highest EBC concentration (mean + 1o6; median) was found in spring (563 + 585 ng m~
3; 348 ng m™%), followed by winter (252 295 ng m~>; 140 ng m~3), autumn (152 + 148 ng m™; 104
ng m~>), and summer (68 + 71 ng m™; 39 ng m™>). BB aerosols produced in the SEA region
consistently influenced the LABS atmosphere with the domination of westerlies (e.g., Hsiao et al.,

2017). BB emissions are the notable component of global combustion-sourced BC and contributing
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up to 63% (Bond et al., 2004; Lack et al., 2012). Significant contribution of SEA BB emissions to
springtime concentration of air pollutants including PMz s (cut sizes < 2.5 pm), EC, O3, and gaseous
elemental mercury at LABS were also reported in literatures (e.g., Wai et al., 2008; Sheu et al., 2010;
Lee et al., 2011; Ou-Yang et al.,, 2012; Lin et al., 2013; Chuang et al., 2014, 2016a, 2016b).
Moreover, springtime regional transport of SEA BB emissions has been also well investigated over
downwind sites in East Asia e.g., southeastern China, South China Sea, and central/southern Taiwan
(Lin et al., 2013; Pani et al., 2016a). Like LABS, the highest EBC during spring season was also
reported at various high-altitude locations i.e., NCOP, Nepal (altitude, 5079 m; reference, Marinoni
et al., 2010), Hanle (4520 m; Babu et al., 2011), Mukteshwar (2180 m; Hyvérinen et al., 2009),
Manora Peak, Nainital (1958 m; Dumka et al., 2010), Dehradun (700 m; Babu et al., 2011), and
Mauna Loa, Hawaii, USA (3400 m; Bodhaine, 1995), irrespective of mass concentrations,
measurement methods, applied corrections, and source origins. The lowest EBC concentration during
summer season was primarily caused by the frequent intrusions of clean marine air mass from the
Pacific and South China Sea (Fig. 3) and these air masses were also reported as responsible for the
seasonal minimum of other air pollutants including CO and O3 at LABS (Sheu et al., 2010; Lee et al.,
2011; Ou-Yang et al., 2012, 2014). In addition to the above fact, wet removal was also another key
factor of BC declination during the summer months due to higher rainfall (Fig. 2d).

Table 2 summarizes the mean EBC mass concentrations measured at LABS with other high-
altitude locations in the world. The annual mean EBC (275 ng m~®) at LABS was found comparable
with the values reported at Tengchong county (Engling et al., 2011), Mt. Waliguan (Ma et al., 2003),
and NCO-P (Marinoni et al., 2010) but relatively higher (~3 to 6) times than those at Hanle (Babu et
al., 2011), Nam Co (Zhang et al., 2017), and Qilian Shan (Zhao et al., 2012). The annual mean EBC

at Godavari (Engstrom and Leck, 2017); Ooty (Udayasoorian et al., 2014), Manora Peak (Dumka et
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al., 2010), Mt. Huang (Pan et al., 2011), and Darjeeling (Sarkar et al., 2015) was found to be 2, 2, 4,
4, and 13 times higher than that of LABS, respectively. The mean EBC during March (883 ng m™) at
LABS was found comparable with the values reported at Linzhi (Cao et al., 2010) and Sinhagad
(Raju et al., 2011) whereas 6 times lower than that reported at DAK (Hsiao et al., 2016).
3.3. CO concentrations

The annual mean (+ 16) and median value of CO concentration was found to be about 140 +
52 ppbv and 129 ppbv, respectively at LABS during the whole observation period. Monthly CO
concentrations (mean + 1o; Fig. 4b) varied similarly as EBC mass concentrations. Similar to EBC
seasonal variation, CO concentration (mean + 1o; median) was also observed as the highest in spring
(167 £ 74 ppbv; 150 ppbv), followed by the winter (142 + 39 ppbv; 137 ppbv), autumn (135 + 36
ppbv; 130 ppbv), and summer (104 + 27 ppbv; 95 ppbv) at LABS (Table 1). Ou-Yang et al. (2014)
also reported the similar pattern of seasonal CO variations from April 2006 to April 2011 at LABS.
The CO seasonal pattern at LABS was also found similar with those reported at other sites in western
Pacific (Narita et al., 1999; Pochanart et al., 2004; Tsutsumi et al., 2006; Kim et al., 2008;
Suthawaree et al., 2008; Yashiro et al., 2009; Sikder et al., 2011) regardless of the slight differences
in concentration. Relatively higher CO during the autumn and winter months at LABS was observed
due to the influence of Asian continental outflows. The highest level of CO in spring was primarily
attributed to the westerly air masses in conjunction with BB emissions from SEA. The influence of
intense BB emissions from SEA was also reported at Mt. Bachelor observatory (MBO; 2763 m a.s.l.)
in central Oregon, USA (Reidmiller et al., 2009). However, higher springtime CO concentrations
(203-227 ppbv) were often reported mainly due to the influence of Asian continental outflows at the
coastal sites in western Pacific such as Hoppo (Narita et al., 1999), Cape Hedo (Suthawaree et al.,

2008), and Oki (Sikder et al., 2011). High levels of CO produced in SEA passing over the Pacific in
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springtime were also detected by the MOPITT (Measurement of Pollution in the Troposphere)
satellite (Deeter et al., 2009). On the basis of STEM (Sulfur Transport and dEposition Model) tracer
simulations, the spreading of BB-produced CO from SEA over the west coast of Pacific at an
elevation of ~2.8 km was reported during the TRACE-P (Transport and Chemical Evolution over the
Pacific) experiment (Tang et al., 2003).
3.4. Possible impact of local emissions on EBC and CO concentrations

Even though the monthly and seasonal concentrations of EBC and CO at LABS are mainly
governed by the long-range atmospheric transport from continental outflows as discussed in earlier
sections, the influence of local/regional emissions cannot be completely ignored. Primary air
pollutants accumulated in the planetary boundary layer (PBL) of nearby suburban/urban areas can be
transported to LABS by mountain—valley (M-V) circulation primarily depending on the vertical
profiles of meteorological parameters as well as air-pollutants and the height of atmospheric mixing
layer. Some earlier studies discussed the influence of M-V circulations and upslope winds on the
diurnal variations (daytime minimum around noon and nighttime maximum) of CO, O3, PMjo, and
gaseous elementary mercury at LABS (Sheu et al., 2010; Ou-Yang et al., 2012, 2014). Oltmans and
Komhyr (1986) also suggested that the up-down slope circulations were responsible for the similar
diurnal pattern in O3 observed at Mauna Loa in Hawaii on the basis of vertical profiles of Oz and
meteorological data. Ou-Yang et al. (2014) has elaborately discussed the influence of M-V
circulation on CO diurnal variations in different seasons at LABS and also found the M-V winds as
the major cause of daily CO maximum in afternoon along with water vapor levels. Therefore, it is
possible that the local/regional emissions accumulated in PBL of nearby valley may occasionally
influence the diurnal/daily variations of EBC concentrations at the altitude of LABS (~3 km) by

upslope winds during the favorable meteorological conditions.
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3.5. EBC and CO relationship

The relationship between EBC and CO is primarily regulated by the balance between sources
and sinks (Spackman et al., 2008). The sources are mainly governed by the fuel type and combustion
efficiency (Miguel et al., 1998; Bond et al., 2004) whereas the sinks are governed by meteorological
conditions and atmospheric aging. It is important to mention that CO is insoluble in water and is not
removed by precipitation. In contrast, during the atmospheric transport process BC particles undergo
a transformation from hydrophobic to hydrophilic by forming an internal mixture with sulfate and
organic components which enhances BC removal by wet deposition and sedimentation (Spackman et
al., 2008). Low values (0-0.56) of Pearson correlation coefficient (r) of EBC-CO scatterplots
(supplemental Fig. S1) were due to the influence of dissimilar air masses from various source origins
to Lulin’s remote atmosphere through long-range atmospheric transport process. This mix of sources
may contribute to the non-linearity in the EBC-CO correlation (e.g., Spackman et al., 2008). A strong
correlation between EBC and CO can be expected over the near-source region of emissions (e.g.
anthropogenic or BB), but the atmospheric long-range transport makes the association weaker at
remote locations (Sahu et al., 2009).

Generally, the EBC and CO relationship is represented as AEBC/ACO ratio (e.g., Kondo et
al., 2006; Spackman et al., 2008; Pan et al., 2011; Verma et al., 2011; Girach et al., 2014; Kanaya et
al., 2016) and this ratio is used to identify the factors that control variations in BC mass
concentration (Kanaya et al., 2016). In this current study, AEBC and ACO represent the differences
between observed and background values of EBC and CO concentrations, respectively. EBCo, the
background concentration of EBC was assumed to be zero (e.g., Pan et al., 2011; Kanaya et al.,
2016; Kondo et al., 2016) because the estimated atmospheric lifetime of BC is several days (e.g.,

Cooke et al., 2002; Park et al., 2005; Bond et al., 2013; Kondo et al., 2016); hence AEBC was the
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same as the original EBC concentration. However, COg (the background concentration of CO) was
determined as the median of the values below the 3o range, namely the 1.25th percentile of the CO
concentrations for each month (e.g., Kondo et al., 2006; Pan et al., 2011; Girach et al., 2014). The
monthly COyg values are also presented in Fig. 4b along with the CO concentrations. Some studies
have used the slope of the least squares fitting of EBC-CO scatterplots as AEBC/ACO ratio (e.g.,
Kondo et al., 2006; Han et al., 2009; Guo et al., 2017). However, we used the slope of the least
squares fitting of AEBC-ACO scatterplot as AEBC/ACO ratio (e.g., Kondo et al., 2006, 2011) in this
current study for more accurate estimation at our remote background site.

Fig. 5 shows the monthly scatterplot and linear regression results of the AEBC-ACO
correlation at LABS. The regression model was found statistically significant (p < 0.05) during all
the moths except October (p = 0.337). However, the correlation between AEBC and ACO (Fig. 5)
was found very-weak (i.e., < 0.2) during July, October, November, and May; weak (i.e., < 0.3)
during June and September; and moderate (i.e., r > 0.3) during remaining months. Although a
secondary peak in both EBC and CO concentrations was seen on October along with the lower RH
and rainfall, but the weakest association (r = 0.003) between AEBC and ACO (as well as
insignificant statistical regression) was probably due to the influence of dissimilar air masses from
various distinct source origins (as seen from the Fig. 3). The discussion of AEBC/ACO ratios is not
meaningful for the months when AEBC-ACO correlations were very-weak and weak. Therefore, the
statistical results of AEBC-ACO scatterplots with moderate correlation are listed in Table 3 and
discussed here. The AEBC/ACO ratio (mean + standard error at 95% confidence interval) was found
to be significant particularly in the springtime with the highest in March (5.3 = 0.3 ng m™3 ppbv~')
with closely similar to February (4.1 £ 0.3 ng m= ppbv~') and followed by April (3.1 £ 0.2 ng m™3

ppbv!). Relatively higher AEBC/ACO ratios in spring months were attributed to the significant
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influence of BB emissions from the South Asia and SEA to the LABS atmosphere through long-
range transport with westerlies winds (as seen from the Fig. 3). Substantial BB occurs annually from
February to April over SEA region due to land-clearing practices before the local growing season
(Khamkaew et al., 2016; Hsiao et al., 2016; Tsay et al., 2016; Pani et al., 2016b, 2018). Low value of
AEBC/ACO ratio in August (1.7 £ 0.1 ng m™ ppbv™') at LABS was due to more complete EBC
removal as result of the highest occurred rainfall (1455 mm; Fig. 2d) and possible contributions of
CO from volatile organic compounds (VOC) oxidation (e.g., Spackman et al., 2008). Relatively
lower value of AEBC/ACO ratio during December (1.3 £ 0.1 ng m™ ppbv~!) was due to the combine
effect of scavenging of EBC by RH (80 £ 26%) and rainfall (318 mm) and influence of different air
masses (Fig. 3). Although the rainfall (36 mm) and RH (62 + 34%) were recorded the lowest during
January, still the AEBC/ACO ratio was observed low possibly due to poor association between EBC
and CO as a result of mixing of air masses originating from different source origins (Fig. 3).
However, the AEBC/ACO ratio in January (2.1 + 0.2 ng m™ ppbv™!) was relatively higher as
compared to August and December due to higher EBC mass in January (Fig. 4a) than August and
December at LABS. The AEBC/ACO ratios estimated at Mt. Lulin represent well mixed air masses
from different regions owing to long-range atmospheric transport and here in this study referred to a
typical value on a regional scale in contrast with the ratios of any specific emission types.
3.6. Episodic cases of AEBC/ACO enhancement

Three episodic cases, when the AEBC-ACO correlation was more significant as compared to
the respective monthly scatterplot, were selected to determine the AEBC/ACO ratios for particularly
BB emission and/or urban mixed pollution. Figs. 6a-c shows the statistical results of AEBC-ACO
scatterplots for the episodic cases and relatively strong correlations (r > 0.65) for each episode were

observed. During 28-31 March, 2013 (Case#1), BB air masses were particularly coming from the
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northern SEA to the LABS as depicted by 5-day BT information (Fig. 7a). The vertical distribution
of aerosol subtype, obtained from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO; https://www-calipso.larc.nasa.gov) web application, displayed the
presence of thick smoke plumes at 1-5 km altitude distributed over 10°N — 25°N in East Asia on 28
March 2013 (Fig. 7d). Interestingly, the aerosol optical depth at 500 nm was also recorded as the
highest (0.73) by the Cimel sun—sky radiometer of Aerosol Robotic Network (AERONET;
http://aeronet.gsfc.nasa.gov/) at Mt. Lulin (supplemental Fig. S2) on that particular day and was
found to be approximately 5 times higher than the monthly mean (0.14) of March 2013. EBC and
CO concentrations at LABS for Case#1 had means of 724 ng m= and 207 ppbv, respectively and the
COy value was 96 ppbv. The AEBC/ACO ratio (mean + standard error at 95% confidence interval)
for Case#l was found to be 6.1 = 0.7 ng m™ ppbv~! i.e., ~1.2 times higher than that of overall
monthly mean of March (5.3 £ 0.3 ng m™ ppbv~').

Taiwan generally receives the Asian continental outflow during October—November (Pani et
al., 2017; Chuang et al., 2017). Two cases, when mixed urban pollution from Asian continental
outflow played a dominant role on high EBC mass concentrations at LABS, were also selected.
Case#2 (30 October 2013) was mainly attributed to the mixed pollution of urban and BB emissions
from southern China as seen from the 5-day BT information (Fig. 7b) and vertical distribution of
aerosol subtype (Fig. 7e). Agricultural residue burning attributed to the burning of rice straw after
rice harvest is reported over southern and east China particularly during October (e.g. Pan et al.,
2011; Chen et al., 2017). During Case#2, COq value was 97 ppbv, and the mean CO (131 ppbv) was
found ~1.2 times lower than that of monthly mean of October (153 ppbv) while the mean EBC (250
ng m~>) was found ~1.1 times higher than that of monthly mean of October (220 ng m™3), resulting in

the overall enhanced value of AEBC/ACO ratio about to be 8.0 = 2.1 ng m™ ppbv~!. On 28
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November 2013 (Case#3), another episode of continental Asian outflow was observed and mainly
attributed to mixed pollution of urban and BB emissions from northern China as seen from the 5-day
BT information (Fig. 7¢) and vertical distribution of aerosol subtype (Fig. 7f). During Case#3, the
EBC and CO concentration (mean + 16) was 109 + 35 ng m™= and 131 % 11 ppbv, respectively, COo
was 111 ppbv, and AEBC/ACO ratio was 2.4 + 0.6 ng m™ ppbv!i.e., ~6-7 times higher than that of
overall monthly mean of November (0.4 + 0.1 ng m= ppbv!). The difference in AEBC/ACO ratios
for Case#1, Case#2, and Case#3 was possibly due to the different emissions strengths over the
upwind locations i.e., SEA, southern and northern China, respectively. Although, the mean CO
values were same for Case#2 and Case#3, the mean EBC of Case#3 was ~2.3 times lower than that
of Case#2. It was possibly due to some EBC removal by significant RH (95%) and rainfall (total
rainfall = 4.3 mm; supplemental Fig. S3) on that particular day of Case#3. Additionally, the presence
of thick continental polluted dust at 1-3 km atmospheric altitude over the region (as seen from
CALIPSO satellite results; Fig. 7f) was another important reason of EBC dilution during Case#3 at
LABS. However, there was no rainfall recorded for Case#2 and the mean RH was 60%. As a result,
the AEBC/ACO ratio at LABS for the mixed pollution from southern China (Case#2) was found to
be ~3 times higher than that of northern China (Case#3).

However, such large standard error associated with the mean value of AEBC/ACO ratios for
the episodic cases (Figs. 6a-c), may bias the discussions of observed enhancement. Therefore for re-

examination, we again derived the AEBC/ACO ratio by considering the median value of the ratios of
each data point i.e., using the equation % = (EBC — EBC(,)/ (CO — CO,) following Kondo et al.,

(2006, 2016). The estimated median value of AEBC/ACO ratios for Case#1 (6.2 ng m= ppbv~') and

Case#2 (8.1 ng m= ppbv~!) were found closely identical with the mean values of the slope of AEBC-

20



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

ACO scatterplots (Figs. 6a-b), indicating that datasets were followed normal distribution in both the
cases. However, the median value of AEBC/ACO ratio for Case#3 was estimated to be 5.1 ng m™
ppbv!i.e., about ~2 times higher than the mean value of the slope (2.4 + 0.6 ng m™ ppbv!) of
AEBC-ACO scatterplot (Fig. 6¢), indicating non-normal distribution of the dataset including some
major outliers at the both end of the distribution. It could be due to two reasons (i) low values of
EBC due to wet removal as well as dust contamination and (ii) the low values of ACO due to high
magnitude of COg (111 ppbv), which was even higher than the mean EBC (109 ng m™)
concentration for Case#3.
3.7. Comparison of AEBC/ACO ratio with other studies

Fig. 8 summarizes the AEBC/ACO ratios reported by some previous studies at different
locations worldwide as well as the variations between BB emissions and urban plume. It is worth to
note here that the summarized AEBC/ACO ratios for comparison purpose (Fig. 8) are based on
several measurement procedures with different errors and uncertainties. An extensive inter-
comparison of measurement procedures and their uncertainties are beyond the scope of this paper
and the reader can follow the corresponding references for the details. The AEBC/ACO ratio of 11.5
ng m™3 ppbv~! for local scale BB episode at Mt. Cimone in Italy (2165 msl; Cristofanelli et al., 2013)
was ~2 times higher than the value of BB episode at Mt. Lulin (6.1 £ 0.7 ng m~ ppbv~!). Pan et al.
(2011) also reported the higher values of AEBC/ACO ratio of ~10.3-11.6 ng m~ ppbv~! for BB
episodes in the high-altitude environment of Mt. Huang in eastern China. Regional Emission
inventory in Asia also reported AEBC/ACO ratios of 11.0, 11.4, 11.0, and 11.8 ng m=3 ppbv~! for
open BB of agricultural residue in Anhui, Jiangsu, Shandong, and Henan provinces, respectively
(Yamaji et al., 2010). Recently, Guo et al. (2017) studied the AEBC/ACO ratios and found lower

values over Beijing and Changdao Island in northern China than those over Nanjing, Shanghai,
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Wenling, and Guangzhou in South China, due to disparate fuel structures in North and South China.
Higher values of AEBC/ACO ratio for South China air-mass than that of North China air-mass was
reported at Mt. Huang, eastern China (Pan et al., 2011), Cape Hedo, Okinawa, northern Pacific rim
(Verma et al., 2011), and Fukue Island, western Japan (Kanaya et al., 2016). However, the lower
AEBC/ACO ratios obtained over megacities such as Beijing and Shanghai were due to the higher
number of gasoline and diesel vehicles (Zhou et al., 2009). McMeeking et al. (2010) estimated the
AEBC/ACO ratios ranging between 0.8-6.2 ng m~3 ppbv~! in the boundary layer over Europe. Jaffe
et al. (2017) reported the AEBC/ACO ratios ranging from 3.29-4.98 ng m= ppbv! at Mount
Bachelor Observatory site in central Oregon, USA during the influence of wildfire events. The
association between EBC and CO is highly region specific. In general, the variation of AEBC/ACO
ratios were found between different studies are because of their emission ratios, fuel types,
combustion efficiencies, secondary formation of CO from VOC oxidation (Bond et al., 2004;
McMeeking et al., 2010), and meteorological conditions (Oshima et al., 2012).
3.8. Transport efficiency of EBC for SEA BB emissions at Mt. Lulin

The transport efficiency (TE) of EBC was estimated relative to CO (long-lived and relatively
an inert species) in order to investigate the BC atmospheric transport to Mt. Lulin. TE is also used to
characterize the extent to which the wet deposition of EBC occurs during the atmospheric transport
(Kondo et al., 2016). TE was estimated in this current study as follows (Park et al., 2005; Sahu et al.,

2009; Girach et al., 2014; Kondo et al., 2016)

(AEBC/ACO)

TE (%) = (ERgBC/cO)

X 100 4)

where ERgpc/co 1s the emission ratio of EBC to CO in the source region.

Dilution and aging effects on EBC and CO are negligible over the source regions (e.g.,
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Baumgardner et al., 2002; Girach et al., 2014). Therefore, we considered ERggc/co ratio at DAK (a
near-source BB region in northern SEA) as the representative value for SEA BB emissions. EBC
(23-26 March, 2013) and CO (24-31 March, 2013) concentration (mean *+ 1c) at DAK was found to
be about 5290 + 1142 ng m™ and 594 + 79 ppbv, respectively. The mean ERggc/co value was
estimated to be 8.9 ng m=3 ppbv~! (or 15.3 x 103 grams of carbon as EBC per gram of carbon as CO)
at DAK and by using this value the TE of EBC for SEA region BB air mass (Case#1, 28-31 March,
2013) was estimated about to be ~68%. This result reveals that springtime EBC aerosols from SEA
region were transported efficiently to Mt. Lulin, though scavenging effect due to RH and rainfall was
observed at LABS, Mt. Lulin. It is worth to mention here that the total rainfall was 20 mm and the
mean RH was 95% at LABS during 28-31 March 2013 (Case#1). A total of 32% loss in EBC was
occurred due to the dry as well as wet deposition (through both rain and high RH) during the
atmospheric transport process from SEA region to LABS (i.e., 2400 km in 5 days) i.e., 6.4% loss in
EBC per day (similar removal of EBC during the total transportation path is assumed). On account of
intense BB is prevalent over SEA region during the springtime, it is possible that EBC aerosols get
coated with various organic aerosols and become hydrophilic in nature leading to hygroscopic
swelling and successive scavenging (e.g., Spackman et al., 2008; Girach et al., 2014). Nevertheless,
Chuang et al. (2016b) recently revealed the degradation of springtime (from March to April 2010 and
from February to April 2013) PM2s, EC, and anhydrosugars during the long-range atmospheric
transport from SEA source region to Mt. Lulin on the basis of estimated modification factors by
using non-sea-salt potassium ion (nss-K*) and/or fractionalized EC evolved at 580 °C after pyrolized
organic carbon (OP) correction (EC1-OP) as the BB chemical tracers. However, the detailed and

more accurate role of EBC deposition can be better understood by analyzing the chemical transport
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model and synoptic-scale meteorology in western Pacific region of East Asia.
4. Summary

Analyses of simultaneously measured EBC and CO concentrations at LABS at the summit of
Mt. Lulin, Taiwan from June 2012 to May 2014 along with BTs analysis, fire-counts data,
meteorological parameters, and emission ratios brought out some important outcomes. The major
findings from this study are:

* (Clear monthly variation and the impact of long-range transport on the EBC and CO surface
concentrations were observed at LABS. Both EBC and CO concentrations displayed bimodal
distributions with the major mode in March and the less pronounced minor mode in October.
The minor peak in both EBC and CO during October was due to the influence of Asian
continental outflow from mainland China. However, the highest concentrations (mean * 1o;
median) of EBC (883 + 621 ng m~3; 840 ng m~3) and CO (209 + 71 ppbv; 212 ppbv) during
March were primarily attributed to the westerly winds coupled with BB emissions from SEA
region. In addition to the influence of long-range transported BB emissions from SEA and
China, these peak concentrations were found also be associated with low RH and rainfall.

e The annual median (mean + 1) concentration of EBC and CO were found to be 117 ng m=
(275 + 406 ng m=) and 129 ppbv (140 % 52 ppbv), respectively at LABS. EBC and CO
showed similar seasonal variations with the highest in spring and the lowest in summer.

* The statistical correlation between EBC and CO was found to be good during February—
April, whereas it was poor for other months. This difference may be due to meteorological
processes (washout/rainout) or due to the mixing/dilution of air masses transported far from

the mainland to a high-altitude mountain environment like Mt. Lulin.
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e The AEBC/ACO ratio at Mt. Lulin was found to be the highest during March (mean +
standard error at 95% confidence interval; 5.3 + 0.3 ng m~ ppbv~!). However, on the basis of
episodic cases, AEBC/ACO ratios were estimated to be 6.1 £ 0.7, 8.0 £ 2.1, and 2.4 £ 0.6 ng
m~ ppbv~! for SEA BB emissions, southern China mixed pollution, and northern China
mixed pollution, respectively.

* A total of 32% loss in EBC aerosols (6.4% loss in EBC per day) was estimated for the
atmospheric transport of BB emissions from SEA region to LABS.

The large differences in AEBC/ACO ratios seen at Mt. Lulin spotlight the need for more detailed
studies on the EBC-CO relationship over Taiwan as well as other high-mountain remote sites in East
Asia. This study at a high altitude background station in East Asia will be immensely helpful to
validate the bottom-up emission inventories as well as in reduction of associated uncertainties in
aerosol modelling simulation over the region. Moreover, the estimated AEBC/ACO ratios at Mt.
Lulin would be used in model simulations to evaluate the BC aging and scavenging over the western
Pacific region in East Asia.
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Table captions
Table 1. Statistical data of seasonal meteorological parameters, EBC, and CO mass concentrations
measured at LABS during the study period.

Table 2. Mean mass concentrations of EBC measured at various high-altitude locations in the world.

Table 3. Statistical results of AEBC-ACO scatterplots obtained during the study period.
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Figure captions

Fig. 1. (a) Geographical location of Taiwan and its adjacent Asian countries; (b) Terrain map of
Taiwan and the red star shows the location of Mt Lulin; (c¢) Aerial view of Lulin Atmospheric
Background Station (LABS). For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.

Fig. 2. Monthly mean (a) T (°C), (b) RH (%), (¢) WS (m s7"), and (d) rainfall (mm) at LABS during
2012-2014. Vertical bars indicate + 1o from the mean.

Fig. 3. Monthly distribution of air mass origins at LABS are shown by clusters of 5-day BTs arriving
at ground level during 2012-2014. The numbers in each panel indicate the relative frequency (%) for
each possible pathway in the month with such origins. Red dots represent the MODIS inferred fire
counts.

Fig. 4. Monthly mean mass concentration of (a) EBC, and (b) CO at LABS during 2012-2014.
Vertical bars indicate + 16 from the mean. Monthly background CO (refer to the section 3.4) values
are also shown here.

Fig. 5. Scatterplot and linear regression results of the AEBC-ACO correlation for each month at
LABS during the study period. The slope (mean + standard error at 95% confidence interval) of the
least-square regression line is the AEBC/ACO ratio in ng m~ ppbv~! for the respective month.

Fig. 6. Scatterplot and linear regression results of the AEBC-ACO correlation for the episodic cases
1.e., (a) Case#l, (b) Case#2, and (c) Case#3. The slope (mean * standard error at 95% confidence
interval) of the least-square regression line is the AEBC/ACO ratio in ng m~ ppbv~! for the
respective case.

Fig. 7. Representatives transport pathway of 5-day BT air mass arriving at ground level of LABS

during (a) Case#1, (b) Case#2, and (c) Case#3. The solid star represents the LABS site. Vertical
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1030

1031

information of aerosol subtypes along the CALIPSO satellite orbit (near to Taiwan region) for (d)
Case#1, (e) Case#2, and (f) Case#3. Black color blocks indicate the presence of “elevated smoke
aerosols”. For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.

Fig. 8. Comparison of AEBC/ACO ratios obtained at Mt. Lulin with other worldwide locations.
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Mexico City (Jan.— Feb. 2000) 1.3 FrBaumgardner et al., 2002
Baltimore, Maryland (Mar.—Nov. 2002) 2.5 FPark et al., 2005
Fort Meade, Maryland (Jul. 1999) 4.1 Chen et al., 2001
Beijing (Fall 2005-06) 5.8 rHan et al., 2009
Beijing (Summer 2009) 3.7 FZhou et al., 2009
Shanghai (Summer 2009) 10.0 FZhou et al., 2009
Guangzhou (Oct.—Nov. 2006) 7.9 FAndrea et al., 2008
Guangzhou (Summer 2006) 5.4 FVerma et al., 2010
Nagoya (Mar. 2003) 6.3 FKondo et al., 2006
Tokyo (All seasons 2003-2005) 5.7 Kondo et al., 2006
Taiwan (All seasons 2003-2007) 5.3 Chou et al., 2010
Yellow Sea (17 Mar.-9 Apr. 2011) 3.5 rGuo et al., 2017
East China Sea (28 May-8 Jun. 2011) 4.8 rGuo et al., 2017
Wenling (1-28 Nov. 2011) 9.2 rGuo et al., 2017
Changdao Island (20 Mar.—24 Apr. 2011) 4.6 rGuo et al., 2017
Jeju Island (Clean Airmass, Spring 2005) 8.1 FSahu et al., 2009
Jeju Island (Korea Airmass, Spring 2005) 8.5 FSahu et al., 2009
Jeju Island (China Airmass, Spring 2005) 9.8 Sahu et al., 2009
Cape Hedo (North China airmass, Mar. 2008— May 2009) 7.0 'Verma et al., 2011
Cape Hedo (South China airmass, Mar. 2008- May 2009) 7.5 rVerma et al., 2011
Fukue Island (North China airmass, 2009-2015) 6.0 rKanaya et al., 2016
Fukue Island (South China airmass, 2009-2015) 6.9 Kanaya et al., 2016
Mt. Cimone (Local scale BB, 28 Aug.— 1 Sep. 2007) 11.5 [Cristofanelli et al., 2013
Mt. Huang (BB, 22-23 Oct. 2007) 11.6 [Pan et al., 2011
Mt. Huang (North China Plain airmass, 2007) 6.5 Pan et al., 2011
Mt. Huang (East China Region airmass, 2007) 8.8 Pan et al., 2011
Mt. Lulin (Northern China Mixed pollution, 28 Nov. 2013) 24 This study
Mt. Lulin (Southern China Mixed pollution, 30 Oct. 2013) 8.0 This study
Mt. Lulin (SEA BB emissions, 28-31 Mar. 2013) 6.1 This study
Mt. Lulin (Mar. 2013 and 2014) 5.3 This study
T — 1 1
2 4 ili é 10 12
AEBCIACO (ng m™ ppbv™ )



Table 1: Statistical data of seasonal meteorological parameters, EBC, and CO mass concentrations measured at LABS during the study period.

Parameters Summer Autumn Winter Spring

Mean + 16 | Median | IQR* Mean + 16 | Median IQR Mean + I | Median | IQR* Mean + 16 | Median | IQR*
T (°C) 13+2 13 12-15 11+£3 11 9-13 7+£3 7 4-9 10+3 10 8-12
RH (%) 86 £ 16 92 78-100 76 £24 83 62-97 71 £30 81 53-100 84 £22 95 75-100
WS (ms™) 32+23 2.5 1.5-4.3 28+£1.9 2.3 1.4-3.6 49+2.7 4.5 2.7-6.8 44+£25 4.0 2.4-6.2
P (hPa) 723 +3 724 722-726 | 7252 725 724-727 | 724 +2 724 723-726 | 725%2 725 724-726
EBC (ng m™>) | 68 +71 39 16-102 152 £ 148 104 38-216 252 +295 140 34-370 563 + 585 348 106-863
CO (ppbv) 104 £27 95 85-115 135 £36 130 109-156 | 142 +£39 137 112-167 | 167 +£74 150 105-222

#IQR: Interquartile range = 25-75 percentile.
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Table 2: Mean mass concentrations of EBC measured at various high-altitude locations in the world.

Locations Altitude | Period Elevated BC sources Method | EBC References
(m) (ng m?)
Sinhagad, Western Ghats in India 1450 Apr. — May, 2009 Prevailing meteorology and certain local burning | AE 860 Raju et al., 2011
activities
DAK, Northern Thailand 1536 Mar. 2013 Agricultural residue burning AE 5430 Hsiao et al., 2016
Godavari, Central Nepal 1600 Oct. 2005 — Dec. 2007 | Mainly influenced by local combustion sources PSAP 560 Engstrom and Leck, 2017
Tengchong County, Southeast 1640 Apr.—May 2004 Influenced by Southeast Asia and local domestic | AE 420 Engling et al., 2011
Tibet activities
Mt. Huang, Eastern China 1840 Jun. 2006 — May 2009 | Large-scale burning of crop residues MAAP | 1004 Pan et al., 2011
Manora Peak, Central Himalayas 1958 Nov. 2004 — Dec. 2007 | Convective boundary layer and increased local AE 990 Dumka et al., 2010
emissions
Darjeeling, Eastern Himalaya 2200 Jan. 2010 — Dec. 2011 | Local anthropogenic activities and long-range AE 3450 Sarkar et al., 2015
transport from Pakistan, Afghanistan and Indo-
Gangetic Plain
Ooty, Western Ghats of Southern 2520 Apr. 2010 — May 2012 | Influenced by anthropogenically polluted AE 610 Udayasoorian et al., 2014
India metropolitan cities like Chennai and Bangalore
in India
Jun. 2012 — May 2014 | Asian continental outflow and long-range
2862 transport of emissions from South and 275
LABS, Mt. Lulin, Central Southeast Asia AE This study
Taiwan Mar. 2013 and 2014 Attributed to westerly winds coupled with BB
emissions from Southeast Asia 883
Linzhi, Southeast Tibet 3300 Jan. 2009 Primarily from Eastern India and Bangladesh AE 760 Cao et al., 2010
Mt. Waliguan, Northeastern 4000 Oct.—Nov. 1997/Jan. Influenced by northeastern cities of China AE 270 Ma et al., 2003
Tibetan Plateau 1998
Qilian Shan, Northwest China 4214 May 2009 — Mar. 2011 | Influenced by northwest wind AE 50 Zhao et al., 2012
Hanle, Western Himalayas 4520 | Aug.2009 - Jul, 2010 | Influenced by the advection from West and AE |80 Babu et al., 2011
Southwest Asia
Local anthropogenic activities, such as
Nam Co, Central Tibet 4730 Oct. 2010 — Oct. 2014 | indigenous Tibetan burning animal waste and AE 74 Zhang et al., 2017
tourism traffic
NCO-P, Southern Himalayas 5079 Mar. 2006 — Mar. 2008 | Regional circulation and westerly air masses MAAP | 160 Marinoni et al., 2010

from the Middle East

Note: The content of this study are shown as bold. AE: Aethalometer; PSAP: Particle Soot Absorption Photometer; MAAP: Multi-Angle Absorption Photometer.
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Table 3: Statistical results of AEBC-ACO scatterplots during the study period.

Months/Cases | n? r® p€ Slope (AEBC/ACO ratio)
Tng m ppbv"! co gl

August 695 0.47 | <0.0001 1.7+0.1 2.4 x 1073
December 1310 [0.38 |0 1.3+0.1 1.8x 1073
January 690 035 |0 2.1+£0.2 29x%x 1073
February 606 041 |0 4.1+0.3 5.6x 1073
March 717 0.54 |0 53+03 7.3 %1073
April 760 041 |0 3.1+0.2 43 %1073
Case#1 94 0.66 | <0.0001 6.1 £0.7 8.4x 1073
Case#2 22 0.65 |0.002 8.0+2.1 11.1x 1073
Case#3 23 0.67 | <0.0001 24+0.6 3.3x 1073

2 number of pairs of hourly averaged data; °: at the 95% significance level; ©: significance level
of the slope; 9: values are written as mean * standard error at 95% confidence interval; ©: values
of AEBC/ACO ratios are written as grams of carbon as EBC per gram of carbon as CO





