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ABSTRACT: Black carbon (BC) is one of the key components causing global warming. Especially on
the Tibetan Plateau (TP), reconstructing BC’s historical trend is essential for better understanding its
anthropogenic impact. Here, we present results from high altitude lake sediments from the central TP.
The results provide a unique history of BC over the past 150 years, from the preindustrial to the modern
period. Although BC concentration levels in the Nam Co Lake sediments were lower than those from
other high mountain lakes, the temporal trend of BC fluxes clearly showed a recent rise, reflecting
increased emissions from anthropogenic activities. The BC records were relatively constant until 1900,
then began to gradually increase, with a sharp rise beginning around 1960. Recent decades show about
2.5-fold increase of BC compared to the background level. The emission inventory in conjunction with
air mass trajectories further demonstrates that BC in the Nam Co Lake region was most likely
transported from South Asia. Rapid economic development in South Asia is expected to continue in the
next decades; therefore, the influence of BC over the TP merits further investigations.

1. INTRODUCTION

Black carbon (BC) is the collective carbon-rich aromatic
residues and condensates from the incomplete combustion of
fossil fuels and biomass.1 Given their small size (particularly
with size less than 2.5 μm), these particles can remain airborne
in the atmosphere for about one week, which is enough time to
undergo long distance transport and reach even the most
remote sites.2 BC can absorb solar radiation, thereby warming
the atmosphere, alter the albedo, accelerate glacier melting
when deposited on snow, and change the properties
(reflectivity and lifetime) of clouds as well as precipitation.3−5

The formation, transport, and deposition of BC also plays a
significant role in the global carbon cycle 6

The Tibetan Plateau (TP) is the largest and highest plateau
on earth, with an area of about 2 500 000 km2 and an average
elevation of more than 4000 m. The atmosphere over the TP is
minimally disturbed by anthropogenic activities due to sparse
population and limited industries. According to the earlier
sunphotometer observations, very low annual aerosol optical
depth (AOD) was recorded on the central TP.7 However, the
TP is surrounded by regions with growing air pollution,
especially in South and Southeast Asia.8 In some cases,
widespread air pollution can enter the interior TP through
atmospheric circulation.9,10 As the world’s largest ice storage
site after the Arctic and Antarctic, the glaciers on the TP are
experiencing shrinkage particularly caused by increasing
atmospheric BC deposition.11−13

Understanding the temporal change of BC content in the
atmosphere, especially its background burden before intensive
industrialization, is crucial to assess the impact of human
disturbance on atmospheric composition and thereafter climate
change.14 However, the knowledge of its historical trend on the
TP is very scarce.12,15,16 In addition to ice cores from alpine
glaciers, lake sediments also serve as ideal archives for exploring
climate and environment changes. There are more than 1500
lakes on the TP with sizes ranging from 0.01 to 4000 km2.17 In
this study, we present results from Nam Co Lake sediments in
the central TP, with the aim to investigate the temporal
variability of BC deposition and reveal its links with emissions
and transport.

2. MATERIALS AND METHODS
2.1. Sampling Site Description. Nam Co Lake, the

second largest saline lake in China, is located on the central TP
(N30°30′∼30°56′, E90°16′∼91°03′; 4722 m a.s.l.) (Figure S1,
Supporting Information). Its area is 2015 km2, with the deepest
water depth more than 90 m.18 According to the water
chemistry survey, the pH and electric conductivity of the
surface water are 9.21 and 1851 μS·cm−1, respectively,
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indicating an alkaline and slightly brackish body of water. A
more detailed description on the lake can be found in Wang et
al.19,20 Because there is no outflow, the water balance of Nam
Co Lake is controlled by the relationship among precipitation,
inflow, and evaporation. The reason that Nam Co Lake was
chosen for the BC historic variation research is due to its
position within the interference zone of the Indian summer
monsoon and the westerlies. Previous research has demon-
strated that Nam Co Lake sediment could sensitively respond
to the climatic and environmental changes.21−23

In the Nam Co Lake region, annual precipitation is around
400 mm. Mean annual air pressure and temperature are 571.2
hPa and −0.4 °C, respectively. Mean annual relative humidity is
52.6%, and mean annual wind speed is 3.99 m·s−1. Surrounding
Nam Co Lake is alpine steppe and meadow. Scarcely any
atmospheric pollutant emission is in the vicinity due to its harsh
environment and remoteness.7

2.2. Sediment Collection and Dating. In 2009, a
sediment core (20 cm long, hereafter NMC09) was collected
from the eastern basin of Nam Co Lake using a gravity coring
system with a 6 cm diameter polycarbonate tube (Figure S1,
Supporting Information). The water depth of the sampling site
is 60 m. The core was sliced in the field at intervals of 0.5 cm,

stored in plastic bags, and kept frozen until analysis. The
sediment chronology was constructed by measuring radio-
nuclide (210Pb) using γ-ray spectrometry (HPGe, ORTEC-
GWL).

2.3. Sediment Pretreatment and BC Determination.
Determination of BC in lake sediments is difficult due to its
complex organic and mineral matrices. Several procedures for
separating and determining BC from sediments have been
developed.1,24−28 In the present work, the methods of Han et
al.25 were adapted. Briefly, the sediment samples were acid
treated to avoid interference of minerals and then filtered using
quartz filters with even distribution. The quartz filters were
analyzed for BC using a DRI model 2001 carbon analyzer
(Atmoslytic Inc., Calabasas, CA) following the IMPROVE-A
protocol.29 Detailed procedures for the sediment preparation
and analytical method are summarized in the Supporting
Information text. For quality control, standard reference
material (marine sediment, NIST SRM-1941b) was also
analyzed through the same procedure as for the NMC09
samples. Our BC values compare well (97.6 ± 2.2%, n = 8) to
the values reported previously,30 which indicates the analytical
method used is reliable and repeatable. It should be noted that
lake sediments determined by different methods such as

Figure 1. Sediment dating results. (a) Variations of 210Pbex in NMC09 core; (b) depth versus age plot calculated by the CRS model.

Table 1. Averages of Black Carbon Concentrations (mg·g−1) and Deposition Fluxes (g·m−2·a−1) for This Study and Previous
Work

lakes description (altitude, m a.s.l) age span concn. (mean) fluxes methods

Nam Co Tibetan Plateau, 4722 m 1857−2009 0.49−1.09 (0.74) 0.12−0.44 (0.26) TOR-IMPROVEa

Daihai33 North China, 1221 m 1800−2001 0.52−4.90 (2.26) 0.6−7 (3.1) TOR-IMPROVE
Taihu33 East China, 4 m 1825−2003 0.43−1.95 (1.01) 1.15−6.89 (3.29) TOR-IMPROVE
West Pine Pond34 New York State, 484 m 1835−2005 0.6−8 0.026−0.77 TOT-STNb

Ledvica35 Alps, Slovenia, 1830 m about 1815−1998 3.6−9.2 0.3−1.3 CTO-375c

Engstlen32 Alps, Switzerland, 1850 m 1963−2008 1.5−3.3 2.1−7.4 CTO-375
Stora Frillingen24 Aspvreten, Sweden 1000s−2005 0.05−0.40 CTO-375

aTOR-IMPROVE, thermal optical reflectance, following IMPROVE-A protocol. bTOT-STN, thermal optical transmittance, following STN
protocol. cCTO-375, chemo-thermal oxidation at 375 °C.
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IMPROVE-A thermal optical reflectance (TOR), STN-thermal
optical transmittance (TOT), and chemothermal oxidation
(CTO) may produce different concentrations. For example,
Han et al. 25 demonstrates that TOR methods could result in
10% higher black carbon than that from TOT method, while
the BC value from CTO method is much lower, accounting for
1/7 of that from TOR.

3. RESULTS AND DISCUSSION

3.1. Sediment Chronology. For NMC09, ages and
sedimentation rates were calculated using the CRS (constant
rate of supply) dating model.31 The sediment record covers
about 150 years, reaching back to 1857 AD (Figure 1). The
reliability of the core dating was acceptable based on a constant
decline in 210Pb with increasing depth. The sedimentation rate
in this work (1.2 mm·a −1) is consistent with previously
reported value (1.15 mm·a −1) by Wrozyna et al. 21 at the same
lake.
3.2. Concentrations of BC in Sediments. BC concen-

trations in NMC09 varied from 0.49 to 1.09 with an average of
0.74 mg·g−1, much lower than those reported elsewhere32−35

(Table 1). For example, BC values in lake sediment cores from
Daihai in North China and Taihu in East China ranged from
0.52 to 4.9 mg·g−1, and 0.43 to 1.95 mg·g−1, respectively.33 The

higher BC levels may likely be due to intensive biomass burning
and fossil fuel combustion in northern and eastern China.
Husain et al.34 reported BC concentrations varying from 0.6 to
8 mg·g−1 in a sediment core from Lake West Pine Pond, New
York, over the past 170 years. Muri et al.35 determined that BC
concentrations in five high altitude alpine lake sediments in
Slovenia ranged from 1 to 11 mg·g−1. The lower BC
concentrations in Nam Co Lake sediments are clearly
associated with the geographic characteristics of the TP,
namely, its remote location, high altitude, and relatively pristine
atmosphere. It should also be noted that different pretreatment
procedures, analytical instruments, and protocols may produce
noticeable discrepancies in BC results.1 In addition, annual
mean atmospheric BC concentration in the Nam Co Lake area
was 82 ng·m−3, as determined in the previous work.36 The
corresponding BC concentration in the top section of the lake
sediment core is 1.09 mg·g−1. Therefore, the ratio of BC
concentration between the atmosphere and sediment can be
roughly estimated to reconstruct the atmospheric BC loading in
the past.

3.3. BC Deposition Flux and Its Historical Trends.
Because BC concentration may be strongly affected by the
dilution of detrital matter and water contents, deposition fluxes
are better to reflect the real variation of BC input.24,34

Figure 2. Variation of BC fluxes from 1857 to 2009 at Nam Co Lake (a) and BC historical emission data (b).38
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BC fluxes of Nam Co Lake sediments ranged from 0.12 to
0.44 g·m−2·a−1, with an average of 0.26 g·m−2·a−1. These values
are about 10% of those in other Chinese lakes (i.e., Daihai and
Taihu) and are also significantly lower than those from
European high altitude lakes (Lake Engstlen and Lake Ledvica)
and a North American mountain lake (West Pine Pond) (Table
1). Elmquist et al.24 reported BC fluxes of 0.05−0.40 g·m−2·a−1

in sediments from Stora Frillingen Lake, Sweden, which appear
comparable to those from Nam Co Lake. However, considering
that the BC value from CTO methods is only 1/7 of that from
TOR, BC deposition at Nam Co Lake should be much lower
than that from Stora Frillingen Lake.
Figure 2a shows the temporal trend of BC fluxes. From the

1850s to the early 1900s, fluxes are generally constant, which
can be considered as background level without significant
disturbance from human activities. After the 1900s, BC fluxes
show a gradual and continuous increase, indicating that the
influence from anthropogenic sources began in the interior TP.
From the 1960s to the early 2000s, the increasing trend of BC
flux accelerated significantly. Average BC flux for 1850s−1900s,
1900s−1960s, and 1960s−2009 was 0.13 ± 0.01 g·m−2·a−1,
0.21 ± 0.02 g·m−2·a−1, and 0.33 ± 0.06 g·m−2·a−1, respectively.
This means that the BC burden has increased by 2.5-fold from
the background period to industrial times. Our profile is
generally in agreement with the results from the Mt. Everest ice
core, in which the BC concentrations have increased almost 3-
fold from 1975 to 2000 when compared to the period 1860−
1975.15 In the recent Atmospheric Chemistry and Climate
Model Intercomparison Project,37 historic BC aerosols were
simulated by eight models, which were based mainly on 12 ice

core records from Greenland, the Antarctic, the TP, and the
Alps. Interestingly, all of the models showed an increased global
BC burden from the preindustrial to the present of 2.5−3
times, which matches well the BC temporal profile in Nam Co
Lake.
Bond et al.38 reconstructed a BC emission inventory for the

past 150 years (1850−2000) for different regions of the world
(Figure 2b). The increased profile of BC in Nam Co Lake
sediment closely follows BC emission patterns of South Asia,
China, and the Middle East, which all demonstrated a sharp
increase beginning around 1950.
According to trace metals data from NMC09, typical

anthropogenic heavy metals such as Pb and Zn all exhibit
rapid increase since the 1960s (Figure S2, Supporting
Information). Yang et al.22 determined the mercury history
based on nine lakes from different regions of the TP. According
to their results, a dramatic increase of Hg in Nam Co Lake
sediments since the 1960s has also been found. The increase of
BC in the last few decades is synchronous with the
anthropogenic heavy metals, reconfirming that since the
1960s, the influence of anthropogenic pollutants on the TP
has become more evident.

3.4. Potential Source Region of BC. Because there are
few local emission sources in the Nam Co Lake region and
even on the entire TP, BC is most likely transported over long
distances from the surrounding areas of the TP by the action of
air mass movement. Figure 3 shows the distribution of BC
column optical depths at 550 nm (Jan. 1, 2000 to Dec. 31,
2007), which were produced by the GOCART model
simulation.39 The GOCART model uses the assimilated

Figure 3. Average BC column optical depth (550 nm, GOCART model) during nonmonsoon and summer monsoon seasons from 2000 to 2007
(left) and the corresponding air mass trajectory frequency during this period (right). The location of Nam Co Lake is marked as a black triangle.
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meteorological fields of the Goddard Earth Observing System
Data Assimilation System (GEOS DAS). The model has a
horizontal resolution of 2° latitude by 2.5° longitude and 20−
55 vertical sigma layers.40 Our black carbon optical depth
distribution pattern (Figure 3, left) is generally consistent with
that simulated by the AeroCom median model.41 Figure 3
clearly shows that atmospheric BC widely exists in Africa, East
China, and South and Southeast Asia with some seasonal
variation.
To reveal the transport pathway of atmospheric BC to Nam

Co Lake, backward trajectory analysis was conducted
corresponding to BC column optical depth simulation (Jan.
1, 2000 to Dec. 31, 2007) using the HYSPLIT model and
NCEP/NCAR reanalysis data.42 Seven-day (the typical
atmospheric residence time of BC) backward trajectories
were run at 500 m height above ground level for every 6 h
daily. Furthermore, the trajectory frequency at each grid (1° ×
1°) was calculated using Trajstat software.43 The backward
trajectory results (Figure 3, right) reveal two distinct types of
atmospheric circulation, corresponding to the Tibetan mon-
soon regime. In the summer monsoon season (June−August),
air masses from Northeast India, Bangladesh, and the Bay of
Bengal bring warm and moist air originating from the Indian
Ocean. In the nonmonsoon season, strong westerly winds pass
through the southern Himalayas (West Nepal, Northwest India,
and Pakistan). According to the BC distribution (Figure 3, left)
and previous research,44−46 high concentrations of atmospheric
BC exist over the southern slope of Himalayas, the Indo-
Gangetic plains, and Indian Ocean. Although the Himalayas are
considered as a barrier to atmospheric pollution, previous
research has demonstrated that high Himalayan valleys can act
as a direct channel, capable of transporting air pollutants up to
5000 m a.s.l.,47 and those pollutants could successively be
transported trans-Himalayan and adverted onto the TP.48 Even
ice cores from extremely high elevation of the Himalayas (e.g.,
East Rongbuk Glacier, Mt. Everest, 6518 m) exhibit an
increasing influence of BC emissions from South Asia.15

Recently, we distinguished an intense spring pollution episode
on 29th April 2009 in the Nam Co region.10 This episode was
characterized by dominant fine particles with strong absorption,
underlining the influence of biomass burning from South Asia.
Therefore, according to the backward trajectory, regardless of

the shift of wind flow direction between summer monsoon and
nonmonsoon seasons (Figure 3), the atmospheric BC that
exists in South Asia can be transported to the Nam Co Lake
region and thereafter deposited in the lake and settle down in
the lake sediments. As shown in Section 3.3, the historical
profile of BC deposition in the Nam Co Lake sediments
coincides with the BC emission inventory data of South Asia.
Namely, BC emissions grew rapidly in the latter half of the
twentieth century, owing to population growth and increased
combustion of coal, biofuel, and petroleum products.38 The
conclusion that the majority of BC over the TP is coming from
South Asia is also consistent with other studies.49 For example,
Lu et al.49 pointed out that the contribution of BC from South
Asia may account for 67% of BC transported to the Himalayas
and TP region (HTP) on an annual basis. Similarly, using the
GEOS-Chem model, Kopacz et al.50 found that South Asia is
the main source region in all seasons for BC deposited on TP
glaciers. However, they also proposed that the intensive BC
emission in the eastern part of China (e.g., Sichuan Basin)
could impose some influence on the HTP in summer.49,50

However, our trajectory result for the Nam Co region does not

support this hypothesis. Given the prevailing winds in both
seasons (Figure 3), few air masses arriving at Nam Co Lake
come from the east. The high loading of BC in eastern China
does not likely impact the Nam Co region due to its downwind
location to TP, despite the fact that it could be transported
further east over the western North Pacific by westerlies. In
addition, it appears that the Mediterranean, Middle East, and
Central Asia regions are not major source regions of BC in
Nam Co Lake region, because of the low level of BC and/or
few backward trajectories passing through there (Figure 3).

3.5. Indication of BCLT‑TOR and BCHT‑TOR. Based on the
temperature protocol in the analytical procedures, BC could be
further divided into two fractions (BCLT‑TOR and BCHT‑TOR).
BCLT‑TOR means the black carbon liberated at 580 °C (LT, low
temperature) in a He/O2 condition minus the pyrolyzed
carbon fraction, while BCHT‑TOR is defined as the sum of black
carbon liberated at 740 and 840 °C (HT, high temperature).
The ratio between BCLT‑TOR and BCHT‑TOR may provide useful
information for the source interpretation.51,52 BCLT‑TOR
represents the combustion debris from biomass and fossil fuel
and retains some original structural information of the source
material, while BCHT‑TOR is formed through the condensation
of gas emitted from combustion process.
In the Nam Co Lake sediments, the BC concentrations are

positively correlated with those of BCLT‑TOR (R2 = 0.78). The
BCLT‑TOR to BCHT‑TOR ratios varied from 3.19 to 6.30, with a
mean value of 4.69, indicating that BCLT‑TOR is a predominant
constituent of BC. This shows that biomass burning is the
major contributor to BC in Nam Co Lake sediments. This
finding is consistent with recent radiocarbon measurements
from India that indicate the major fraction of BC emissions was
produced by biomass combustions such as residential cooking
and agricultural burning.53 Interestingly, we found that the
BCLT‑TOR to BCHT‑TOR ratios in NMC09 decrease continuously
(Figure 4). According to previous research, the BCLT‑TOR to
BCHT‑TOR ratios from biomass burning are much higher than
those from coal combustion and vehicle exhaust.54 Therefore,
the gradual decrease in the BCLT‑TOR to BCHT‑TOR ratios toward
the 21 century in the Nam Co Lake sediments reflects the
changing contribution of fossil fuel combustion and biomass
burning to BC. Since BCHT‑TOR has greater light-absorbing

Figure 4. Ratios between BCLT‑TOR and BCHT‑TOR in Nam Co Lake
sediments.
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capacity than BCLT‑TOR,
55,56 it merits more attention in terms of

radiative forcing on the TP.
Rapid development of the South Asian economy is expected

to continue in the next decades; thus, BC emissions from
energy usage will increase continuously,57 which will put further
pressure on radiative forcing (warming) over the TP, especially
on its alpine glaciers, under this scenario.
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