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We find evidence that black soot aerosols deposited on Tibetan

glaciers have been a significant contributing factor to observed

rapid glacier retreat. Reduced black soot emissions, in addition to

reduced greenhouse gases, may be required to avoid demise of

Himalayan glaciers and retain the benefits of glaciers for seasonal

fresh water supplies.

aerosols � climate change � fresh water � glacier retreat � Tibetan Plateau

G laciers on the Tibetan Plateau, sometimes called Earth’s
‘‘third pole,’’ hold the largest ice mass outside the Polar

Regions. These glaciers act as a water storage tower for South
and East Asia, releasing melt water to the Indus, Ganges,
Brahmaputra, and other river systems, providing fresh water to
more than 1 billion people (1, 2). Glacial melt provides up to
two-thirds of the summer flow in the Ganges and half or more
of the flow in other major rivers (3). One-quarter of the
population of China is in western regions where glacial melt
provides the main dry season water source (4).

Tibetan glaciers have been melting at an accelerating, alarm-
ing rate over the past decade, raising the threat that many of the
glaciers could be gone by midcentury (5, 6). As glaciers recede
and release stored water, f low temporarily increases, but the
future fresh water supply is threatened (5–8). Once headwater
glaciers are gone, however, a dramatic decline in dry season
water availability may ensue. Total precipitation may increase
with global warming (1, 9), but a likely result of glacier loss will
be heavier spring floods and much reduced fresh water avail-
ability during subsequent dry seasons.

Climate on the Tibetan Plateau is changing rapidly; over the
past three decades, the large area at altitude above 4,000 m has
warmed 0.3 °C per decade (Fig. S1), which is twice the rate of
observed global warming. Climate change on the plateau may
have large regional effects, for example, on the Asian monsoon,
and even global repercussions (3). Glacier retreat in the Tibetan
Plateau presumably is driven by warming due to increasing
greenhouse gases (1), but the rapidity of glacier retreat and the
up to 0.3 °C warming of per decade during the past 30 years
suggest additional mechanisms may be involved.

Black soot in aerosol pollution can warm the troposphere,
perhaps contributing to surface melt (10–12). Absorption is
caused primarily by the black carbon (BC), whereas organic
carbon (OC) absorbs mainly in the UV and slightly in the visible
region (13–15). Black soot incorporated in snowflakes darkens
snow and ice surfaces, increasing surface melt (16–18). Simu-
lations show that the added absorption by snow exceeds the
‘‘dimming’’ effect (reduced solar irradiance at the ground due to
atmospheric aerosols) and becomes significant when BC reaches
amounts on the order of 10 ng g�1 or more (15, 19).

The Tibetan Plateau is located close to regions in South and
East Asia that have been (20) and are predicted to continue to
be (21) the largest sources of black soot in the world. The
extensive black soot aerosols could be lofted to the high Tibetan
Plateau and incorporated in snowflakes that when falling on the
glaciers darken their surface, which has led to initial studies of
the amount of BC and OC in the snow and ice of Himalayan

glaciers (22, 23). Yet, black soot-induced reduction of snow
albedo and its contribution to glacier retreat have only begun to
receive attention, so there is a need for more extensive field data.
Here, we report measurements of the BC and OC content in ice
cores that sample snow deposited during the past half century on
five widely spaced glaciers on the Tibetan Plateau.

Results

We extracted ice cores from five locations on the Tibetan Plateau
(Fig. 1) to investigate temporal changes of black soot amount.
The period covered, based on annual layering of the ice, extends
back to the 1950s. We show (Fig. 2) BC and OC concentrations
(ng g�1) and the annual deposition flux (i.e., the annual mass of
BC or OC per unit area). At the third site, Rongbuk Glacier on
Mt. Everest, we compare our BC concentration with a prior
result (23), finding close agreement.

Interpretation of the temporal changes of black soot amount
depends on knowledge of the meteorology and major black soot
emission sources. The largest snowfall source on the plateau is
the Indian monsoon, which reaches about 30–32 °N during
summer (Fig. 1). Snowfall on the northern and northwestern
parts of the plateau is associated mainly with the westerly jet
stream, which moves southward toward the Himalayas in winter.
Thus, black soot deposited on Himalayan glaciers derives pri-
marily from two directions: west and south. The northern and
northwestern plateau is under control of the westerly jet stream
all year, so its upwind sources are principally Europe and the
Middle East. Glaciers in the southern part of the plateau receive
deposits from the west in winter and from the south in summer.

We find relatively high black soot concentrations in the
1950s-1960s at all Tibetan locations except the Zuoqiupu, likely
because of the large European source at that time (15), despite
the long transport distance (24). Lack of a notable 1950s-1960s
peak at the Zuoqiupu may be due to the circuitous path required
for European air to reach that location on the eastern plateau,
and thus the greater proportion of Asian aerosols there. De-
creased BC and OC concentrations on the northwestern and
central plateau in the 1970s-1980s, relative to 1950s-1960s, are
consistent with the fact that European sources decreased be-
cause of environmental regulations (19).

Glaciers on the southern plateau should receive black soot
both from the south via the Indian monsoon during summer and
from the west via winter westerlies. Overall, there is evidence of
increasing BC and OC concentrations on southern Tibetan
glaciers (Zuoqiupu, Noijin Kangsang, and East Rongbuk, in Fig.
2) since 1990. This post-1990 difference between southern and
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northern glaciers reflects regional differences in source strength
and transport pathways for atmospheric black soot between
Europe and Asia, including regional differences in the degree of
environmental regulation.

In addition to contributions from the monsoon, the brown
haze found during winter and spring to lie against the Himalayas
(12) contains black soot blown onto the southeastern Tibetan
Plateau by the southern branch of the westerlies that sweep over
the south side of the Himalaya–Hindu Kush range (Fig. 1). This
makes the Zuoqiupu site the most representative of Asian
sources among the five glaciers. Fig. 3 shows the Zuoqiupu data
broken down by monsoonal and nonmonsoonal periods. The
monsoonal period has lower BC and OC concentrations because
of the high precipitation rate, but the source is unambiguously
Asian, primarily the Indian subcontinent. The Zuoqiupu data
indicate an increasing Asian source since the 1990s, especially
during the present decade of rapid industrial growth. An in-
crease of BC and OC emissions by about 30% between 1990 and
2003 has been estimated (20). Our Zuoqiupu data suggest that
Asian emissions continued to increase after 2003.

Discussion

We show that the black soot content is sufficient to affect the
surface reflectivity of the glaciers and that the black soot amount
has increased rapidly since the 1990s, coincidentally with the
accelerating glacier retreat and increasing industrial activity in
South and East Asia. We suggest that a successful strategy for
humanity to retain the fresh water benefits of Himalayan glaciers
will need to reduce black soot emissions so as to restore more
pristine high-reflectivity snow and ice surfaces, as well as sta-
bilize and possibly reduce greenhouse gas amount.

BC concentrations of 10 ng g�1 significantly alter the albedo
(reflectivity) of a thick snow layer. The visible albedo of deep
fresh snow, about 0.9–0.97, is decreased by 0.01–0.04 by a BC
amount of 10 ng g�1 (16, 18), thus increasing absorption (1 minus
albedo) of visible radiation by 10–100%, depending on the size
and shape of snow crystals and on whether the soot is incorpo-
rated within snow crystals or externally mixed (16, 18). The
impact of albedo change is magnified in the spring, at the start
of the melt season, because it allows melt to begin earlier. Then,
as melting snow tends to retain some aerosols, the surface

concentration of black soot increases, and BC becomes even
more effective at increasing melt of snow and ice.

Seasonal variation of BC probably maximizes its impact on
snowmelt. Lowest BC concentration is during the monsoon season,
whereas the highest concentration is associated with the South
Asian Haze (12), which peaks during November–March, spreading
northeastward along the south side of the Himalayas. Thus, highest
black soot concentration in unmelted snow occurs at the time of
maximum snow extent, accelerating spring melt and lengthening
the melt season. In addition, the ice cores used to measure black
soot concentration are obtained in the accumulation zone of the
glaciers; i.e., in regions where snow melt is negligible. In the ablation
zone on the glaciers, the melting process tends to increase the
concentration of black soot on the glacier surface, thus increasing
the impact of black soot on glacier melt.

Quantitative modeling of the effect of black soot on glacier
dynamics is a current challenge, but some indication of the
outcome may be provided by results of initial analyses of the
closely related problem of black soot’s effect on regional climate
in areas with extensive snow and sea ice. These studies (14, 18,
19, 25) suggest that black soot is responsible for a substantial
fraction of the regional warming of the past century, comparable
to the fraction attributable to carbon dioxide. Assessment of
black soot’s impact on glaciers will need to include the contri-
bution that black soot makes to regional climate change, as well
as direct effects on the glacier.

Although northern hemisphere temperature change should be
the primary factor influencing Tibetan glacial variations, we now
recognize the role of black soot as an important secondary factor
that can reinforce temperature-driven glacier responses. Tibetan
glaciers retreated rapidly in the 1950s and 1960s, but in the 1970s
many glaciers advanced, and the snowline dropped (8). Given the
enhanced black soot levels in the 1950s and 1960s and the near-zero
trend of Himalayan temperature between 1955 and 1980 (Fig. S1),
we regard black soot as a potential factor that may have contributed
to the observed glacial changes. The spatial variability of glacier
retreat is also consistent with a role for black soot, because the most
rapid glacier retreat and the highest black soot concentrations are
located around the margin of the plateau (8, 13).

A principal obstacle to quantitative analysis of the albedo change
due to black soot deposition on glaciers is the degree to which the

Fig. 1. Five ice cores were extracted at the indicated locations, altitude, and ice core length: 1, Mt. Muztagh Ata (75.10 °E, 38.28 °N, 6,300 m, 40.0 m); 2, Tanggula

glacier (92.09 °E, 33.11 °N, 5,800 m, 32.5 m); 3, East Rongbuk glacier, Mt. Everest (86.96 °E 28.02 °N, 6,500 m, 22.3 m); 4, Noijin Kangsang glacier (90.20 °E, 29.04 °N,

5,950 m, 23.5 m); and 5, Zuoqiupu glacier (96.92 °E, 29.21 °N, 5,600 m, 97.0 m). White dashed line is the northern boundary of the India monsoon based on �18O

seasonal changes from our precipitation isotope observation network on the Tibetan Plateau.

2 of 5 � www.pnas.org�cgi�doi�10.1073�pnas.pnas.0910444106 Xu et al.

http://www.pnas.org/cgi/data//DCSupplemental/Supplemental_PDF#nameddest=SF1


surface black carbon concentration increases as the snow melts. We
made an estimate of the potential increase of black soot concen-
tration due to snowmelt in the region of the Zuoqiupu glacier, as

summarized in Fig. 4. We staked a glacier area adjacent to the
Zuoqiupu glacier (22 stakes at altitudes between 5,000 and 5,500
m) and measured the change of snow depth through the 2007

Fig. 2. BC and OC in the five ice cores. Dotted line is annual concentration (ng g�1), solid line is 5-year running mean, and gray shaded region is the integrated

annual deposition. Results of Ming et al. (23) for the East Rongbuk glacier on Mount Everest are shown for comparison.

Fig. 3. BC and OC concentrations in the Zuoqiupu ice core for the monsoon (June–September) and nonmonsoon (October–May) seasons, and for the annual

mean.

Xu et al. PNAS Early Edition � 3 of 5

E
N

V
IR

O
N

M
E
N

T
A

L

S
C

IE
N

C
E
S



melting season. The highest stake was well into the accumulation
zone, with no detectable snowmelt. EC concentration in 2006 on
the Zuoqiupu was 15.9 and 7.9 ng g�1 in the nonmonsoon and
monsoon periods, respectively. We assume that the BC deposi-
tion and snowfall were uniform over the staked region. We
assume that as snow melted, all BC remained, uniformly mixed,
in the unmelted snow. Resulting BC concentrations under these
assumptions are shown in Fig. 4. Surely, the assumption that no
BC runs way in the melt water exaggerates mean BC concen-
tration but, on the other hand, remaining BC tends to be more
concentrated toward the surface, rather than uniformly mixed,
thus increasing its effectiveness in absorbing sunlight. Fig. 4
suggests that great enhancements in surface BC concentration,
an order of magnitude or more, are possible. Snow sampling at
high temporal resolution on a Qilian Shan glacier revealed that
the fresh snow cover melted within 2 days, exposing dirtier
underlying snow with BC concentration seven times greater than
the fresh snow (22). Future studies should include sampling of
BC concentration during the melt season, a task that was beyond
the scope of the present investigation.

Scenarios for future climate usually assume that most fossil
fuels will be burned, causing additional global warming of at
least several degrees Celsius. In that event, most glaciers,
worldwide, will be lost this century, with severe consequences
for fresh water supplies (1, 7, 26), as well as many other climate
effects (7).

Scenarios with dramatic climate change are not inevitable.
An alternative scenario, which stabilizes global temperature at
a level near the range of the Holocene, requires reduction of
the major human-made climate-forcing agents that have a
warming effect, including black soot as well as the greenhouse
gases (10). If coal emissions were phased out over the next two
decades, and if unconventional fossil fuels, such as tar sands
and oil shale, were not developed, atmospheric CO2 could
peak at 400–425 ppm and conceivably return to a level of 350
ppm or less via improved forestry and agricultural practices
(27). Such a scenario for CO2, along with reduction of other
greenhouse gas and black soot emissions, might avoid demise
of Tibetan glaciers and the deleterious effect of glacier loss on
fresh water supplies, while having other benefits for global
climate and human health.

Materials and Methods

We sampled ice cores at intervals of 10–25 cm of core length. After the outer

1.0 cm of the ice core was pared away, residual inner ice of mass 150–300 g was

melted and immediately filtered through prefired quartz fiber filters. BC and

OC on the filters were measured by using the Interagency Monitoring of

Protected Visual Environments (IMPROVE) thermal/optical reflectance proto-

col (28). Analytical uncertainties for the possible carbon artifacts were eval-

uated via four parallel ice samples cut lengthways in an ice core with high dust

loading, which were assessed to be �15% for BC and �16% for OC. Detailed

procedures on the ice preparation and analytical method are summarized in

the SI Text.

Fig. 4. Topography and calculated BC concentration on a glacier adjacent to the Zuoqiupu that was staked at the indicated locations to measure snow depth

throughout the 2007 melt season. Calculated concentrations assume that the annual BC amount measured at the summit is distributed uniformly through the

remaining snow depth; i.e., the BC is not carried away by melt water.

4 of 5 � www.pnas.org�cgi�doi�10.1073�pnas.pnas.0910444106 Xu et al.

http://www.pnas.org/cgi/data//DCSupplemental/Supplemental_PDF#nameddest=STXT


ACKNOWLEDGMENTS. This work was supported by the National Basic Research
Program of China and the National Natural Science Foundation of China, includ-

ing Grants 2005CB422004, 2009CB723901, 40671044, and 40930526. J. Hansen’s
research on black soot is supported by the Hewlett and Lenfest Foundations.

1. Barnett TP, Adam JC, Lettenmaier DP (2005) Potential impacts of a warming climate on

water availability in snow-dominated regions. Nature 438:303–309.

2. Singh P, Bengtsson L (2004) Hydrological sensitivity of a large Himalayan basin to

climate change. Hydrol Process 18:2363–2385.

3. Qiu J (2008) The third pole. Nature 454:393–396.

4. Gao Q, Shi S (1992) Water resources in the arid zone of northwest China. J Desert Res

12:1–12.

5. Li X, et al. (2008) Cryospheric change in China. Global Planet Change 62:210–218.

6. Kehrwald NM, et al. (2008) Mass loss on Himalayan glacier endangers water resources.

Geophys Res Lett, 35, L22503, doi:10.1029/2008GL035556.

7. Cruz R V, et al. (2007) Asia, in Climate Change 2007: Impacts, Adaptation and

Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of

the Intergovernmental Panel on Climate Change, eds Parry ML, et al. (Cambridge Univ

Press, Cambridge, UK), pp 469–506.

8. Yao T, et al. (2004) Recent glacial retreat in High Asia in China and its impact on water

resource in Northwest China. Sci China D 47:1065–1075.

9. Intergovernmental Panel on Climate Change (2007) Climate Change 2007: The Physical

Basis–Contribution of Working Group I to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change, eds Solomon S, et al. (Cambridge Univ.

Press, Cambridge UK).

10. Hansen J, Sato M, Ruedy R, Lacis A, Oinas V (2000) Global warming in the twenty-first

century: An alternative scenario. Proc Natl Acad Sci USA 97:9875–9880.

11. Jacobson MZ (2001) Strong radiative heating due to the mixing state of black carbon

in atmospheric aerosols. Nature 409:695–697.

12. Ramanathan V, et al. (2007) Warming trends in Asia amplified by brown cloud solar

absorption. Nature 448:575–578.

13. Kirchstetter T, Novakov T, Hobbs P (2004) Evidence that the spectral dependence of

light absorption by aerosols is affected by organic carbon. J Geophys Res, 109, D21208,

doi:10.1029/2004JD004999.

14. Hess M, Koepke P, Schult I (1998) Optical properties of aerosols and clouds: the

software package OPAC. Bull Am Meteorol Soc 79:831–844.

15. Flanner MG, et al. (2009) Springtime warming and reduced snow cover from carbo-

naceous particles. Atmos Chem Phys 9:2481–2497.

16. Warren SG, Wiscombe WJ (1985) Dirty snow after nuclear war. Nature 313:467–

470.

17. Clarke AD, Noone KJ (1985) Soot in the Arctic snowpack: A cause for perturbations in

radiative transfer. Atmos Environ 19:2045–2053.

18. Hansen J, Nazarenko L (2004) Soot climate forcing via snow and ice albedos. Proc Natl

Acad Sci USA 101:423–428.

19. Flanner MG, et al. (2007) Present-day climate forcing and response from black carbon

in snow. J Geophys Res, 112, D11202, doi:10.1029/2006JD008003.

20. Bond TC, et al. (2007) Historical emissions of black and organic carbon aerosol from

energy-related combustion, 1850–2000. Global Biogeochem Cycles, 21, GB2018,

doi:10.1029/2006GB002840.

21. Ohara T, et al. (2007) An Asian emission inventory of anthropogenic emission sources

for the period 1980–2020. Atmos Chem Phys 7:4419–4444.

22. Xu B, Yao T, Liu X, Wang N (2006) Elemental and organic carbon measurements with

a two-step heating-gas chromatography system in snow samples from the Tibetan

Plateau. Ann Glaciol 43:257–262.

23. Ming J, et al. (2008) Black carbon record based on a shallow Himalayan ice core and its

climatic implications. Atmos Chem Phys 8:1343–1352.

24. Krishnamurti TN, et al. (1998) Aerosol and pollutant transport and their impact on

radiative forcing over the tropical Indian Ocean during the January–February 1996

pre-INDOEX cruise. Tellus 50B:521–542.

25. Shindell D, Faluvegi G (2009) Climate response to regional radiative forcing during the

twentieth century. Nat Geosci 2:294–300.

26. Paul F, Kaab A, Maisch M, Kellenberger T, Haeberli W (2004) Rapid disintegration of

Alpine glaciers observed with satellite data. Geophys Res Lett, 31, L21402, doi:10.1029/

2004GL020816.

27. Hansen J, et al. (2008) Target atmospheric CO2: Where should humanity aim? Open

Atmos Sci J 2:217–231.

28. Chow JC, et al. (2004) Equivalence of elemental carbon by thermal/optical reflectance

and transmittance with different temperature protocols. Environ Sci Technol 38:4414–

4422.

Xu et al. PNAS Early Edition � 5 of 5

E
N

V
IR

O
N

M
E
N

T
A

L

S
C

IE
N

C
E
S


