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Abstract Aerosol black carbon (BC) was measured with an Aethalometer™ at Lulang, a high-altitude
station in southeastern Tibetan Plateau (TP), from July 2008 to August 2009. Daily mean BC loadings varied
from 57.7 to 5368.9 ng m�3 (grand average ± standard deviation = 496.5 ± 521.2 ng m�3), indicating a
significant BC burden even at free tropospheric altitudes. BC loadings were highest during the premonsoon
and lowest during the monsoon, and peaks in BC were coincident with high atmospheric boundary layers.
Daily peaks in BC occurred from 08:00 to 10:00 local time with minor fluctuations at other times. The BC mass
absorption efficiency (MAE) was calculated from elemental carbon concentrations obtained from a
thermal/optical reflectance method and absorption coefficients from the Aethalometer™, and values ranged
from 6.1 to 31.7 m2 g�1 (average = 16.6 ± 5.7 m2 g�1). Strong variations in the MAEs during the monsoon can
be ascribed to large uncertainties due to low BC and babs and possibly coatings on the BC. High MAEs during
premonsoon pollution events were likely due to internal mixing during transport. The mean direct surface
radiative forcing (DRF) estimated from a radiation model was �19.9 (±7.4) W m�2 for the full aerosol
population and�3.9 (±1.8) Wm�2 for a BC only scenario. The BC DRF during a case study (�36.0 Wm�2) was
much stronger than the typical, and the BC contribution to the forcing was higher (~50%) than usual (~20%).
These results show that BC can at times account for a relatively large fraction of the aerosol surface
heating over the southeast TP, which may affect both climate and hydrological cycles.

1. Introduction

Atmospheric aerosols influence the Earth’s radiation budget through the scattering and absorption of both
solar and terrestrial radiation [Intergovernmental Panel on Climate Change, 2013]. Black carbon (BC) aerosol,
the dominant fraction of light-absorbing particles for visible wavelengths, is a byproduct of the incomplete
combustion of fossil fuels and biomass [Bond et al., 2013]. This form of carbon is chemically inert and mostly
exists in the submicron size (<1 μm) regime [Babu and Moorthy, 2002]. Under some conditions, aerosol BC
can lead to warming in the lower atmosphere, and therefore, BC concentrations are a key variable in model
calculations of aerosol optical properties and direct radiative forcing (DRF) over regional to global scales
[Haywood and Shine, 1997]. As BC particles have lifetimes of a few days to weeks [Bond et al., 2013], they
can be transported to long distances, even to remote locations such as the Arctic [Stohl et al., 2006],
Antarctica [Chaubey et al., 2011; Tomasi et al., 2007], and the Himalayas [Dumka et al., 2010; Hyvärinen
et al., 2009; Marinoni et al., 2010]. Moreover, both laboratory and field observations suggest that aging can
change the optical properties of BC particles, enhancing the light absorption [Guo et al., 2016; Jacobson,
2001; Khalizov et al., 2013, 2009; Peng et al., 2016; Zhang et al., 2008].These potential effects, together with
the large quantities of BC injected into the atmosphere globally, make it imperative to give proper attention
to the concentrations and properties of BC in remote regions [Raju et al., 2016].

In recent years, the urbanization and industrialization of Asia have resulted in a rapid increase of BC emis-
sions; e.g., South Asia is one of the world’s BC hot spots [Bond et al., 2007]. Kopacz et al. [2011] showed that
the Tibetan Plateau receives most BC fromwestern and central China, as well as from India, Nepal, the Middle
East, Pakistan, and other countries. These regions are close to the Tibetan Plateau with a large amount of BC
emissions; it is essential to investigate the physical properties, sources, and transport of BC aerosol on the TP.
The transport of BC from densely populated areas to the Himalayas could lead not only to substantial radia-
tive forcing but also to changes in the monsoon circulation and hydrological cycles [Venzac et al., 2008]. For
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example, the deposition of BC onto snow can modify its albedo [Flanner et al., 2009; Jacobson, 2004], and this
could lead to the retreat of glaciers [Kulkarni, 2006] thereby raising the threat of water shortages for down-
stream regions [Xu et al., 2009]. Therefore, BC studies at high-altitude sites in the Himalayas and TP are parti-
cularly valuable because they will improve our understanding not only of the potential importance of the
region in terms of climate effects but also the impacts on other Earth systems.

Several field experiments have been conducted to investigate the BC aerosol over the TP during the past
several decades. Most of those studies have focused on the southern Himalayas, and, in general, they have
shown that this part of the plateau can be affected by pollutants from South Asia [Kopacz et al., 2011;
Srivastava et al., 2012]. Pollutants can be delivered both by uplift associated with the typical valley circulation
and by advection during regional and long-range transport events [Babu et al., 2011; Bonasoni et al., 2008].
Studies of snow and ice of glaciers on the TP suggested that BC was most likely transported from southern
Asia [Ming et al., 2009]. Indeed, there has been growing interest in gathering data on the aerosol mass and
chemical composition for the hinterlands of the TP, and this information has been used to evaluate anthro-
pogenic impacts and identify possible pollution sources [Cong et al., 2007; Engling et al., 2011; Ming et al.,
2009; Wang et al., 2015; Xu et al., 2014; Zhao et al., 2013; Zhu et al., 2016]. Nonetheless, continuous BC data
for extended periods of time and assessments of the BC contribution to the total aerosol DRF over many parts
of the TP are still quite limited.

The main objectives of this study were to identify and evaluate the principal factors influencing BC
variability and its optical properties over the southeastern TP. In addition, we were able to assess the con-
tribution of BC aerosol to the DRF in the region by making simultaneous, colocated measurements of
aerosol chemical composition. The study provides information that will be useful not only for characteriz-
ing tropospheric background conditions but also for improving the performance of climate and atmo-
spheric chemistry models.

2. Materials and Methods
2.1. Site Description

Lulang is located on the western side of the Yarlung Tsangpo River in Linzhi Prefecture, which is on the south-
eastern part of the TP. The measurement site (94.44°E, 29.46°N, ~3300 m above sea level) was established as
an integrated observation station for alpine research by the Chinese Academy of Sciences. There are
extensive forests in the Linzhi region, and the sampling site was located in a remote area with no major
anthropogenic sources nearby. Only several small villages were near the sampling site, and these were at
distances of ~30 to 50 km. Further details on the site may be found in Zhao et al. [2013].

As a result of their altitude, the Himalayas act as a “physical wall” that impedes the outflow of pollutants from
South Asia; however, the Yarlung Tsangpo River valley can be considered as a “leak in the wall.” In fact, moist-
ure can be transported from the Bay of Bengal, along the BrahmaPutra, Yarlung Tsangpo River northward into
the northern TP and its tributaries toward to the west, and the resulting intrusions of moist air can eventually
extend to the southeastern TP. This circulation pattern also allows contaminants emitted from southern Asia
to be transported into the same region under somemeteorological conditions [Cao et al., 2010]. Thus, our site
in the southeastern part of the TP is an ideal location for studying transport of pollutants from South Asia.

2.2. Measurements of BC

The concentrations of BC were measured continuously from 19 July 2008 to 26 August 2009 using an
Aethalometer™ (Magee Scientific, Model AE-16, Berkeley, CA) based on the optical transmittance at a single
wavelength (λ = 880 nm). This instrument measures the light attenuation (ATN) transmitted through a
quartz-fiber filter. Sample air was drawn through approximately ~2 m of conductive silicone tubing to the
Aethalometer™ which was equipped with a total suspended particle inlet and operated at a flow rate of
4 L min�1. The aerosol particles were dried with a silica gel dyer before entering the instrument to minimize
the artifacts from water condensation. The ATN data from the Aethalometer™ are converted to BC mass by
assuming a fixed BC specific attenuation cross section of 16.6 m2 g�1 [Virkkula et al., 2007]. Details of the
instrument’s operating principles have been presented elsewhere [Cao et al., 2010, 2015; Zhu et al., 2016].

A potential limitation of the Aethelometer™ is that as the unit’s filter tape advances, the BC concentrations can
rise [Arnott et al., 1999; Virkkula et al., 2007], and therefore, the relationship between ATN and BC
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concentration may not always be linear [Weingartner et al., 2003]. This “loading effect” must be taken into
account by using empirical correction algorithms. In order to account for this artifact, two empirical factors
(C and R(ATN)) are used for correcting the measured absorption due to the multiple scattering and shadow-
ing effects, respectively [Weingartner et al., 2003]. The “real” aerosol absorption coefficient (babs) can be
calculated as follows:

babs ¼ ATN
C∙R ATNð Þ (1)

R ATNð Þ ¼ 1
f
� 1

� �
ln ATNð Þ � ln 10%ð Þ
ln 50%ð Þ � ln 10%ð Þ þ 1 (2)

Here we used C = 2.14 and f = 1.103 during wintertime and 1.114 for the other seasons following Ram and
Sarin [2009]. As Lulang is a high-altitude site, the sample volume was corrected for standard temperature
and pressure (see supporting information for details). The uncertainty in the BCmass concentration measure-
ments is ~10% [Ramachandran and Rajesh, 2007; Singh et al., 2015].

2.3. Filter-Based Measurements

Along with the BC measurements, samples of total suspended particulates (TSPs) were collected using a
medium-volume air sampler (Model KC-120H QingDao Laoshan Sampler, Laoshan Electronic Instrument
Factroy Co., LTD., QingDao, China), which operated at an average flow rate of 40 L min�1. Quartz-fiber filters
(90 mm in diameter, QM-ATM, Whatman Ltd., Clifton, NJ, USA) were used as substrates for the collection of
the TSP samples. Sampling was normally conducted once every 6 days starting at 10:30 local time, and
sampling intervals were typically 3 days. Prior to sampling, the quartz-fiber filters were preheated at 900°C
for 3 h to remove residual carbon. Field blank filters were also collected periodically to account for any
artifacts introduced during the sample handling process, and the data were corrected using the average of
these blanks. A total of 61 samples was obtained during the entire campaign period.

The TSP samples were equilibrated for 24 h at a temperature of 20–23°C and RH of 35–45% and then weighed
on a Sartorius MC5 electronic microbalance with a sensitivity of ±1 μg (Sartorius, Göttingen, Germany). Each
filter was weighed at least three times or until a stable reading was obtained, and the net mass accumulation
was calculated by subtracting the difference between the averaged postsampling and presampling weights.

Organic carbon (OC) and elemental carbon (EC) were measured using a thermal/optical reflectance (TOR)
method on a DRI Model 2001 Thermal/Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA). The
IMPROVE_A protocol [Chow et al., 2007] produces four OC fractions (OC1, OC2, OC3, and OC4 at different
temperatures in a 100% helium (He) atmosphere), a pyrolyzed carbon fraction (OP), and three EC fractions
(EC1, EC2, and EC3 in a 98% He/2% O2 atmosphere at different temperatures). OC was defined as
OC1 + OC2 + OC3 + OC4 + OP and EC as EC1 + EC2 + EC3 � OP. A detailed description of the quality
assurance/quality control (QA/QC) procedures can be found in Cao et al. [2003].

The concentrations of two water-soluble inorganic ions (SO4
2� and NO3

�) were determined with a Dionex-
600 ion chromatography (Dionex Inc., Sunnyvale, CA, USA). The instrument was equipped with an IonPac
AS14A column (8 mM Na2CO3/1 mM NaHCO3 as the eluent) for anion analysis. The detection limits were
20 μgL�1 for SO4

2� and 15 μgL�1 for NO3
�. Standard reference materials produced by the National

Research Center for Certified Reference Materials in China were analyzed for QA/QC purposes [Zhang et al.,
2011]. Field blank levels were averaged and subtracted from the samples (0.304 μg mL�1 for SO4

2� and
0.191 μg mL�1 for NO3

�). Ten percent of the samples were submitted for replicate analyses, yielding coeffi-
cients of variance of ±1.39% for SO4

2� and ±2.34% for NO3
�.

Benzo[e]pyrene (BeP) and Benzo[a]pyrene (BaP) in polycyclic aromatic hydrocarbons (PAHs) were analyzed
by thermal desorption gas chromatography-mass spectrometry (TD-GC-MS) with the use of an Agilent
7890A/5975C system. The electron ionization mass spectra (70 eV) were acquired over a mass range (m/z)
of 30 to 570 amu, and the selected ion mode was used for quantification. PAHs were identified using both
the retention time from the GC chromatograph and comparisons of the MS spectra with standards; the com-
pounds were quantified with the use of an external standard. Details of the TD-GC-MS procedure have been
described elsewhere [Ho et al., 2011]. A detailed description of the quality assurance/quality control (QA/QC)
procedures can be found in Chen et al. [2014].
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2.4. DRF Calculation

The DRF values at the local Earth’s surface were estimated by a Tropospheric Ultraviolet and Visible (TUV)
radiation model, which uses a total of 140 wavelength bands from 180 to 730 nm [Madronich, 1993].
Aerosol DRF is highly dependent on aerosol column burden and composition, which can be represented
by aerosol optical depth (AOD), aerosol absorption optical depth (AAOD), single-scattering albedo (SSA),
and asymmetric parameter (AP). Thus, AOD, AAOD, SSA, and AP were the key input parameters to the
TUV model to estimate total aerosol DRF and BC DRF. In addition, surface albedo is another factor that
influences the DRF, and it was derived from measurements made with the Moderate Resolution
Imaging Spectroradiometer.

In this study, the AOD, AAOD, SSA, and AP data were retrieved from an Optical Properties of Aerosols and
Clouds (OPAC) model [Hess et al., 1998] that used ground-based measurements as inputs. The OPAC model
includes a data set of microphysical properties, and the aerosol optical properties can be calculated for
different wavelengths and for different humidity conditions (e.g., 0, 50, 70, 80, 90, 95, 98, and 99%). This
model consists of 10 major aerosol components, namely, insoluble, water soluble (including sulfate and
nitrate), soot, mineral dust (coarse, accumulation, and nucleation), mineral transported, sea salts (coarse
and accumulation), and sulfate droplets. Using different combinations of these aerosol components, 10
different aerosol types are defined, namely, (1) continental clean, (2) continental average, (3) continental
polluted, (4) urban, (5) desert, (6) maritime clean, (7) maritime polluted, (8) maritime tropical, (9) Arctic, and
(10) Antarctic. Each aerosol type is representative of a climatologically distinct environment. In each case,
the data are given for 1 particle cm�3, assuming that the particle is spherical and externally mixed.

For the model calculations, the measured aerosol mass concentrations were first converted into number
concentrations, and because there were no measurements of particle size distributions, lognormal distribu-
tions were assumed and applied to each component i [Hess et al., 1998]:

dNi rð Þ
dr

¼ Niffiffiffiffiffiffi
2π

p
r logσi ln10

exp
1
2

logr � logrmodN;i

logσ i

� �2
" #

(3)

where rmodN,i, σi, and Ni are the model radius, the width of the distribution, and the total particle number
concentration of component i. The microphysical properties (e.g., rmodN,i, σi, and density of the particles) of
aerosol components used here could be found in Table 1c in Hess et al. [1998]. Second, Mie theory was used
to calculate the aerosol optical properties, including the extinction coefficient, scattering coefficient, and
absorption coefficient; these were normalized to a number density of 1 particle cm�3. To estimate the
ambient values for these parameters, the normalized results were multiplied by the total particle number
concentrations. Finally, the modeled extinction coefficient, absorption coefficient, and scattering coefficient
were used to calculate the AOD, AAOD, and SSA on the base of exponential aerosol height profiles (N(h)),
which is defined as follows [Hess et al., 1998]:

N hð Þ ¼ N 0ð Þe�h
Z (4)

where N(0), h, and Z represent the number concentration of particles at the surface layer, the altitude above
ground in kilometers, and the scale height in kilometers, respectively. Seasonal mixing layer heights for the
station were adjusted using data downloaded from European Centre for Medium-Range Weather Forecasts
(ECMWF).

In this study, the “continental average” aerosol type was selected as the starting point for modeling the
aerosol components. The main components of this aerosol type include the water-insoluble and water-
soluble fractions of the aerosol particles and BC. We fixed the number concentrations of water soluble,
insoluble, and BC on the basis of the measured concentrations at the RH closet to the ambient RH values.
Then, the number concentrations of other components, such as mineral dust in coarse and fine modes, were
iteratively adjusted and constrained based on the observed BC mass fraction until the OPAC-derived AOD
agreed with the satellite-derived AOD to within 5%. Although there is uncertainty in OPAC calculation by
using chemical compositions, the OPAC model provides a chance to obtain the optical properties of aerosols
on the basis of mass concentrations of chemical components [Hess et al., 1998]. And the OPACmethod is well
established and has been extensively used to derive crucial aerosol optical parameters for radiative forcing
estimations at various locations [Aruna et al., 2016; Raju et al., 2016; Srivastava et al., 2012].
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In this way, the OPAC-derived optical properties (e.g., AOD, AAOD, and SSA) for the total aerosol and for BC
particles alone were separately used as the original default values in the TUV model for Lulang. The DRF of
total aerosols (or BC) at the surface was defined as the difference between the net shortwave radiative flux
with and without aerosol as follows:

DRFsurface ¼ Flux netð Þwith aerosol or BCð Þ;surface � Flux netð Þwithout aerosol or BCð Þ;surface (5)

2.5. Meteorological Conditions

As Lulang is a high-altitudemountain station, it is minimally affected by human activities, and therefore, infor-
mation on the prevailingmeteorology is especially important for understanding the aerosol characteristics. In
general, the weather in this region is controlled by the Indian monsoon system in summer, which is charac-
terized by relatively high temperatures and humidities and prevailing southerly winds. In the other parts of
the year, westerlies dominate the large-scale atmospheric circulation, and there is limited precipitation. In

Figure 1. Temporal variations of temperature (T), pressure (P), wind speed (WS), relative humidity (RH), precipitation (Preci),
and wind direction (WD) for the full sampling campaign.
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addition, during winter and spring, the southern branch of the westerlies sweeps over the southern side of
the Himalaya-Hindu Kush range and impacts the southeastern TP [Chen et al., 2014;Wang et al., 2016]. In addi-
tion to the large-scale effects of the atmospheric circulation, local orographic effects on air pollutant
transport also need to be taken into account [Hindman and Upadhyay, 2002]. In particular, in mountainous
areas, temperature differences between mountaintops and lowlands often cause diurnal valley wind systems
that blow upward during the day and reverses during the night.

Meteorological data were recorded from an 18 m tall atmospheric boundary layer tower; the measure-
ments included wind speed, wind direction (034B, Met One), relative humidity, air temperature
(GMP45C-GM, Campbell SCI), air pressure (PTB220A, Vaisala), and rain intensity. Temporal variations of
all these parameters (temperature (T,°C), pressure (P,hPa), relative humidity (RH, %), precipitation (mm),
wind speed (WS, m s�1), and wind direction (WD, degrees measured clockwise from north)) over the
course of our study are shown in Figure 1. As evident in that figure, the warmest month of the year
was August, while the coldest was December. The ambient pressure showed very little variation, being
the highest in October with a value of 684.8 ± 1.5 hPa and lowest in February (678.8 ± 3.2 hPa).
Surface winds were the strongest during February and March and lowest during July and August.
Precipitation at Lulang showed a rapid increase from March to June and then stayed at a high value until
October (~120 mm per month averaged from June to September). It is worth noting that relatively high
levels of RH and precipitation were found in Lulang compared with other high-altitude sites in the
Himalayas or the TP [Babu et al., 2011; Bonasoni et al., 2008; Wan et al., 2015], and this indicates that
the sampling site was influenced by a “moisture passage” effect.

As noted above, seasonal variations in atmospheric conditions are influenced by both the large-scale circula-
tion patterns and the local mountain-valley breeze regime. The winds at the Lulang station showed a bidir-
ectional distribution, with one dominant direction from the bottom of the valley (NE-E) and the other from
the upper mountain (SW-W). For most of the year (October to May), mountain winds prevailed during night-
time, while valley winds prevailed during daytime. During the monsoon, valley breeze winds can predomi-
nant during nighttime due to the large-scale forcing [Ueno et al., 2008]. The abrupt changes in local
circulation, WD, and precipitation were used to operationally define the monsoon phase over the study
region and the other intervals as follows: premonsoon (18 February 2009 to 27 April 2009), monsoon (16
July 2008 to 3 October 2008 and 28 April 2009 to 26 August 2009), postmonsoon (4 October 2008 to 9
November 2008), and winter (10 November 2008 to 17 February 2009).

3. Results and Discussion
3.1. Characteristics of Surface BC Concentrations
3.1.1. Comparison of Optical and Thermal-Optical BC Measurements
A comparison between the correcting Aethalometer™ data versus TOR EC results was performed as a cross
check on the methods, and the results are presented in Figure S1. Note that the BC concentrations, recorded
every 5 min with the Aethalometer™, were integrated for periods of 120 h (similar to the total sampling time
on the samples) to match the 61 EC samples. The simultaneous operation of the high-volume sampler and
the Aethalometer™ ensured sampling of the same ambient air. A regression line that passed through origin
of the plot yielded a slope 0.78, with R = 0.75. However, after exclusion of two outliers, a stronger relationship
was found between the Aethalometer™ and TOR measurements, with a correlation coefficient of 0.83. The
least squares regression line passing through the origin of the plot had a slope of 1.07, indicating that the
concentrations were similar, and therefore, the two techniques produce results that were in very
good agreement.
3.1.2. Temporal Variations
The variations in BC showed a clear seasonal pattern with low loadings of 319 ± 170 ng m�3 (arithmetic
mean ± standard deviation) during the monsoon and high values in the premonsoon (985 ± 1221 ng m�3).
Day-to-day variations of BC were generally more subdued during the monsoon, postmonsoon, and winter
compared with the premonsoon (Figure 2). These seasonal variations are similar to those reported for a
high-altitude Himalaya station called the Nepal Climate Observatory-Pyramid [Marinoni et al., 2010]. The
monthly average BC loadings at Lulang ranged from a high of 1600 ± 1746 ng m�3 in March 2009 to a low
of 191 ± 224 ng m�3 in August 2008, an eightfold difference. The minimum values of BC remained more
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or less similar during all months, but themaximum values showed significant variations, with very high values
during March.

The daily mean BC mass concentration averaged over the entire study was 497 ± 521 ng m�3; a low of
58 ng m�3 occurred on 1 September 2008 and a high of 5369 ng m�3 on 17 March 2009. A frequency distri-
bution plot of the hourly BC mass concentrations (Figure S2a) shows that the highest frequency occurred
over a concentration range of 200–250 ng m�3, which is 40–50% of the grand mean. Indeed, ~80% of the
BC values were less than the annual mean BC loading, and this indicates a skew right distribution, that is, a
tail of low frequencies at high concentrations. For example, the frequency for concentrations in the upper
part of the distribution (>2000 ng m�3), which accounted for only 3.0% of total data, was ~240 data points.
In addition, the seasons with the maximum frequencies in a set of five arbitrarily defined bins of BC mass
concentrations were as follows: ~57% monsoon (0–250 ng m�3), 40% winter (250–500 ng m�3), 23%
postmonsoon (500–1000 ng m�3), 11% premonsoon (1000–2000 ng m�3), and 11% premonsoon
(> 2000 ng m�3) (Figure S2b). Seasonally, the largest fraction of BC mass occurred during the premonsoon;
this seasonal average was 37%, 33%, and 22% higher than monsoon, postmonsoon, and winter, respectively,
demonstrating that there was relatively more serious BC pollution over Lulang during the premonsoon.

The seasonal variability in BCmass concentration can best be understood in relation to regional meteorology,
boundary layer dynamics, and variability in the sources. First, due to the dynamic transport by westerly winds
in winter and the Indian monsoonal circulation in summer, the air quality in Lulang is at times impacted by
the transport of the contaminants from heavily polluted regions. These circulation patterns allowed BC
emitted from the vast sub-Himalayan and South Asia regions to be transported to the sampling facility
[Cao et al., 2010]. Second, it is likely that a significant amount of the variability in the BC loadings is related
to changes in the depth of the atmospheric boundary layer (ABL). As shown in Figure 2, we found that the
major peaks of BC were always coincident with deeper ABLs. Moreover, an analysis of seasonal trends
showed that the ABL was shallowest during the monsoon (384 ± 111 m), followed by postmonsoon
(405 ± 119 m), and then winter (459 ± 99 m), and it was the deepest during the premonsoon
(597 ± 223 m) when the BC loadings were the highest. In the premonsoon, the processes that led to the deep
boundary layers also may have caused particles emitted from surrounding areas to become dispersed and
mixed throughout the column, thus leading to relatively high BC levels. Relatively shallow ABL depths in
other seasons decreased vertical mixing and suppressed the transport of aerosols from surrounding polluted
areas, and that led to a decrease in the mass concentrations of various species.

Figure 2. Temporal variations of the daily BC concentrations and atmospheric boundary layer (ABL) heights for the sam-
pling campaign. (No data were acquired from 17 February to 5 March 2009 because of the failure of aethalometer.)
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Therefore, we conclude that the high premonsoon BC values observed at Lulang were influenced by the
dynamics of the regional ABL because under some conditions regional pollution evidently was
transported up to the high-altitude station. In combination with this, we note that substantial amounts
of pollutants are emitted into the atmosphere during the dry season in South and Southeast Asia as a
result of natural forest fires and human-initiated burning activities, most notably the burning of agricul-
tural residues [Gadde et al., 2009; Sheesley et al., 2003; Streets et al., 2003]. Likewise, simulation research
has also indicated that sources in east India have a strong impact on BC contamination over the
southeastern part of the TP [Cao et al., 2010]. This seasonality in the BC emissions can contribute to high
loadings, but the impact is greatest in the premonsoon. Above all, changes in source emissions during
the premonsoon in concert with favorable meteorological conditions can lead to the transport of BC from
the moderately populated but vast sub-Himalayan and South Asia regions to higher altitudes. This
transport may be more efficient during March than other parts of the premonsoon and the monsoon
because the washout of aerosols may become significant during the latter (Figure 1).
3.1.3. Comparisons With Other Stations
A comparison of the BC or EC measured at different locations is given in Table 1. The concentrations of BC in
the Himalayas apparently decrease sharply with altitude; for example, BC concentrations measured at Lulang

Table 1. Concentrations of Black Carbon (BC) at Lulang Compared With Other High-Altitude Stations in the Tibetan Plateau and Himalayas and Selected Major
Source Areasa

Sampling Site Location

Longitude
and

Latitude
Altitude

(m)

BC/EC Concentration (ng m�3)

ReferencePremonsoon Monsoon Postmonsoon Winter Mean

Lulang Southeastern TP 29.46°N,
94.44°E

3,300 984.8 319.3 602.4 568 496.5 This Study

Ranwu Southeastern TP 29.32°N,
96.96°E

4,600 139.1 / / 413.2 276.15 Wang et al. [2016]

Beiluhe Central TP 34.85°N,
92.94°E

4,600 621.6 / / 204.8 413.2 Wang et al. [2016]

QOMS Southern TP 28.36°N,
86.95°E

4,276 440 100 190 260 250 Cong et al. [2015]

Nam Co Central TP 30.76°N,
90.98°E

4,718 200 150 110 340 190 Wan et al. [2015]

Qinghai Lake Northeastern TP 36.97°N,
99.90°E

3,300 1,000 530 690 1,050 800 Zhao et al. [2015]

QSS station Northeastern TP 39.50°N,
96.51°E

4,180 47 100 37 78 48 Zhao et al. [2012]

Hanle Western part of trans-
Himalayas

32.78°N,
78.96°

4,520 110 63 72 68 77 Babu et al. [2011]

NCO-P, Nepal Himalayas 27.95°N,
86.82°E

5,079 320 56 137 125 159.5 Marinoni et al. [2010]

Muztagh Ata Western TP 38.28°N,
75.02°E

4,500 / 163.7 164.2 96.5 133.1 Zhu et al. [2016]

Lasha Central TP 29.65°N,
91.03°E

3,642 2,533.3 2,000 3,600 4,600 3,000 Gao et al. [2007]

Mukteshwar Northwestern India 29.43°N,
79.61°E

2,180 1,216 532 692 786 806.5 Hyvärinen et al. [2009]

Monora Peak Northwestern India 29.4°N,
79.5°E

1,950 1,600 620 1,400 1,633.3 1,150 Ram et al. [2010]

Mount Abu Western India 24.6°N,
72.7°E

1,680 / 150 700 800 500 Ram et al. [2008]

Godavaril Foothills of the
Himalayas, Nepal

27.59°N,
85.31°E

1,600 1,826.7 502 480 1,105 930 Stone et al. [2010]

Sinhagad Pune
(urban)

Western of India 18.35°N,
73.75°E

1,450 2,730 1,260 4,850 6,290 3,580 Safai et al. [2013]

Dhaka (Urban) Bangladesh 23.76°N,
90.39°E

25,350 13,040 30,150 34,600 22,000 Begum et al. [2012]

Delhi (Urban) India 28.58°N,
77.20°E

260 12,470 24,870 22,000 12,400 17,935 Rai et al. [2002]

aNote that different sampling cutoffs were used in the various studies.
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were significantly higher than the values reported from Nam Co [Ming et al., 2010], QSS station [Zhao et al.,
2012], Hanle [Babu et al., 2011], NCO-P [Marinoni et al., 2010], and Muztagh Ata [Zhu et al., 2016]. However,
the concentrations of BC in urban sites located within high-altitude basins, as in Lhasa [Gao et al., 2007],
can be 5 times higher than that in Lulang. Table 1 also shows the results of the measurements performed
at other sites in the Nepal, Bangladesh, and the Indian subcontinent, which are major source areas for the
aerosol transported to southeastern TP. Interestingly, the concentrations at mountain sites in India, despite
their lower altitudes, are not significantly higher than in Lulang, suggesting that much of the southeastern
sector of the TP is strongly influenced by pollution sources upwind. Not surprisingly, the BC concentrations
at the urban stations, Dhaka [Begum et al., 2012], Delhi [Rai et al., 2002], and Sinhagad Pune [Safai et al.,
2013], were significantly higher than the values at Lulang in all seasons. However, these stations showed a
distinct seasonality in BC, with higher concentrations in the postmonsoon and winter compared with lower
loadings in the premonsoon and monsoon. With reference to physical processes, the shallow ABL over the
Indianmainland during winter [Beegum et al., 2009; Gogoi et al., 2009; Nair et al., 2007] results in a vertical con-
finement of species which contributes to the high BC concentrations over these stations during
autumn/winter along with the high emissions. In contrast, during spring and summer, there is significant ver-
tical dispersion of aerosols from the surface to the free troposphere due to increased thermal convection.
This, in turn, leads to a displacement of BC from boundary layer to free troposphere where it is more suscep-
tible to transport by synoptic winds. These factors also may be contributing to some of the observed season-
ality at Lulang, especially the premonsoon high BC loadings.
3.1.4. Diurnal Variations and Seasonality
Obtaining information on the diurnal and seasonal variability of the BC aerosol contributes to our under-
standing of how mesoscale atmospheric processes and atmospheric boundary layer dynamics affect air
pollution. The intraseasonal diurnal variability in BC mass concentrations and ABL heights during the
study period over Lulang is plotted in Figure 3, which shows significant peaks in BC concentrations from
08:00 to 10:00 local time (LT) during all the seasons and minor fluctuations at other times of the day and
night. As shown in Figure 3, the BC peaks occurred when the boundary layer developed, and this implies
that boundary layer dynamics are an important determinant of how BC and other pollutants are
transported to the sampling site. Over the mainland, as the ABL evolves after sunrise, strengthening
thermals lift and eventually break the nighttime inversion causing the aerosols in the residual layer to
mix with those near the surface leading to a sharp increase in the near-surface concentrations, an effect
known as fumigation [Stull, 1988]. Later in the morning, solar heating induces valley winds which
strengthen the mixing and dispersion of the aerosol, causing a significant dilution of BC near the site.
Wind speeds also increase with solar heating, and they are highest around 13:00–15:00 (figure not
shown), further facilitating dispersion and dilution of the aerosol—this can explain the low BC loadings
in the afternoon. During the evening and throughout the night, surface temperatures decrease rapidly
due to radiative cooling, which also results in weakening and thinning of the local boundary layer. The
BC concentrations remained relatively stable from the afternoon through the night before reaching a
minimum before sunrise, and this supports our contention that there were relatively low BC emissions
at the sampling site.

Although there were relatively high BC levels over the entire day during the premonsoon, the morning peak
was the highest in winter (1451 ng m�3) and decreased in order from the postmonsoon (1302 ng m�3) to the
premonsoon (1238 ng m�3) and finally the monsoon (360 ng m�3). The comparatively small BC increase in
the morning during the monsoon may be related to the limited local anthropogenic emissions. The higher
variability of BC loadings during winter and the postmonsoon can be attributed to increased residential
wood/biomass burning for heating in the surrounding villages in those seasons. However, since the limited
population in the vicinity of the sampling site as well as no industrial operations or heavymotor vehicle traffic
nearby, emissions from residential activities in surrounding villages may not led to the large BC enhancement
between 08:00 and 10:00 during the winter, premonsoon, and postmonsoon. Hence, one possible explana-
tion is the influences from regional transport. As shown in Figure 3, the BC peaks occurred as the boundary
layer developed, and this implies that boundary layer dynamics are an important determinant of how BC and
other pollutants are transported to the sampling site.

To investigate this potential effect, we examined several typical BC episodes as case studies. Figure S3a
shows true color images of haze clouds from 16 to 18 March 2009 obtained with sensors aboard the
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Terra Moderate Resolution Imaging Spectroradiometer (MODIS) satellite. Examination of the MODIS
images shows a thick, widespread band of haze that was transported from the Bay of Bengal and piled
up against the Himalayas in the late morning on each of these 3 days. Air mass back trajectory
analysis was used to identify transport pathways for air pollutants, and the trajectories showed a flow
pattern in which air masses under the control of the southern branch of westerlies passed over
densely populated areas of the Indo-Gangetic Plain and Bangladesh and brought air pollutants from these
regions to Lulang (Figure S3b). Further analyses of the event were made using the European Centre for
Medium-Range Weather Forecasts (ECMWF) wind trajectories as shown in Figure S3c, and these analyses
showed that the wind direction at ~07:00 in the vicinity of the measurement site was from the northeast
to southwest for all 3 days. After sunrise, as solar heating commenced, the pollutants were advected by
thermal winds and reached the northeastern slopes of the Himalayas (indicative of the pollution vertical
extension in the MODIS images). Meanwhile, the wind direction at the surface shifted to the southeast at
~10:00, and that change allowed BC particles to be transported from the heavily polluted regions to the
sampling site. Xia et al. [2011] also monitored a pollution episode at the Namco site in the central TP from
14 to 19 March 2009, and their results, consistent with ours, indicated that during that time, air pollution
from upwind sources was transported to at least as far as the central TP.

3.2. Temporal Variability of Optical Parameters

Themeasurement of BCmass concentration via opticalmethods is relatively convenient and rapidbut requires
knowledge of “site-specific” mass absorption efficiency (MAE) [Ram and Sarin, 2009]. Various values for MAE
(2–25 m2 g–1) have been reported, obtained based on independent and simultaneous measurements of EC
concentration (by thermal method) and absorption coefficient (babs) by optical methods. Here we used the
correcting AethalometerTM babs dividing by the TOR ECmass concentrations to derive the MAEs and further
discussed the potential impacts of chemical species on MAEs. The corrected babs at λ = 880 nm derived from
Aethalometer™ ranged from 1.3 to 65.3 M m�1 and averaged 8.2 M m�1 over the entire campaign period,
and babs showed high values in the premonsoon months and low values in the monsoon. The calculated
MAEs ranged from 6.1 to 31.7 m2 g�1 with a higher average value of 18.2 m2 g�1 in the monsoon compared
with the other periods (15.8 m2 g�1 for premonsoon, 14.3 m2 g�1 for postmonsoon, and 15.6 m2 g�1 for win-
ter). Nonparametric tests (Kruskal-Wallis test) of the MAEs showed that overall test does not show significant
differences (asymptotic significance level is 0.104, which is considered as a remarkable difference <0.05)
across samples in different seasons. It should be noted in Figure S4 that several large MAE values (e.g.,

Figure 3. Diurnal variations of seasonal mean BC mass concentrations along with minimum and maximum atmospheric
boundary layer heights (shown as shaded areas) over Lulang, (a) premonsoon, (b), monsoon (c), postmonsoon, and
(d) winter. See text for definitions of seasons.
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>25m2 g�1, marked by circles) always corresponded to extremely low BC concentrations and babs, whichmay
have led to large uncertainties in the calculations. However, in contrast, the highestMAE values (marked by red
arrows) in the premonsoon coincided with high loadings of BC and other aerosol species (OC, sulfate, and
nitrate) [Zhao et al., 2013].

Large variability in the MAE values has been reported and linked to different measurements, differences in
location, particle composition, and the mixing state of BC in aerosols. For example, Ram and Sarin [2009]
reported that the long-term average MAE at Monora Peak, India, from February 2005 to June 2007 was
12.8 ± 2.9 m2 g�1, while the MAE was observed to be somewhat lower in urban sites, such as Beijing (~9.4
[Cheng et al., 2011]) and Toronto (~5.5 [Knox et al., 2009]). Filter-based methods for the determination of
MAEs depend on aerosol-filter interactions, that is, shadowing of the incident light with increasing filter load-
ing and aerosol scattering effects [Petzold et al., 2005; Arnott et al., 2003], and a potential complication in
these determinations is the influence of the aerosols’ mixing state [Bond et al., 2006; Schnaiter et al., 2003;
Schnaiter et al., 2005]. Indeed, BC aggregates are rarely emitted as pure BC, but typically are encapsulated,
or “mixed” with other aerosol species [Knox et al., 2009]. When BC is internally mixed with other components
such as sulfate and organic carbon, the coatings can focus light into the BC core of the particle, causing
increases in the MAE values [Liu et al., 2015]. The relatively high MAE values observed at Lulang may be
related to the BC mixing state because the particles have to travel for relatively long periods before reaching
the remote site, and therefore, there are ample opportunities for coatings to accumulate on them [Shiraiwa
et al., 2007]. Actually, diagnostic ratio of BeP/BaP in PAHs could generally give an indication of the aerosol age
(>1.0 for aged aerosol) [Oliveira et al., 2011]. Both compounds are normally emitted in similar amounts by
petrogenic sources, while BaP is more reactive than BeP. BeP/BaP ratio in Lulang is 1.71 ± 0.33 (min-max:
1.11-2.74) over the course of the study, supporting the contention of relatively aged aerosol in the
sampling site.

As the filter-based measurements of BC do not provide information on the mixing state of the BC
particles, we investigated the relationships between the concentrations of chemical species and MAEs
by plotting the MAEs against several aerosol mass ratios EC/[NO3

�], EC/[SO4
2�], and EC/[OC] (Figure S5).

High average values for the MAEs (19.7, 19.1, and 19.9 m2 g�1) were observed when the ratios of
EC/[NO3

�], EC/[SO4
2�], and EC/[OC] were <2.0, 0.4, and 0.1, respectively. However, the distribution of

the MAEs was quite variable in this range, especially in the monsoon and premonsoon seasons. On the
other hand, when the EC/[NO3

�] (>2.5), EC/[SO4
2�] (>1.0), and EC/[OC] (>0.1) ratios were high, the

MAEs were relatively low and stable, with values around 15 m2 g�1, and most of the MAEs in this
range were observed in the winter and postmonsoon. Table 2 shows the seasonally averaged values
of the EC and BC mass concentrations, attenuation coefficients, MAEs, and loadings of selected aerosol
species (organic carbon, nitrate, and sulfate) at Lulang. Note that after excluding the outliers in the
premonsoon (marked by red circles in Figure S5), only modest differences in the concentrations of
OC, SO4

2�, and NO3
� were found among different seasons. The low levels of BC but higher OC at

Lulang during the monsoon led to relative low EC/[OC] ratios (0.07 ± 0.03). The formation of secondary
organic carbon is favored during the monsoon by the strong radiative flux at that time, combined with
the high temperatures and RHs: these conditions may have favored the formation of coatings on the
BC. As noted above, the calculations of MAEs during monsoon were likely affected by the uncertainties
in the extremely low BC concentrations and babs values, but the possible presence of organic coatings
on the BC particles also may have contributed to the uncertainties and variance in MAEs relative to
other seasons.

During several unusual episodes in the premonsoon, atypically high concentrations of OC, SO4
2�, NO3

�, and
BC (e.g., 11.4, 5.3, 1.4, and 3.0 μg m�3) were observed, and these led to low EC/[NO3

�] and EC/[SO4
2�] ratios

(1.68 ± 1.00 and 0.33 ± 0.00, respectively). The MAEs during these episodes reached 27.9 m2 g�1, and as has
been shown previously [Zhao et al., 2013], these high-aerosol episodes can be explained by the long-range
transport of materials from upwind sources (e.g., eastern India and Bangladesh). The high MAE values also
may have been a consequence of internal mixing during long-range transport which would have been
favored by the abundant sulfate and nitrate. This process is important within the context of climate because
as discussed above, mixing can change the optical properties—and therefore the radiative forcing of the
aerosol—as the particles age.
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3.3. Aerosol and BC Direct Radiative Forcing at Lulang

Aerosol radiative forcing is defined as the perturbation of the Earth atmosphere system due to the scattering
and absorption of radiant energy by aerosols. Here the direct radiative forcing (DRF) was estimated at surface
using the TUV model for two conditions: (1) the total aerosol condition and (2) the BC only condition.
Seasonal values for the surface radiative forcing estimated for the composite aerosol populations are shown
in Figure S6 where a net cooling effect is implied when the difference between the incoming solar radiation
energy and outgoing thermal radiation is negative. The estimated mean surface forcing was �19.9 (±7.4)
W m�2 for composite aerosols when averaged over the entire period. Earlier studies have reported that
the mean surface forcings were �14.0 (±9.7) W m�2 and �18.9 W m�2 over Manora Peak (~2000 m), India
[Srivastava et al., 2012], and the Himalayan Mohal Region (~1154 m) [Guleria et al., 2014; Srivastava et al.,
2012], respectively, and these are comparable to the results from our study.

Relatively high surface forcing was observed during the premonsoon (�30.2 W m�2) compared to other
seasons (�12.8, �16.9, and �19.5 W m�2 for monsoon, postmonsoon, and winter, respectively), indicating
stronger reductions in surface-reaching radiation during the premonsoon. We chose the surface DRF during
one pollution episode during the premonsoon (17 to 20 March) for a comparison with more typical periods,
and that case study showed that the total aerosol DRF during the episode (�74.3 Wm�2) was much stronger
than during the monsoon. This difference of more than fivefold is an obvious consequence of the much
larger aerosol mass loadings during the pollution episode (94.2 μg m�3) compared with monsoon period
(14.8 μgm�3), and this analysis clearly shows that pollution events can lead to a reduction in surface-reaching
radiation as a result of light scattering and absorption by the aerosol.

Figure S6 also shows the mean values for clear-sky BC DRF at the surface for the entire campaign as well as for
the different seasons and selected episodes. The BC DRF during the study was �3.9 ± 1.8 W m�2, and that
contributed ~19.7 ± 7.6% of total aerosol surface DRF, but in comparison, BC contributed proportionately
much less to the total aerosol mass loadings, only ~2.5%, during the study. Further comparisons show that
the ~20% contribution of BC to the total aerosol DRF was lower than that (~50%) at Manora Peak
[Srivastava et al., 2012], indicating that scattering by aerosol particles other than BC also was important at
our site. Nevertheless, for the case study, the BC DRF (�36.0 W m�2) was found to be much stronger com-
pared with the premonsoon, monsoon, postmonsoon, and winter (�5.2,�1.3,�4.8, and�4.4 Wm�2, respec-
tively). Previous studies have estimated the total aerosol surface forcing for both small-scale regional and
large-scale pollution events at the NCO-P site, and the values ranged from �4 to �20 W m�2 [Marcq et al.,
2010], which are somewhat lower than what we found for Lulang.

It is particularly noteworthy that the contribution of BC to the total aerosol DRF was 48.5% during the case
study, which is about 2 to 4 times higher than the typical results for the various seasons. The observed
increase in BC during the episode (6 times higher than the annual average concentration) would cause an
increase in the absorption of solar radiation, a decrease in the amount of radiation reaching the surface,
and warming of the atmospheric surface layer. Furthermore, as discussed in section 3.2, aging and chemical
processing during transport would lead to internal mixing of BC, thus increasing the MAE through

Table 2. Seasonally Averaged Black Carbon (BC) and Elemental Carbon (EC) Mass Concentrations, Attenuation Coefficients, Mass Absorption Efficiencies (MAE),
and Selected Chemical Components at Lulang

Parameter Premonsoon Monsoon Postmonsoon Winter Annual Premonsoon Excluding Episodes Episodesa

babs-Aeth (M m�1) 16.3 ± 20.3 5.3 ± 2.8 10.0 ± 4.1 9.4 ± 4.6 8.2 ± 8.7 9.1 ± 5.8 49.1 ± 22.9
BC (ng m�3) 984.8 ± 1220.5 319.3 ± 170.4 602.4 ± 246.9 568.0 ± 275.2 496.5 ± 521.2 547.0 ± 350.2 2956.3 ± 1377.8
EC (ng m�3) 837.2 ± 546.0 313.8 ± 173.3 671.9 ± 246.3 582.0 ± 161.0 536.1 ± 346.6 657.7 ± 308.5 1734.8 ± 699.1
MAE (m2 g�1)b

(min-max)
15.8 ± 7.3
(6.1–29.3)

18.2 ± 5.9
(10.1–31.7)

14.3 ± 2.3
(10.3–16.6)

15.6 ± 5.1
(7.1–28.0)

16.6 ± 5.7
(6.1–31.7)

12.8 ± 3.8
(6.1–19.6)

27.9 ± 1.9
(26.5–29.3)

OC (μg m�3) 5.15 ± 3.89 4.27 ± 1.23 4.30 ± 1.61 3.65 ± 1.07 4.28 ± 2.05 3.91 ± 1.48 11.37 ± 7.36
NO3

� (μg m�3) 0.45 ± 0.60 0.15 ± 0.07 0.17 ± 0.06 0.13 ± 0.06 0.21 ± 0.30 0.26 ± 0.14 1.40 ± 1.25
SO4

2� (μg m�3) 2.07 ± 1.82 0.79 ± 0.99 0.75 ± 0.33 0.92 ± 0.55 1.07 ± 1.17 1.44 ± 0.91 5.26 ± 2.19
EC/OC 0.17 ± 0.04 0.07 ± 0.03 0.16 ± 0.05 0.17 ± 0.04 0.13 ± 0.06 0.17 ± 0.04 0.34 ± 0.05
EC/NO3

� 2.75 ± 1.38 2.63 ± 1.93 4.00 ± 1.23 5.20 ± 2.00 3.50 ± 2.06 2.96 ± 1.52 1.68 ± 1.00
EC/SO4

2� 0.50 ± 0.22 0.72 ± 0.74 1.00 ± 0.44 0.79 ± 0.43 0.72 ± 0.56 0.54 ± 0.24 0.33 ± 0.00

aEpisodes: 5 to 8 march, 17 to 20 march; coincided with the points marked by red arrows in Figure S4.
bMAE was calculated by dividing the babs measured with the aethalometer by the EC mass concentrations from the TOR method.
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enhancement in the absorption signal relative to the same amount of unmixed or externally mixed BC. Our
study thus shows that the amount of radiation received at the surface is impacted by the presence of aerosol
particles even at our remote, high-altitude station.

An analysis by Bond et al. [2007] showed that there are high emissions of BC over a broad swath of southern
Asia. It is possible, if not likely, that the increase of BC in spring and summer (when solar radiation is abundant
at these altitudes) would cause warming of the atmosphere due to absorption by these aerosol particles, and
the advection of warm air from Southeast Asia over the Himalayan region would add to this effect [Meehl
et al., 2008; Ramanathan et al., 2007]. Our studies demonstrate that surface radiative forcing during a pollu-
tion event in Lulang was both qualitatively and quantitatively different compared with more typical condi-
tions, and that BC contributed roughly half to the total aerosol forcing during the event, which is much
more than normal. This analysis shows that BC can at times account for a relatively large fraction of the
surface heating effect caused by the aerosol population over the southeast TP region. The relatively high
abundance of BC we found also has implications for snow melting both through its deposition onto snow
surfaces and through dynamical coupling between land and atmosphere systems [Lau et al., 2010].

4. Summary and Conclusions

High-altitude, remote regions of the Himalayas are often viewed as pristine environments, but at the same
time they may be especially sensitive climate change and important for climate processes. For example,
BC aerosols can heat the midtroposphere by absorbing solar radiation, and after deposition onto snow
surfaces, the particles can enhance snow melting in the Himalayan regions and in this way affect both radia-
tive fluxes and hydrological cycles. Our 1 year study was conducted in Lulang to characterize the principal
factors that influence variability and optical properties BC over the southeast TP. This study has focused on
BC and aerosol forcing at surface of the region, and we have shown some impacts of aerosol pollutants
through coordinated measurements of aerosol optical properties, BC mass concentrations, and aerosol che-
mical composition. Major results are summarized below.

During the study period, the mean concentration of BC was 496.5 ± 521.2 ng m�3, and the loadings varied
over a range of 57.7–5368.6 ng m�3. BC showed well-defined annual cycles, with a maximum during the
premonsoon (984.8 ± 1220.5 ng m�3), followed by the postmonsoon (602.4 ± 246.9 ng m�3), winter
(568.0 ± 275.2 ng m�3), and a minimum during the monsoon (319.3 ± 170.4 ng m�3). There was a major peak
in BC in the morning from 08:00 to 10:00 local time (LT) during all the seasons, and there were minor fluctua-
tions in BC concentrations throughout the rest of the day and night. Both the seasonal and diurnal variability
in BC mass concentrations can be understood in terms of regional meteorology, boundary layer dynamics,
and variability in the source strengths.

The babs at λ = 880 nm derived from an Aethalometer™ ranged from 1.33 to 65.25 M m�1 over the entire
campaign period, averaged 8.2 M m�1, and showed high values in the premonsoon months and low values
in the monsoon. The calculated MAE ranged from 6.1 to 31.7 m2 g�1 with an average value of
16.6 ± 5.7 m2 g�1. More variability in the MAEs was observed in monsoon compared to other seasons, and
this can be ascribed to large uncertainties in MAE calculations caused by extremely low BC concentrations
and babs, as well as possible effects resulting from organic coatings on the particles. Moreover, high MAEs
during several premonsoon episodes could be explained by internal mixing during long-range transport,
especially when sulfate and nitrate and their precursors were abundant.

The mean surface radiative forcing averaged over the entire study period was�19.9 (±7.4) W m�2 for the full
aerosol population scenario. The DRF for the BC aerosol alone condition was �3.9 ± 1.8 W m�2, which is
~20% of the total aerosol surface DRF. For the case study of a pollution episode, the BC DRF
(�36.0 W m�2) was found to be much higher compared with the premonsoon, monsoon, postmonsoon,
and winter periods when the respective DRF values were �5.2, �1.3, �4.8, and �4.4 W m�2. Moreover,
the contribution of the BC fraction to the total aerosol DRF during episode was 48.5%, which is about 2 to
4 times higher than at other times. The results from this study provide valuable insights into optical charac-
teristics of BC particles in the middle troposphere over a remote region, and they demonstrate potentially
crucial impacts of BC and aerosol DRF over the southeast TP. The data also should be useful for modeling stu-
dies of the long-range transport of pollution and climate change.
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