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• Atmosphere over northeast Tibetan Plateau is not pristine, with an average rBC mass concentration of 0.36 μg STP-m−3.
• About 50% of the observed rBC aerosol particles are thickly coated by non-BC materials.
• Non-BC aerosol species affect the Aethalometer measurements at Qinghai Lake.
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The concentrations, size distributions, and mixing states of refractory black carbon (rBC) aerosols were measured
with a ground-based Single Particle Soot Photometer (SP2), and aerosol absorption was measured with an
Aethalometer at Qinghai Lake (QHL), a rural area in the Northeastern Tibetan Plateau of China in October 2011.
The area was not pristine, with an average rBC mass concentration of 0.36 μg STP-m−3 during the two-week cam-
paign period. The rBC concentration peaked at night and reached theminimal in the afternoon. This diurnal cycle of
concentration is negatively correlatedwith themixed layer depth and ventilation.When airmasses from thewest of
QHL were sampled in late afternoon to early evening, the average rBC concentration of 0.21 μg STP-m−3 was ob-
served, representing the rBC level in a larger Tibetan Plateau region because of the highestmixed layer depth. A log-
normal primary mode with mass median diameter (MMD) of ~175 nm, and a small secondary lognormal mode
with MMD of 470–500 nm of rBC were observed. Relative reduction in the secondary mode during a snow event
supports recent work that suggested size dependent removal of rBC by precipitation. About 50% of the observed
rBC coreswere identified as thickly coated bynon-BCmaterial. A comparison of the Aethalometer and SP2measure-
ments suggests that non-BC species significantly affect the Aethalometermeasurements in this region. A scaling fac-
tor for the Aethalometer data at a wavelength of 880 nm is therefore calculated based on themeasurements, which
may be used to correct other Aethalometer datasets collected in this region for a more accurate estimate of the rBC
loading. The results present here significantly improve our understanding of the characteristics of rBC aerosol in the
less studied Tibetan Plateau region and further highlight the size dependent removal of BC via precipitation.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Black carbon (BC), a byproduct of incomplete combustion, is the
most efficiently light-absorbing aerosol component in the atmosphere.
BC plays a major role in climate change (IPCC, 2007) and has been
86 29 8832 0456.
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identified as the second largest contributor to anthropogenic radiative
forcing (Jacobson, 2001). Due to its non-uniform spatial and temporal
distribution, BC can induce significantly higher regional forcing than
CO2 and methane (Chung et al., 2005, 2010). BC's global, direct, anthro-
pogenic radiative forcing is estimated to be ~0.71Wm−2 in 2005 (Bond
et al., 2013), while regional surface forcing in northern India, for exam-
ple, can reach as high as 62 W m−2 (Tripathi et al., 2005).

The radiative properties of BC, and hence its climate-related impacts,
strongly depend on its mixing state. The internal mixture of BC with
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other particulate matter can enhance the absorption of solar radiation
by a factor of about 1.5–2.0 compared to externally mixed BC (Bond
et al., 2006; Schnaiter et al., 2005). The mixing state of freshly emitted
BC depends on combustion conditions. As the emission plume ages,
BC becomes internally mixed through a variety of mechanisms includ-
ing condensation of emitted semi volatile organic compounds and prod-
ucts from photochemical oxidation (Oshima et al., 2009; Petters et al.,
2006).

In addition, the impact of BC on the radiation budget may lead to
additional consequences, such as global dimming (Wild et al., 2007),
decreased crop yields (Chameides et al., 1999), and negative impacts
on terrestrial and aquatic ecosystems (Forbes et al., 2006). Further, BC
is also associated with adverse impacts on human health (Pope and
Dockery, 2006).

Asia has been identified as a region where large amounts of BC are
emitted. However, previous studies on BC focused mainly on rural and
urban China (e.g., Cao et al., 2007; Han et al., 2008). Here, we concern
BC in the Tibetan Plateau (a remote region of China) where studies of
BC are very scarce to date and have applied filter-based techniques
that measure bulk aerosol absorption rather than specific BC mass con-
centration (e.g., Cao et al., 2009a, 2010; Engling et al., 2011). Due to the
systematic limitations of most of the current filter-based BC measure-
ments (Bond et al., 2013), direct examination of the BC size distribution
and mixing state is not feasible.

Here we report measurements of the refractory black carbon (rBC)
mass content of individual aerosol particles at the shore of Qinghai
Lake in the Tibetan Plateau region detected with a Single Particle Soot
Photometer (SP2) instrument. The rBC content measured by the SP2
corresponds closely (Kondo et al., 2011a) to BC as defined in Bond
et al. (2013). The SP2 provides rBC mass concentrations, size
distributions, and mixing states based on individually detected par-
ticles (Schwarz et al., 2006). The high selectivity of the SP2 response
to rBC mass ensures that other light-absorbing species do not con-
tribute to the rBC quantification. Further, an Aethalometer, a filter
based instrument, was used to measure the total fine-mode aerosol
absorption.
Bird

Fig. 1.Map showing the measurement site at
Qinghai Lake (QHL), the largest lake in China, is located 3200 m
above the sea level in a drainage basin on the Northeast Tibetan Plateau
(Fig. 1). Its size and location (i.e. at the junction point of three major cli-
mate systems: the East Asian monsoon, the Indian monsoon, and the
Westerly) make it very sensitive to climate changes (An et al., 2012).
The ecological status of QHL has attracted great attention worldwide
(Lister et al., 1991; Jin et al., 2010). The primary objectives of the QHL
study were i) to quantify rBC mass concentrations, size distributions,
and mixing states in the region at the season of the measurements,
and ii) to derive a suitable scaling factor for Aethalometer measure-
ments in this region/season by comparing simultaneousmeasurements
of SP2 and Aethalometer.

2. Methodology

2.1. Research site

Measurements were taken from 16 to 27 October, 2011 from the
rooftop (~15 m above ground level) of a sampling tower at the “Bird Is-
land” peninsula (36.98°N, 99.88°E, 3200 m AMSL), which is located at
the northwest section of the QHL shore as shown in Fig. 1. There are
four counties around QHL (Fig. 1), including Gangcha, Haiyan, Gonhe,
and Tianjun, with a total population of ~230,000. Urban areas are locat-
ed ~180 km to the southeast of QHL. Although it is a remote region, the
traffic flow (in particular diesel vehicles) in the QHL basin is significant
because of a national highway surrounding the lake. Biofuels including
yak and sheep dung, firewood, and crop residues are the main energy
sources in the rural areas of Qinghai, and account for ~80% of total
household energy, of which ~65% is from burning of and sheep dung
(Ping et al., 2011). Trash burning is also customary in the region.

2.2. Instrument description

The operating principles of the SP2 have been described in detail
elsewhere (Schwarz et al., 2006; Gao et al., 2007). Briefly, the SP2 mea-
sures rBC mass in individual rBC-containing particles using intense,
 Island
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intracavity laser light at a wavelength of 1064 nm. When a rBC-
containing particle passes through the laser beam, the rBC component
is heated to its vaporization temperature (~4000 K) and emits incan-
descent light. The intensity of the incandescence signal is linearly relat-
ed to the rBC mass and independent of the particle morphology or
mixing state over most of the rBC mass ranges observed typically in
the accumulation mode (Slowik et al., 2007). Here, the rBC mass in
the range of ~0.4–1050 fg, equivalent to 70–1000 nm diameter volume
equivalent diameter (VED) assuming 2.0 g cm−3 void-free density, was
quantified. This range covers N90% of the rBC mass in the accumulation
mode. Note that the SP2 only quantifies themass of the most refractory
and light absorbing component of the combustion aerosol, which we
generally refer to as black carbon (BC) as in Bond et al. (2013). We use
the term “BC-containing particle” to refer to aerosol particles containing
this material irrespective of the presence of non-BC materials.

The incandescence signal was calibrated before and after the sam-
pling period using a well-studied standard fullerene soot sample (Lot
F12S011, Alpha Aesar, Inc., Ward Hill, Massachusetts). The fullerene
soot was size selected by a differential mobility analyzer (DMA) over a
range corresponding to rBC of ~0.8–20 fg mass, based on the mass-
mobility relationships of this material discussed in Moteki and Kondo
(2010). This mass range corresponds to ~90–270 nm VED, over which
the calibration was close to purely linear (r = 0.999). Monodisperse
polystyrene latex spheres (PSL) of different sizes were used to calibrate
light-scattering signals measured by the SP2. PSL particles of 269 nm
diameter were used daily to monitor SP2 laser intensity to ensure the
stability of the SP2 and a sufficient laser power for proper detection of
rBC during the entire campaign period (Schwarz et al., 2010).

The total uncertainty in the rBC mass determination was ~25%, esti-
mated from the square root of uncertainties in the rBC mass calibration
including possible variability in the SP2 response to ambient rBC mass
(~20%, Moteki and Kondo, 2010; Laborde et al., 2012), sample flow
(~10%), and estimation of rBC mass beyond of SP2 detection range
(~10%). The SP2 sampled air through a cyclone inlet (URG, Chapel Hill,
NC), limiting the sizes of ambient particles entering the instrument to
b1.0 μm or b2.5 μm diameter depending on setup.

The SP2 data can be interpreted to provide information on the rBC
mixing state. The time delay between the peaks in the scattered light
signal and the incandescence signal is an indicator of the amount of
non-BC material internally mixed with individual rBC masses (here ge-
nerically referred to as a “coating”) (Schwarz et al., 2006; Moteki and
Kondo, 2007). This approach is commonly used to distinguish “thinly”
and “thickly” coated rBC masses. The delay occurs because coating
must be removed from the rBC fraction before the onset of incandes-
cence. Due to saturation of the scattered light detector, the coating
state can be determined for rBC core b275 nmVED, which often consti-
tutes a largemajority of rBC particle numbers. Note that themethod de-
scribed here does not distinguish thinly coated rBC particles from
uncoated rBC particles. Therefore, this method is useful for estimating
the relative degrees of internal mixing of rBC-containing particles of dif-
ferent aging and sources, but not capable of specifying the chemical con-
stitute of the coating material on the rBC aerosol. Leading-edge fitting,
as in Gao et al. (2007), could not be performed because of flow instabil-
ity in the aerosol jet of the SP2 (which did not significantly affect rBC
mass or peak delay).

An Aethalometer (Model AE-16, Magee Scientific, Berkeley, USA)
measured the attenuation of light (880 nm) transmitted through a
quartz-fiber filter that collected particles from a continuous ambient
air flow (4 L min−1). Light absorption coefficients (σabs) are derived
from the light attenuation measurement (time resolution 5 min) ac-
cording to Eq. (1):

σabs ¼ A=Q � ln I1=I2ð Þð Þ= t2−t1ð Þ ð1Þ

where I1 and I2 are the transmitted light intensities for the aerosol-
loaded filter at times t1 and t2, respectively; A is the area of the filter
in cm2 that is exposed to the sampling air flow; Q is the amount of sam-
pled air in STP-m3, which stands for a cubic meter of air at 273.15 K and
1013 hPa. The light absorption coefficients are converted to BC mass
concentrations following Eq. (2):

BCAeth ¼ σabs=σATNð Þ ð2Þ

where σATN is a proportionality constant related to the mass absorption
cross section (MAC) of aerosol on the filter matrix. The default σATN

value of 16.6 m2 g−1 was used. It should be noted that this value is spe-
cific for Aethalometer instruments and should not be confused with the
real MAC for BC which is on the order of 7.5 m2 g−1 at 550 nm (Bond
and Bergstrom, 2006) for uncoated BC aerosol. Because σabs measured
by theAethalometer is sensitive to both BC and other particulatematter,
BCAeth derived from the default σATN generally does not represent the
true atmospheric BC concentrations. Various methods have been devel-
oped to correct BCAeth (Coen et al., 2010 and references therein). How-
ever, these correction methods require measurements of total aerosol
scattering properties, which are not available in this work. Instead, by
comparing with the SP2 data, a scaling factor was calculated to correct
the BCAeth values measured by Aethalometer.

Hourly wind speed (WS) and wind direction (WD) were obtained
from the Gangcha National Reference Climatological Station, ~45 km
northeast of the sampling site (see Fig. 1). Hourly mixed layer depths
(MLDs) during the study periodwere calculated from the upper-airme-
teorological data based on the hourly average sounding value archived
by the U.S. National Oceanic and Atmospheric Administration (NOAA,
http://www.arl.noaa.gov/ready/hysplit4.html).

3. Results and discussion

3.1. rBC mass loading and source

The time series of rBC mass mixing ratios (5 min time resolution)
obtained during the campaign are shown in Fig. 2. During the two
week sampling period, large daily variability in the concentration was
observed, ranging from 0.05 to 1.56 μg STP-m−3with an average (arith-
metic mean) value (± standard deviation) of 0.36 ± 0.27 μg STP-m−3.
Low concentrations of rBCwere observedmainly from late afternoon to
early evening, andwere generally associatedwithwest/southwestwind
(180–290°), whereas enhanced rBC concentrations were observed dur-
ing the late night and morning when surface winds were from the
north/northeast/eastern (0–105°).

Fig. 3 shows the diurnal variation of rBC and meteorological condi-
tions averaged over the entire campaign. Themedian andmean rBC con-
centrations have similar diurnal patterns, with minimum values in the
late afternoon between 15:00 and 20:00 local standard time (LST) and
broad nocturnal maximum values between 23:00 and 02:00 LST. This di-
urnal cycle can be attributed to the variations in MLDs and WS (see
Fig. 3). The nighttimeMLDs (see Figs. 2 and 3)were several hundredme-
ters lower than the surrounding mountains (3600–4000 m AMSL),
whichmay lead to the accumulation of locally producedpollutants (with-
in the drainage basin) and thus the high concentrations of rBC at night.
The rBC concentrations decreased during the day, which could be attrib-
uted to the increasedMLDs after sunrise in response to solar heating, the
enhancedwind and turbulent dilution. Therefore, the air pollutants in the
QHL basin are influenced by regional transport during the day when the
MLD is higher than the surrounding maintains, but are isolated at night
when the top of the mixing layer is below the basin rim.

Five-day back trajectories (BTs) initiated 150 m above ground level
were used to track the potential sources and transport pathways of air
pollutants (Fig. 4). The BTs were calculated hourly using the NOAA Air
Resource Lab (ARL) HYSPLIT model and gridded meteorological data
(Global Data Assimilation System, GDAS1). To minimize the influence
from local sources due to the lowMLDat night, the data collected during
daytime (12:00–19:00 LST) were used when MLDs were higher than

http://www.arl.noaa.gov/ready/hysplit4.html)


Fig. 2.Time series of 5-min averaged rBCmass concentration and number fraction of thickly coated rBC particles (fBC), aswell as the hourly averagedmixed-layer depth (MLD),wind speed
(WS) and wind direction (WD) for the entire campaign period.
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the surrounding mountains. HYSPLIT was run for those sampling time.
As shown in Fig. 4, nearly 70% of air masses were advected from the
west where no major rBC sources are found (Lu et al., 2011). During
the campaign, the daytime average rBC concentration of 0.21 μg STP-
Fig. 3.Diurnal variations of rBC concentration, number fraction of coated rBC particles (fBC), mix
the 25% and 75% percentiles, respectively. The black and red lines in the middle of box indicate
m−3 was observed, likely representing the background concentration
of rBC in the Tibetan Plateau region. About 20% of air masses stemmed
from the east, where large amounts of rBC are emitted from the highly
urbanized and industrialized cities Lanzhou and Xining (see Fig. 1),
ed-layer depth, and wind speed. In each box, the upper and lower edges of the box denote
the median and mean values, with error bars explaining the 10% and 90% percentiles.
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Fig. 4. Five-day backward air mass trajectories reaching at Qinghai Lake (QHL) at 150 m above ground during daytime (12:00–19:00).

155Q. Wang et al. / Science of the Total Environment 479–480 (2014) 151–158
consistent with high rBC loadings (N0.30 μg STP-m−3) that were ob-
served in more than 60% of the eastern air masses.

Table 1 shows the mean BC concentrations measured at QHL and
other remote rural and high alpine areas. The average rBC concentration
at QHLwas comparable or lower than BC in southeast Tibet and the cen-
tral Himalayas (0.34–0.99 μg m−3) (Cao et al., 2010; Dumka et al., 2010;
Engling et al., 2011; Qu et al., 2009), where high BC concentrations were
mainly influenced by long-range transport and regional anthropogenic
emissions. The concentrationsmeasured at QHLwere ~2–7 times higher
than those reported in Central Tibet (Ming et al., 2010), Southern/
Western Himalayas (Babu et al., 2011; Marinoni et al., 2010), andWest-
ern China (Cao et al., 2009a; Zhao et al., 2012). Our averaged rBC value
was ~34% higher than BCAeth (measured using an Aethalometer) in
Waliguan (Ma et al., 2003), the highest Global Atmospheric Watch
(GAW) station, roughly 130 km southeast from the sampling site (see
Fig. 1). However, when air masses came from the west of QHL during
12:00–19:00 LST, the average rBC concentration was similar to
Waliguan, consistent with regional scale influences affecting both sites
equally. The elevated nighttime BC concentrations at QHL can be attrib-
uted to the local emissions trapped at night when WLDs are low.

3.2. rBC mass size distribution and mixing state

Fig. 5 shows the mass size distributions of rBC observed at different
times of the day (12:00–19:00 LST: Time I and 20:00–11:00 LST: Time
II), and during a single snowfall event between 00:00 and 07:00 on 25
October 2011. A two-mode lognormal function fits the data well be-
tween 70 and 1000 nm in diameter. A two-mode mass size distribution
for BC was previously observed in the Pearl River Delta region of China,
andwas suggested to be associatedwithmixed fossil and bio-fuel emis-
sions (Huang et al., 2011). The size distributions between Time I and II
have similar primary mode mass median diameters at ~175 nm with a
geometric standard deviation, σ, of 2.49 for Time I and 2.51 for Time II,
respectively, which is within the range of 150–230 nm reported by pre-
vious SP2 studies (Huang et al., 2012, and references therein), assuming
the same void-free rBC density of 2 g cm−3 for valid comparison. Differ-
ent emission sources produce rBC size distributionswith differentmode
peaks. McMeeking et al. (2010) found an rBC modal diameter of
~165 nm in the urban plume in Liverpool, Manchester, while the
modal diameter in a Texas urban plume was ~170 nm (Schwarz et al.,
2008). The rBC peak diameter in a biomass burning plume in Asia was
reported to be ~210 nm (Kondo et al., 2011b), similar to a biomass
burning plume in Texas (~210 nm) (Schwarz et al., 2008).

The mass median diameter of the secondary mode, which is similar
to the one reported by Huang et al. (2011), showed variability within
the day, ranging from ~470 nm from Time II when local pollutants
were accumulated and aged to ~500 nm from Time I when it was influ-
enced by regional sources. In contrast, measurements made during
snow fall reveal that the amplitude of the secondary mode (MMD:
~460 nm) was reduced by one-half with respect to the primary mode
(MMD: ~175 nm VED) during this period. The statistical uncertainty
of this reduction was small, about 15% of the change. BTs showed that
the air mass source region was rather constant before, during, and
after the snowfall. Hence this observation suggests that snowfall can re-
move larger rBC particles more efficiently than smaller rBC particles.
This is consistent with the very recent findings of Schwarz et al.
(2013) which show the rBC size distributions in snow can be larger
than those typically seen in the atmosphere. Note that this is the second
study reporting the large secondary mode that is so far observed in
China only. We expect that the secondary mode is likely a common fea-
ture of BC distributions in regions with biofuel/open fire burning
sources.

The number fraction of thickly coated rBC (fBC) is a useful parameter
in identifying the relative extent of rBC coating in different ambient
samples (Subramanian et al., 2010; McMeeking et al., 2011). Fig. 2
presents the time series of fBC values during the sampling period. The
value of fBC ranged from 25 to 68%, with an average of 50 ± 8%. Fig. 3
shows that a clear enhancement of coated rBC number fraction ap-
peared between 12:00 and 19:00 LST, associatedwith high temperature
and low rBC concentrations. This can be explained by the enhanced for-
mation of condensablematerials via photochemical oxidation processes
in the afternoon. As shown in Fig. 2, the coating fraction is not correlated
with rBC concentration (r = 0.29), reflecting different sources of the
rBC and its associated coatings. The variability in rBC mixing state was
observed to be larger during the day than at night, which may be due
to the decreased impact of secondary aerosol through photochemical
oxidation at night, and more sensitivity to individual local sources.

3.3. Qinghai Lake Aethalometer scaling factor

A correction is needed for Aethalometermeasurements to report ac-
curate BC concentrations (Coen et al., 2010). Since the SP2 is capable of
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Table 1
The average BC concentration at Qinghai Lake and the remote, rural and high alpine areas.

Location Type of
location

Altitude
(m asl)

Period High BC sources Methoda BC (μg m−3) References

Qinghai Lake, NE Tibet Remote rural 3200 Oct.2011 (all data) Qinghai Lake basin local pollution SP2 0.36 This study
12:00–19:00 LST Regional influenced by west and

northeast of Qinghai Lake
0.21

Nam Co, Central Tibet Remote rural 4730 Jul. 2006–Jan, 2007 Originated from Southern Asia TOR 0.08 Ming et al., 2010
Mt. Waliguan, NE Tibet Remote mountain 4000 Oct.–Nov. 1997/Jan. 1998 Influenced by northeastern cities Aeth. 0.27 Ma et al., 2003
Linzhi, Southeast Tibet Mountain Glacier 3300 Jan. 2009 Eastern Indian and Bangladesh Aeth. 0.76 Cao et al., 2010
Tengchong County, SE Tibet Remote rural 1640 Apr.–May 2004 Influenced by Southeast Asia and

local residential activities
Aeth. 0.42 Engling et al., 2011

Zhuzhang, SE Tibetan Remote rural 3583 Jul. 2004–Mar. 2005 Regional anthropogenic emissions TOR 0.34 Qu et al., 2009
Manora Peak, Central
Himalayas

High-alpine 1958 Nov. 2004–Dec. 2007 Convective boundary layer and
increased local emissions

Aeth. 0.99 Dumka et al., 2010

NCO-P, Southern Himalayas Remote mountain 5079 Mar. 2006–Mar. 2008 Regional circulation and westerly
air masses from the Middle East

MAAP 0.16 Marinoni et al., 2010

Hanle, Western Himalayas Remote mountain 4520 Aug. 2009–Jul. 2010 Advection from West and
Southwest Asia

Aeth. 0.08 Babu et al., 2011

Muztagh Ata, Western China Remote mountain 4500 Dec. 2003–Feb. 2005 Long-range transport from
inside China

TOR 0.06 Cao et al., 2009a

Qilian Shan, NW China Remote mountain 4214 May 2009–Mar. 2011 Influenced by northwest wind Aeth. 0.05 Zhao et al., 2012

a SP2: Single particle soot photometer; TOR: Thermal/optical reflectance; Aeth.; Aethalometer; MAAP: Multi-Angle Absorption Photometer.
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measuring rBC accurately, an Aethalometer scaling factor can be obtain-
ed by comparing the results from simultaneous SP2 and Aethalometer
measurements. Such a scaling factor is only valid when the major com-
position (e.g. dust fraction, BC fraction, etc.) of the aerosol does not
change significantly. A linear correlation between BCAeth and rBC values
Fig. 5. Size distribution of rBC and the lognormal fitting to the primary, secondary and
combined modes at a) 12:00–19:00 and b) 20:00–11:00, c) a single snowfall. “M” and
“D” in vertical label represent rBC mass and void free diameter (assuming 2 g cm−3

density) respectively.
is shown in Fig. 6, with a high correlation coefficient of 0.95. The slope,
which represents the Aethalometer scaling factor, is 2.49. This scaling
factor is consistent with the work of Coen et al. (2010).

To further evaluate the performance of Aethalometer, additional
measurements were conducted from 27 June to 3 July, 2012 at an
urban site on the rooftop (~10 m above ground level) of the Institute
of Earth Environment, Chinese Academy of Sciences (IEECAS; Cao
et al., 2009b) in Xi'an, China using the identical SP2 and Aethalometer
Fig. 6. Correlations between BC concentrations measured by the Aethalometer and rBC
concentrations measured by the SP2 from 16 to 27 October, 2011 at Qinghai Lake and
from 27 June to 3 July, 2012 in Xi'an. Each data point represents a 50-min average of the
concentration.

image of Fig.�5
image of Fig.�6


157Q. Wang et al. / Science of the Total Environment 479–480 (2014) 151–158
instruments. Excellent correlation between the two instruments was
also observed in Xi'an. However the scaling factor (1.28) is much
lower than the value obtained at QHL. This discrepancy may result
from the difference in aerosol sources andmixing state of BC. For exam-
ple, BC at Xi'an site was found to be dominated by fresh vehicular ex-
hausts and coal combustion (Cao et al., 2005, 2009b), which typically
represents externally mixed BC. However, at QHL the large emission of
BC and organic vapors from open biofuel burning and subsequent
aging could lead to enhanced internal mixing of BC with organic carbon
(OC). Also increasing OC contentmay affect the Aethalometer measure-
ment. Lan et al. (2011) also found a relatively low scaling factor of 1.0 in
Shenzhen, another urban area of China. The large scaling factor obtained
at QHL indicates that non-BC absorbing aerosol species strongly affect
the Aethalometer measurements. Therefore, careful examination and
correction of the Aethalometer data are still necessary for BC measure-
ments made in the Tibetan Plateau region.

The Aethalometer data did not show changes relative to the SP2 data
when the inlet cyclone cutoff diameter was changed between 1.0 and
2.5 μm, suggesting that ambient particles in the size range of 1.0 to
2.5 μm did not affect the Aethalometer measurements. A priori, we
would expect that if dust aerosol contributed significantly to the
Aethalometer scaling factor, then the change in aerosol size cutoff
would, in fact, lead to a shift of the result. Hence, dust aerosol is likely
not amajor contributor to total aerosol absorption in the QHL boundary
layer during the measurement period.

4. Conclusions

An SP2 and an Aethalometer were deployed at Qinghai Lake in the
NE Tibetan Plateau from 16 to 27 October 2011 to characterize rBC
mass size distribution and mixing state, and to determine the relation-
ship of rBC loading to the Aethalometer-measured aerosol absorption
in this region. Based on a two-week sampling period, the average rBC
mass concentration (0.36 μg STP-m−3)was not representative of a pris-
tine environment, and was significantly higher than rBC concentrations
typically measured in other remote regions. A clear diurnal cycle was
observed with rBC concentration reaching a minimum in the late after-
noon and peaking at night. This diurnal cycle can be explained by the
high mixed layer depth and increased ventilation during the day, and
the low mixed layer depth and trapped local emissions (e.g., biofuel
burning) at night.

The rBC size distributions show a two-mode lognormal pattern
which may represent the features of mixed rBC sources in the QHL re-
gion. The modal diameter of the primary mode at ~175 nm, while the
secondary modes geometric mean diameter varied within the day,
from ~500 nm from 12:00 to 19:00 LST to ~470 nm from 20:00 to
11:00 LST. The secondary mode constitutes generally less than ~10%
of the total rBC mass. This mode may be associated with different emis-
sion sources and combustion conditions. During a snowfall event, the
secondary mode was significantly decreased relative to the primary
mode, consistent with very recent findings which show that rBC size
in snow can be larger than that typically observed in the ambient atmo-
sphere (Schwarz et al., 2013).

The average number fraction of thickly coated rBC was found to be
50% with higher values in the afternoon, suggesting enhanced forma-
tion of organic coating materials produced from photochemical oxida-
tion. The inter-comparison between Aethalometer and SP2 shows that
Aethalometer measurements overestimate rBC concentrations at QHL
and that careful correction for additional absorption is needed for
Aethalometer data obtained at QHL. A scaling factor of 2.49was derived
to correct the Aethalometer measurements at QHL.

Back trajectory analysis indicates that the high-MLD daytime mea-
surements at QHL are likely representatives of the Tibetan Plateau. To-
gether with previous measurements in the Tibet region, our results
show that rBC concentrations in the Tibetan Plateau are unexpectedly
high (0.21 μg STP-m−3). This unexpected rBC loadings, together with
high surface albedo due to the large coverage of snow/ice in this region,
can result in significant atmospheric heating. Further study of rBC
is therefore necessary to elucidate the sources and atmospheric process-
ing of rBC aerosol and, ultimately, the impact on climate in the Tibetan
Plateau.
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