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Abstract. The remote and high elevation regions of central reduced snow albedo likely accelerates glacier melting. Our
Asia are influenced by black carbon (BC) emissions from aanalysis may help inform mitigation efforts to slow the rate

variety of locations. BC deposition contributes to melting of of glacial melt by identifying regions that make the largest

glaciers and questions exist, of both scientific and policy in-contributions to BC deposition in the Himalayas and Tibetan
terest, as to the origin of the BC reaching the glaciers. WePlateau.

use the adjoint of the GEOS-Chem model to identify the lo-
cation from which BC arriving at a variety of locations in the

Himalayas and Tibetan Plateau originates. We then calcu—1 Introduction
late its direct and snow-albedo radiative forcing. We analyze

the seasonal variation in the origin of BC using an adjoint
sensitivity an_aly_3|s, which prowdes a d_eta||ed map of the lo tant contributors to current global warming (Forster et al.,
cation of emissions that directly contribute to black carbon i .
. . : ..~ 2007; Ramanathan and Carmichael, 2008). However, cal-
concentrations at receptor locations. We find that emissions_ .. - . ;
. . . .~ culating the full effect of BC emissions on global climate is
from northern India and central China contribute the majority . . oo -
of BC to the Himalayas, although the precise location variescomplex as a myriad of effects (direct, indirect, semi-direct
. yas, 9 prec and snow-albedo effect) and source types (industrial, diesel,
with season. The Tibetan Plateau receives most BC from

. . stoves, open biomass burning, etc.) influence the final ra-
western and central China, as well as from India, Nepal, the P g )

Middle East, Pakistan and other countries. The magnitud diative forcing. Substantial research is currently underway

oo . . . % quantify the radiative forcing (RF) of BC from its varied
of contribution from each region varies with season and re- -
sources and effects. Recent research has shown emissions of

ceptor location. We find that sources as varied as African . . :
biomass burning and Middle Eastern fossil fuel combustionBC that are co-emitted with scattering aerosols such as or-

S 9 . . . ganic carbon (OC) and sulfate result in lower (and possibly
can significantly contribute to the BC reaching the Himalayas . S . .

. o o negative) radiative forcing than BC emitted alone (Aunan et
and Tibetan Plateau. We compute radiative forcing in the . )

. : ) . al., 2009; Bauer et al., 2010; Ramana et al., 2010). How-
snow-covered regions and find the forcing due to the BC in- . L . . .
ever, internal mixing of BC with scattering aerosols likely

duced snow-albedo effect to vary from 5-15 Wnwithin increases the RF of the BC (Jacobson, 2001). In addition,

f[he region, an (_)rder of magnltud_e Ia_rge_r _than radiative for(‘T'the distribution of BC after it is emitted influences its warm-
ing due to the direct effect, and with significant seasonal vari-.

ation in the northern Tibetan Plateau. Radiative forcing fromIng efficacy, where t_he efﬂcapy is the global temperature re-
sponse per unit forcing relative to the response te €fec-

ing (Hansen et al., 2005). Kopp and Mauzerall (2010) per-
formed a meta analysis reconciling recent radiative forcing

Correspondence tD. L. Mauzerall estimates and concluded that BC emissions from contained
BY (mauzeral@princeton.edu) combustion (which emits little OC) result in positive RF,
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Black carbon (BC) emissions have been found to be impor-
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while there is a low probability that carbonaceous aerosol2008, 2009). Menon et al. (2010) used two recent BC emis-
from open biomass burning (which co-emits substantial OC)sion inventories for India to assess the effect of BC aerosols
have a positive RF. However, whether the RF from the in-on snow cover. Ramanathan and Carmichael (2008) stud-
direct effect of BC is warming or cooling has not yet been ied the impact of biofuel BC emissions in India on regional
fully constrained (Jacobson, 2006; Forster et al., 2007; Chemadiative forcing, while Ming et al. (2008, 2009) employed
et al., 2010). There is agreement, however, that BC depositback trajectory analysis to map the regions from which BC
ing on snow and ice covered regions has a large positive RRn the Third Pole snow was transported. Here we use an ad-
The efficacy of RF due to BC deposition on snow is esti- joint model thatimproves on these approaches by identifying
mated to be 236% (Hansen et al., 2005) with deposition ofboth the exact location (model grid box) from which BC is
BC on snow and ice reducing the snow’s albedo and increasemitted and the quantity of emissions from each grid box that
ing melting rates (Hansen and Nazarenko, 2005; Quinn earrived at the receptor grid box.
al., 2008; Ramanathan and Carmichael 2008; Shindell and Our goals in this paper are thus to: (1) provide a spatially
Faluvegi, 2009; Flanner et al., 2009). and seasonally resolved estimate of the origin of BC arriv-
Identifying the locations from which the BC that deposits ing at the Third Pole; and (2) estimate radiative forcing due
in snow covered regions originates would be valuable in pri-to BC at the Third Pole. Identifying the regions from which
oritizing mitigation efforts as this BC clearly contributes to BC originates will suggest target areas for BC mitigation that
warming. However, modeling global transport and radiative have the largest potential co-benefits for both climate and lo-
forcing of BC poses numerous challenges. Past, present anchl air quality. In our study, we employ the GEOS-Chem
future emissions of aerosols in general and BC in particu-adjoint model and a four-stream broadband radiative transfer
lar are highly uncertain (Bond et al., 2007, 2004; Shindell etmodel to characterize the origin of BC and its associated RF,
al., 2008). The conversion rate from the hydrophobic to hy-respectively. In Sect. 2, we describe the models; in Sect. 3 we
drophilic form of BC can have a large effect on the lifetime evaluate the model BC surface concentrations with available
and thus transport of BC and incorporation of the physicsice core and surface snow measurements; in Sect. 4, we an-
of that transformation in models is just starting (Liu et al., alyze radiative forcing results; in Sect. 5 we discuss the BC
2011). For example, only 5 out of the 17 AEROCOM mod- contributions from various regions to the Third Pole as cal-
els include physical aging of BC (Koch et al., 2009b). Com- culated by the adjoint model; we conclude in Sect. 6. This is
plicated cloud microphysics and BC effects on clouds (semi-the first adjoint receptor modeling study focused on the Third
direct and indirect effects) add large uncertainties to both BCPole.
concentrations and radiative forcing (Allen and Sherwood,
2010; Bauer et al., 2010). Finally, measurements of BC with
which to evaluate the models are limited and the use of dif-2 Models
ferent measurement techniques (thermal vs. thermal optical)
may result in variation in measured quantities (Vignati et al.,2.1 GEOS-Chem global chemical Transport Model
2010). All these difficulties contribute to a mix of model (CTM) and its adjoint
underestimates and overestimates when compared to obser-
vations as well as a large range for BC total radiative forc-GEOS-Chem is a global chemical transport model (CTM)
ing (RF), +0.02+1Wm2 (Koch et al., 2009b; Kopp and (http://geos-chem.org/\which solves the continuity equa-
Mauzerall, 2010). Some of the recent estimates of snowdion in individual model grid boxes. It is driven by assim-
albedo effect alone are +0.05 Whglobally (Hansen et al., ilated meteorology from NASA/GMAO. Here we use v8-02-
2005) and as high as +20 Wthduring spring in parts of the 03 with GEOS4 meteorological fields, which have a native
Tibetan Plateau (Flanner et al., 2007). resolution of Ix 1° and 48 vertical layers from the surface to
The Himalayas and the Tibetan Plateau, also collectively0.01 hPa. For computational expediency, we degrade the res-
known as the Third Pole, represent a large area of seasonalution to 2x 2.5° and 30 vertical layers. Over the past sev-
and permanent snow cover. They are surrounded by growingral years, GEOS-Chem has been used extensively and suc-
emissions of Asian air pollutants, and observations of BCcessfully to study long range transport of pollution (Fisher
content in snow show a rapidly increasing trend (Xu et al.,et al., 2010; Heald et al., 2003; Li et al., 2002; Zhang et
2009a). Here we connect observations of BC concentrationgl., 2008). While the relatively coarse resolution cannot pro-
in the snow-covered regions to the surrounding emissions byide detailed information of the intra Himalayan and Tibetan
tracking from where the BC at the Third Pole originates. Plateau transport, GEOS-Chem can illuminate regional and
We also calculate the direct and snow-albedo RF of BC ininter-continental transport of pollution to the Third Pole.
the snow-covered parts of the Himalayas and the Tibetan We use the Bond et al. (2004) global BC emissions in-
Plateau. Several studies attempted to quantify the sourcegentory with 8 Tg global annual emissions, of which 38%
that contribute BC to the Asian glacier region through a mix comes from fossil fuel, 20% from biofuel and 42% from open
of forward modeling (Menon et al., 2010; Ramanathan andburning. We overwrite the emissions from open burning with
Carmichael, 2008) and back trajectory modeling (Ming et al.,biomass burning emissions from the GFED2 inventory (van
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der Werf et al., 2006). Biomass burning emissions in 2001
in Africa can be characterized as typical, with a standard de-
viation of only 10% between 1997-2004 (van der Werf et
al., 2006). Thus the interannual variability of BC emissions
from Africa to the Third Pole depends mostly on variabil-
ity in meteorology. BC is emitted in hydrophobic and hy-
drophilic states in a 4:1 ratio, with a conversion time con- | a
stant of 1.15 days (Park et al., 2005). We simulate BC con- |
centrations and deposition for 1 January—31December 2001
following several months of spin-up. Year 2001 was a year
without a strong north Atlantic Oscillation (NAO) signal.
The GEOS-Chem adjoint model provides efficient com-
putation of source-receptor sensitivities (Henze et al., 2007).
It is derived from the GEOS-Chem (Bey et al., 2001) CTM.
The adjoint has been developed and previously used to esti
mate the magnitude of aerosol (Henze et al., 2009) and CQ
sources (Henze et al., 2007; Kopacz et al., 2010; KopacZ
et al.,, 2009) and to compute local, upwind and chemical : ,
sources of pollution at a particular site (Henze et al., 2009; 5| '

o 30 546 762 878 995 hPa
Zhang et al., 2009). Here we use the adjoint model as a tool

to compute the sensitivity of BC concentratiogsifi the at-  Fig. 1. Location of the five glacier sites in the Himalayas and the
mospheric column above a certain model grid box, includingTibetan Plateau that we use as receptors in this study. Annual mean
the fraction that deposits, to global emissions of BC. Thissurface pressure from GEOS-Chem is overlaid. We compare mea-

sensitivity is denoted aK in Equation (1) below and is a sured concentrations of BC in snow at these sites with concentra-
unitless quantity. tions simulated by GEOS-Chem.

spheric radiative transfer in clear and cloudy conditions (Fu
and Liou, 1993), which was later modified for calculation

much BC emissions from each model grid box contributegfhrati'at'r\]/e fgg:(')%g gf afr\(;VSOIS’ Stu?h zagoj,m()kz (Wl";m? and
to concentrations and deposition in a receptor grid box ( i ll‘IS OVI?/ e, i I)’Z(L)j§8( _I";}Eg eta "b )t an sut ate par-
The resulting units are thus units of mass and can be av-cles (Wang et al., )- The gas absorption, water vapor

eraged, as we do here, over the time period of our Sirn_absorptlon and Rayleigh scattering are included in the model

- ) . . Iculations. Th Iculation al monthly mean surf
ulations. We select five receptor grid boxes, for which calculations. The calculation also uses monthly mean surface

BC measurements in snow and glaciers exist (as seen iI:}eflectance data (Koelemeijer et al., 2003). For the principal
Fig. 1 and discussed in Sect. 3). For eack 25° lati- atmospheric gases, the difference between the four-stream
tudéx longitude receptor grid .box. we compute the emis- and line-by-line irradiance calculations is within 0.05% (Fu

sion contributions within the column over the course of aand Liou, 1993). Overall, for the computations of solar ir-

two week simulation. To assess the seasonality of thes%"’ldiance covering 'the' engire short wave spectrum, the calcu-
contributions, we perform four simulations for each re- gted Va_'“es are within 5/ofo_r the addl_ng-doubllng calcula-

ceptor location, across four seasons: dry/winter (January)t'ons (Liou et al., 1988). Previous studies show an excellent
pre-monsoon/spring (April), monsoon/summer (July), post_égreement_ betvyeen the calculated ar_1d opserved downward
monsoon/fall (October). Each adjoint simulation Spansshortwave irradiance at the surface, with differences 8%

the first two weeks of the corresponding month in 2001 when aerosol effects are carefully considered in the radiative

Our simulations are performed with the recently updatedtranSfe_r calculations (\.Na.ng etal., 2004). L
v8 of the GEOS-Chem adjoirhttp://wiki.seas.harvard.edu/ In this study, the radiative transfer calculation is conducted

As the BC model simulation is linear, multiplication of the
sensitivity ) by emissionsX) yields an estimate of how

geos-chem/index.php/GEOS-Chekdjoint). every 6 h for the corresponding GEOS-Chem simulated 3-
D aerosol distributions and GMAQ'’s atmospheric profiles of
2.2 Radiative Transfer Model (RTM) water vapor, temperature, and pressure. The single scatter-

ing properties of BC are adopted from Wang and Martin
A four-stream radiative transfer model is used to compute thg2007). The difference between upwelling radiative fluxes
top-of-atmosphere forcings respectively of the atmospheriavith and without (BC) aerosols yields a clear sky direct ra-
BC and the change of surface albedo induced by the depadiative forcing, which can then be augmented by cloud frac-
sition of BC. The model is a plane-parallel broadband radia-tion to yield the full sky radiative forcing estimate (Wang
tive transfer model, originally designed to calculate the atmo-et al., 2008). Here, we report clear-sky radiative forcing
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unless otherwise indicated. The model assumes externaheteorological data in correctly estimating the amount and
mixing of aerosols, which gives a lower-bound estimate oftiming of precipitation. The modeled quantity here is the ra-
radiative forcing from BC which, in the real atmosphere, tio of the total amount of BC deposited to the total amount of
could be internally mixed with scattering aerosols (Hansenprecipitation. We assume that this approximates BC concen-
et al., 2005; Jacobson, 2001). In addition to direct radia-tration in surface snow at all times, neglecting the potentially
tive forcing, we compute snow-albedo radiative forcing from significant effect of snow aging.
the spectrally averaged albedo changes due to BC deposition Table 1 shows the comparison between simulated and ob-
on snow (Warren and Wiscombe, 1985). To compute snow-served BC content in snow across the Third Pole. There is a
albedo radiative forcing, we first compute radiative forcing large variation in measured concentrations with location and
with unperturbed MODIS-derived surface albedo. We thenseason, from the low value of 0.3 pgkgin summer surface
add the albedo change we computed to have resulted froranow in Namunani (western Himalayas), to 111 ugkgnd
BC deposition, and again calculate radiative forcing. The dif-446 ug kg ! during the summer in the north and northeastern
ference between the two forcing calculations is our linear ap-Tibetan Plateau. BC concentration in snow on the Tibetan
proximation of the radiative forcing due to the snow-albedo Plateau is a factor of 2—3 lower during the monsoon than dur-
effect. ing the non-monsoon season where observations across sea-
sons are available. Thus the highest concentrations reported
here could conceivably be higher if pre-monsoon observa-
3 BC atthe Third Pole: simulated vs. observed tions for these sites were available. Generally, the model
identifies the seasonal and spatial variation of the concentra-
We simulate BC concentrations and deposition to snow in thetions across the diverse region, but the individual data point
Himalayas and the Tibetan Plateau using GEOS-Chem. T@omparisons reveal under- and over-estimates ranging from
date, GEOS-Chem BC concentrations have only been evali0% to a factor of 3 with no systematic bias. Two exceptions
uated over the United States using the Interagency Monitorare Meikuang and La’nong, where observations indicate ex-
ing of Protected Visual Environments (IMPROVE) network ceptionally high BC concentrations. These sites neighbor
surface measurements in national parks and protected arefiscal sources (Ming et al., 2009; Xu et al., 2006) which
(Park et al., 2006; E. Leibensperger, personal communicathe global model does not capture. Large seasonal varia-
tion, 2011) and in the Arctic using data from NASA's Arc- tion in BC concentrations has been previously reported both
tic Research of the Composition of the Troposphere fromin snow (Ming et al., 2009) and air (Marinoni et al., 2010).
Aircraft and Satellites (ARCTAS) aircraft campaign during We find that, in fact, BC deposition is low (high) throughout
spring and summer of 2008 (Q. Wang, personal communithe monsoon (non-monsoon) season, generally May-October
cation, 2011). In the remote regions of the Himalayas andNovember-April). Although the concentrations here depend
the Tibetan Plateau, model evaluation is critical due to com-on both the amount of BC and precipitation, for the Everest
plex topography and meteorology. As a relatively coarse ressite, the highest BC deposition occurs during the monsoon,
olution global model, GEOS-Chem cannot resolve individ- reflecting scavenging near the source regions, whereas depo-
ual mountain peaks and valleys or the complicated air flowsition of BC at other sites peaks in non-monsoon seasons.
within them. We thus do not attempt to resolve such flow, fo-  In order to identify and quantify the variety of regional
cusing instead on GEOS-Chem and its adjoint’s documenteénd seasonal sources of BC to this remote snow-covered
ability to accurately represent long range transport of pollu-part of Asia, we focus on 5 receptor locations (shown in
tion, as mentioned in Sect. 2. As can be seen from maps oFig. 1), each one model grid box in size, iex2.5°, and
emissions, surface concentrations, and wind patterns (Figs. 2hosen due to the availability of observational data from the
and 3), the largest sources and surface concentrations of B@lacier sites mentioned above. These regions represent five
are near densely populated regions, from which BC can beylaciers where BC deposition (dry and wet) impacts snow
transported to the Third Pole. To evaluate GEOS-Chem'salbedo, potentially accelerating snow melt (Flanner et al.,
ability to simulate this BC transport and deposition accu-2009; Ramanathan and Carmichael, 2008). Together the
rately, we compare GEOS-Chem'’s simulated BC concentrafive sites are influenced by distinct transport pathways by
tions in the Third Pole to available observations. which BC reaches the Himalayas and Tibetan Plateau (Ming
Here we use BC measurements in precipitation and surfacet al., 2008, 2009). The sites include a glacier at the foot of
show to evaluate the ability of GEOS-Chem to simulate BC Mt. Everest (Everest site), in the eastern, more polluted part
content in the snow of the Himalayas and Tibetan Plateauof the Himalayas; Mt. Muztagh glacier (NW Tibetan Plateau)
The observations (Ming et al., 2008, 2009; Xu et al., 2009a,representing flow not affected by the monsoon circulation
b, 2006) span several years (and seasons) and we limit owand located on the western edge of the Tibetan Plateau (Xu et
comparison to those taken or dated after 1990. Model-datal., 2006); Zuogiupu glacier (SE Tibetan Plateau), which has
comparison in this case evaluates not only the accuracy oéxperienced a 3.5 fold increase in deposited BC from 1998
the emission inventory and GEOS-Chem’s ability to simu-to 2005 (Xu et al., 2009a); Meikuang glacier (NE Tibetean
late BC concentrations in the snow, but also the accuracy oPlateau) with very high, partially local, deposition of BC and
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(a) Surface concentrations
January (dry season) April (pre-monsoon)

L L
1.0e-03 1.0e-02 1.0e—-01 1.0e+00 1.0e+01  ug/m?
(b) Total BC deposition

April (pre-monsoon)

1.0e+04 5.0e+04 1.0e+05 1.0e+06 5.0e+06 kg/month

Fig. 2. Seasonal (January, April, July and October monthly me@)$C surface concentrations afit) BC deposition.

potential influence from China to its east; and Miao’ergou model underestimate (during summer in the east) and overes-
glacier (center northern Tibetan Plateau), not on the Tibetaimate (during the post-monsoon season in the east and dur-
Plateau itself, and thus an extension to Asian glaciers beyonithg summer in the west), with observed concentrations gen-
the Third Pole. erally decreasing from west to east. Both model and mea-
We sample the eastern Himalayas with a model grid boxsurements find lower BC deposition in the Mt. Everest grid
that contains East Rongbuk glacier (which starts from Mt.box during the monsoon season than at other times of year.
Everest or Qomolangma Peak,°28 8% E, in the same Figure 2 shows that air concentrations are also lower dur-
model grid box). Several BC observations are available ining the monsoon season and recent surface air measurements
the Himalayas (see Table 1). Comparison of GEOS-Chentonfirm that seasonality (Marinoni et al., 2010).
simulated BC with available BC concentrations in snow in-
dicates a mix of good agreement (during summer in the east),

www.atmos-chem-phys.net/11/2837/2011/ Atmos. Chem. Phys., 11,2837-2011
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Velocity field at the surface, January 2001 Velocily field at the sudace, April 2001 —250m/s

Ra
Valoci'{y field at the surface, July 2001

ST

1.0e+03 1.0e+04 1.0e+05 1.0e+06 1.0e+07 1.0e+09 ug/mis

2001
T

| : : . DT
1.0e+03 1.0e+04 1.0e+05 1.0e+06 1.0e+07 1.0e+09 ug/m’s

Fig. 3. Horizontal velocity fields at the surface and at 550hPa for January, April, July and October. Each plot represents an average of the first
two weeks of the month, corresponding to the period used to calculate the origin of BC reaching the glaciers. Emissions of BC are overlaid
in color and include seasonally varying emissions from biomass burning. Glacier sites considered here are marked with black squares.

We sample the southeastern Tibetan Plateau with a modetation from the monsoon to non-monsoon season. Measure-
grid box that contains Zuogiupu glacier (29, 97°E). The = ments spanning 1998 to 2005 indicate that BC deposited in
limited model comparison with available data indicates aZuoqiupu glacier has increased by a factor of 3.5 during that
model overestimate of deposition in the region by a fac-time (Xu et al., 2009a). However, by 2005, observed BC
tor of 2 during the monsoon and a factor of 4 during snow concentrations are still lower than the modeled ones: a
non-monsoon seasons. In 2001, the ice core concentrdactor of two lower during non-monsoon season and a third
tions were 5.1 pgkgt and 11.3 pgkg! during monsoon  lower during the monsoon. Since the emission inventory
and non-monsoon seasons, while the model estimate wassed here (Bond et al., 2004) is intended to represent the
13.3ugkg! and 46.3 pg kg respectively. The model does mid-1990s, this mismatch could result from errors in model
capture the observed factor of 2—3 increase in snow concertransport and precipitation more than emissions.

Atmos. Chem. Phys., 11, 2837852 2011 www.atmos-chem-phys.net/11/2837/2011/
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Table 1. Sites we focus on later in the paper are identified with an * in the first column.

Location Date Elev. Measured Simulated
BCconc. BC conc.

# Location name Lat Lon Elevation (m) year month (m) (ug F(}; (1g kg‘l) reference
Himalayas
1* East Rongbuk 28.0 87.0 6465 2004 10 6465 18 46.0 Ming et al.( 2009)

(at the foot of)

Mt. Everest
2 ERIC2002C 28.0 87.0 6500 2002 summer 6500 20.3 22.7  Ming et al.(2009)
3 Kangwure 28,5 85.8 6000 2001 summer 6000 21.8 26.6 Xu et al. (2006)
4 Namunani 305 81.3 6080 2001 summer 6080 0.3-9.7 25.3 Xu et al. (2006)
5 Qiangyong 28.3 90.3 5400 2001 summer 5400 43.1 19.8 Xu et al. (2006)
Tibetan Plateau
1* Zuogiupu 29.2 96.9 5600 1998- monsoon 5500 3.3-10.3 13.3 Xu et al. (2009)

2005 non-monsoon 5.3-20.8 43.6

2 La’nong 304 90.6 5850 2005 7 5850 67.3 15.0 Ming et al. (2009)
3 Qiyi 392 971 4850 2005 7 4850 225 89.7 Ming et al. (2009)
4 Zhadang 304 905 5800 2006 7 5800 87.4 15.0 Ming et al. (2009)
5 Laohugou No. 12 39.4 96.6 5045 2005 10 5045 35.5 129 Ming et al. (2009)
6 July 1 glacier 39.0 98.0 4600 2001 summer 4600 29-75.9 61.2 Xu et al. (2006)
7* Meikuang 36.0 94.0 5200 2001 summer 5200 446 26.7 Xu et al. (2006)

Dongkemadi 33.0 92.0 5600 2001 summer 5600 18.2 15.1 Xu et al. (2006)
9* Mt. Muztagh 38.3 75.0 6350 2001 summer 6350 37.2 16.7 Xu et al. (2006)
North of Tibetan Plateau
1 Haxilegen River 43.7 845 3755 2006 10 3755 46.9 39.4 Ming et al. (2009)
No. 48
2% Miao’ergou No. 3  43.1 94.3 4510 2005 8 4510 111 94.5 Ming et al. (2009)

We examine a region in the northeastern Tibetan Plateait appears likely that the model also represents background
with a model grid box that contains the Meikuang glacier concentrations successfully (Park et al., 2005).
(36° N, 94° E). We chose this site due to the large BC con- We examine a region of the western Tibetan Plateau us-
centrations in surface snow reported by Xu et al. (2006),ing a model grid box that contains the Mt. Muztagh glacier
446 ugkgl, and due to its location: the central-northeasternin the Pamir Range (38N, 75° E). The model comparison
Tibetan Plateau, near the origin of the Yellow and Yangtzewith available surface snow concentrations is complicated,
rivers which could potentially be affected by glacier melt. since the measured snow most likely underwent aging. The
Xu et al. (2006) report the possibility of nearby coal con- 37.2 ug kg ! measured during the summer is larger than the
taining rock strata contributing BC to the Meikuang site. 16.7 pgkg?! simulated by the model. The seasonal cycle of
Similarly, relatively high concentrations near major pop- BC in the model is consistent with observations of the sea-
ulation centers on the Plateau at Zhadang and La’nongonal cycle at other sites (Xu et al., 2006), and indicates con-
glaciers (87.4pugkgt and 67.3ugkgl) are not captured centrations during the summer that are half as large as those
by the model (15.0pugkygt and 15.0pugkgl). Model-  in other seasons.
measurement comparison at a nearby glacier confirms that In addition to the sites strictly in the Himalayas and the Ti-
Meikuang, Zhadang and La’nong concentrations are unusubetan Plateau, we also select the Miao’ergou glaciet 43
ally large (Table 1). The concentration at nearby Dongke-94° E) site north of the Tibetan Plateau, in the Tienshan
mati glacier is 18.2ugkgt (15.1ugkg? in the model).  Mountains (Ming et al., 2009). This site has been found
This concentration difference highlights an important ques-to contain some of the largest amounts of BC in the Asian
tion of the role of local versus distant contributions to BC glaciers and it is hypothesized that European emissions con-
in the air above and to the snow of the glaciers. Compli-tribute significantly (Ming et al., 2009). In addition, exam-
cating the picture are several model uncertainties, includ4ning this site and region allows us to assess to what extent
ing model transport in a topographically complex region, the Asian glaciers outside the Tibetan Plateau are impacted
potential inaccuracies in emission inventories, uncertaintiedy global BC emissions. Simulated BC concentrations in
in precipitation frequency, amount and location, as well assnow are within 15% of the observations at the site, and at
BC aging. However, given the model’s ability to represent 94.5 ugkg* are the second highest of the sites studied.
BC concentrations that are not influenced by local sources,
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4 Radiative forcing due to BC in the Third Pole 16 X
—e—Everest /l By

We compute radiative forcing of BC resulting from its di- " s S =¥
rect and snow albedo effects. Following recent studies (Kopf 1 :Etgf ,gr” . ‘}?\\
and Mauzerall (2010) and referenced studies therein), weg R ey a7 ooy Srowalbedoforone
approximate the impact of non-resolved internal mixing of = *° ,,;’/??\ ,’, AT // R .-
aerosols by multiplying the direct RF of BC by 1.5. For § , .27/ « N B
both effects, we use the RTM described in Sect. 2 and ous =, N
GEOS-Chem derived albedo changes. Our global annug§ ¢ =" -* Y
mean direct (external mixing only) forcing is +0.36 Wt~ * .~ o
for clear-sky and +0.16 W r? for the all-sky condition (af- direct forcing :
ter multiplying by cloud fraction). Correcting for internal 2
mixing of BC, this yields +0.54 W m? and +0.24 W m?,
respectively. The estimate with all-sky and internal mixing ’ S o B ¢ S & s B BB

. . . R A S R L L
adjustments, +0.24 Wn#, is in agreement with the latest ¢ & T s ,@q@“ & &

AeroCom’s average of +0.25WTA (Koch et al., 2009b)

and slightly higher than the recent meta-analysis estimate

of +0.22Wnm2 (Kopp and Mauzerall, 2010). Although Fig- 4. Monthly mean radiative forcing due to direct (solid lines)
this comparison is encouraging, each study included differ-f"‘”d snow albedo effect (da}shed lines) at the five glacier sites
ent treatment of indirect and snow albedo effects, as well ad! the Himalayas and the Tibetan Plateau we analyze as recep-

. . tors: Mt. Everest (Himalayas), Zuoqiupu glacier (southeastern Ti-
internal/external mixing of aerasols. To compute monthly betan Plateau), Meikuang (northeastern Tibetan Plateau), Mt. Muz-

mean_s_now albedo Chgnge .due to BC dep03|t'0n_we use th‘f?;\gh (western Tibetan Plateau), and Miao’ergou (north of Tibetan
quantities of BC deposited in our GEOS-Chem simulationspiateay). Direct effect forcing is a clear-sky estimate corrected for

with a previously established relationship between BC massnternal mixing.
fraction in snow and ice and a spectrally averaged change in
snow albedo (Ming et al., 2009). A similar relationship was
previously employed by Hansen and Nazarenko (2004) anest and highest values found at the northernmost site dur-
Koch et al. (2009a). We compute BC mass fraction as the raing winter and summer, respectively. Lower latitude sites of
tio of total deposited BC (wet and dry deposition) to total pre- Mt. Everest and Zuogiupu exhibit a weaker seasonal cycle.
cipitation. We thus neglect snow aging or particle accumula-Meanwhile, our calculations of snow albedo change alone do
tion during snow melting. Meanwhile, aging of snow alone, not exhibit significant seasonality with most values around
unaffected by aerosol deposition, can result in a change 8% throughout the year. We thus conclude that the seasonal-
albedo of up to 0.12 after two weeks (Flanner and Zenderity in radiative forcing is due largely to the seasonal changes
2006). In addition, Xu et al. (2006) observed that while BC in solar irradiance. While expected at high latitudes of the
concentrations in fresh snow average 6.6 ug'kfpr a par-  Arctic, we also find a strong seasonal signal at-&8% N.
ticular site, after two days of surface melting they increasedThis seasonality has potential consequences for increased
and measured 52.6 pgky Thus our assumptions likely un- snow melt. Our high radiative forcing values in summer sug-
derestimate the snow albedo effect. gest an increased rate of glacier and high altitude melting
Figure 4 shows the seasonal cycle of instantaneous radidh summer due to BC deposition and potentially a melting
tive forcing due to BC direct and snow-albedo effects in five season that extends into spring and fall. Thus in order to re-
model grid boxes containing the five glacier sites. Althoughduce glacial melting, it might be as crucial to focus on sum-
we report both forcing numbers for each grid box examined,mer emissions as on other seasons. However, formal calcu-
the calculated snow albedo forcing is not necessarily uni-ations of the connection between radiative forcing and snow
form over the entire grid box. Rather, it is representativemelt are beyond the scope of this study. In conclusion, while
of the snow covered areas within the grid box. The five siteswe do not assess the climatic impact of the radiative forcing
we consider in this study correspond to glaciers and hencédere, our calculations suggest that in the snow-covered areas
are snow-covered year round. The clear-sky direct radiativen the Third Pole the snow-albedo effect clearly dominates
forcing due to BC for all glacier sites is typically about +0.5 the direct radiative forcing signal and likely enhances glacial
+1.0Wn1 2 before it is adjusted for internal mixing, and melting rates.
+0.75—+1.5Wm? after. The corresponding full range of  Our radiative forcing numbers, especially for the snow
the direct forcing is +0.19 to +1.74 WTR before the inter-  albedo effect, are consistent with results of previous studies.
nal mixing adjustment, and +0.29 to +2.61 Wfnafter the  Flanner et al. (2007) estimates up to +20 W4radiative

adjustment. forcing from the snow-albedo effect in the Tibetan Plateau
Radiative forcing due to snow albedo change is muchduring the spring, and Ming et al. (2008) report +4.5 Wm
larger and ranges from +3.78 to +15.6 W with low- in the eastern Himalayas during the summer, which are both
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within the range of our estimates. The values for radiativeMiao’ergou site atmospheric column, for example, receives
forcing due to the BC direct effect are more varied. Over about half as much BC as the Everest grid box, although the
India, Menon et al. (2010) find +0.85 WTA using the same  relative concentration of BC in snow (BC mass fraction) at
Bond et al. (2004) emissions, and +1.37 W4using Beig  that site is about a factor of five larger, resulting from lower
emissions inventory (Sahu et al., 2008). Our values are onlyprecipitation at Miao’ergou than at Everest.
for the remote glacier regions and are not directly compa- Detailed maps of the origin of BC transported to each air
rable. In fact, typically global model studies only report column (Fig. 5) reveal emission hot spots and substantial sea-
globally averaged radiative forcing (Hansen and Nazarenkosonal variations. The maps show sensitivity of BC in the air
2004), masking regional variability and locations of high or column above each glacier and at the glacier surface to emis-
low RF, especially in snow covered regions due to the snow-sions from all grid boxes. In short, they are emission contri-
albedo effect. butions, theK x quantity in Eq. (1). Hence, the flux units are
pg knt2day 1. In Table 2 we quantify seasonal and annual
average country level contributions to each glacier grid box,
5 Origin of BC at the Third Pole but note that regional and seagonal v_ariation within countries
is important and can be seen in the figures. The numbers are
subject to numerous uncertainties and should be used only
The origin of BC at the Third Pole is inadequately under- for a qualitative assessment of the relative importance of re-
stood. Estimating the origin of BC (both source location andgional BC contributions to each receptor site. Our results
magnitude) at the Third Pole is of great scientific and pol-underscore not only potential locations to prioritize emission

icy importance as the region provides water for a large pro-reductions, but also the need for reducing emission inventory
portion of the Asian population. Of societal importance is yncertainties.

the warming due to BC that will accelerate glacier melting,
thus affecting water resources. This is the first study that
attempts to identify the magnitude of contributions from dif- 5.1  Origin of BC reaching the Himalayas (East
ferent BC source regions to the Third Pole. Our analysis in- Rongbuk glacier)
dicates where future emission reductions might be most help-
ful in slowing warming and glacier melt. As a first step, we Figure 3 shows the variability in BC emissions seasonally
use the GEOS-Chem adjoint model to identify the source rewith wind magnitude and direction at the surface and at
gions contributing BC transported to the atmospheric columns00 mb overlaid. Our simulations indicate that emissions
above five glaciers. The adjoint approach allows for muchfrom India, China and Nepal deliver about 91% of BC in the
greater computational efficiency than the forward model ap-atmospheric column at the Everest site, on average about 15,
proach (Ramanathan and Carmichael, 2008). Also, unlikel2 and 10tonnes per day respectively. Throughout the year,
a back trajectory approach (Ming et al., 2009), which only the attribution of local and regional Himalayan emissions to
tracks air mass flow to the receptor site, the adjoint calcu-a particular country is difficult due to the coarse resolution of
lates the quantity of BC contributed to the receptor site fromthe model. The Himalayas span at most two grid boxes in the
emissions in each grid box in the global model. north-south direction, about ten grid boxes in the west-east
The most striking result of our study is the spatial extentdirection, and cut across India, Nepal and China. The con-
of BC source regions that impact the Third Pole and howtributions also exhibit significant seasonal and geographical
the contribution of those source regions varies seasonallyariability. In January, BC comes from the regions immedi-
Meanwhile, there is no seasonal variability in BC emissionately adjacent to the Himalayas and southern Tibetan Plateau.
inventories, except for biomass burning. Figure 5 shows theThe mid-tropospheric flow also transports BC from African
locations from which BC that reaches the air above (andbiomass burning. January biomass burning in Africa emits
partly deposits on) the five glaciers shown in Fig. 1 orig- large amounts of BC, which typically do not result in warm-
inates in each season. The dominant sources change wiihg (Kopp and Mauzerall, 2010), but the fraction that travels
season and vary with receptor location within the Third Pole.to snow covered regions can result in significant warming
However, the overwhelming majority of BC that is trans- due to its effect on snow albedo. Thus the contribution of
ported to the Third Pole is emitted in India and China, with approximately 1tonne of BC per day from tropical north-
substantial seasonal contributions from Nepal and the Mid-ern Africa is significant, especially as nearby emissions from
dle East. The GEOS-Chem adjoint model indicates that 3—4Pakistan only contribute a third of that in January. In April,
times as much BC is transported to the atmospheric colummBC comes mostly from India and Nepal (30 and 17 tonnes
above the Mt. Everest receptor grid box as at the sites irper day on average) and to smaller extent from south-western
the Tibetan Plateau. However, the observed BC mass fracchina (12 tonnes per day on average). In July, the monsoon
tion in the Everest grid box tends to be less than in theflow near the surface brings BC from across southern and
Tibetan Plateau, due to much larger precipitation, and thesoutheastern India and through the Bay of Bengal (13 tonnes
model generally overestimates that deposition fraction. Theper day) and from southeastern China (15tonnes per day).
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(a) Everest (Himalayas)

January

; : |
0 6e+0 Se+3 2e+6 Te+9 ug/km2/day

(b) Zuogiupu (southeastern Tibetan Plateau)
January April

0 Be+0 Je+3 2e+6 le+9 ug/km2/day

Fig. 5. Origin of black carbon by season (January, April, July, October) at five glacier sites throughout the Thi(d)Pdte Everest
(Himalayas),(b) Zuogiupu glacier (southeastern Tibetan Plate@z))Meikuang (northeastern Tibetan Plategd), Mt. Muztagh (western
Tibetan Plateau), an@) Miao’ergou (north of Tibetan Plateau). The grid box containing each glacier site is outlined in white. The quantity
of BC arriving at each glacier grid box from each grid box in the domain is indicated in color.

Together India and China contribute about 75% of monsoorb.2 Origin of BC reaching the southeastern Tibetan

BC transported to the Everest grid box. During the post- Plateau (Zuogiupu glacier)

monsoon seasons (October), the majority of BC in the atmo-

spheric column over the Everest grid box comes from nearbyVind patterns (Fig. 3) and emission contributions (Fig. 5)

locations in China, Nepal and India’s Ganges Valley, simi- at Zuogiupu are qualitatively similar to those at Mt. Everest

larly to the pre-monsoon season (April). during the first half of the year and exhibit strong seasonality.
In January, most BC comes from the Himalayas and southern
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(¢) Meikuang (Tibetan Plateau)
January

: l -
0 Be+0 Se+3 2e+6 le+9 ug/km2/day

(d) Mt. Muztagh (Tibetan Plateau)

January

: ‘ T .
0 6e+0 Se+3 2e+6 le+9 ug/km2/day

Fig. 5. Continued.

Tibetan Plateau. The mid-tropospheric flow also brings BCsouth-eastern Chinese emissions dominate in the Zuogiupu
from African biomass burning and the Middle East. In April, grid box; other regions are relatively unimportant. On an
emissions from India make up half of the BC arriving at annual mean basis, Zuoqiupu grid box receives emissions
Zuogiupu. During the monsoon season (in July), the Zuogi-mainly from China and India (about 5tonnes of emissions
upu grid box is under the influence of mid-tropospheric flow per day from each), with smaller contributions from Nepal
from south-eastern China in the east, while in October thg(1.3tonnes), Bhutan (0.7 tonnes) and Pakistan (0.6 tonnes).
boundary layer flow again allows for transport from south- The much lower quantities of BC reaching Zuogiupu than
eastern China, rather than India. Thus, in July and October:verest, the similarity of sources for the two sites, and the
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(e) Miao'ergou

January

0 6e+0 3e+3 2e+6 le+9 ug/km2/day

Fig. 5. Continued.

model overestimation of BC concentrations in snow at Zuo-5.4 Origin of BC reaching the western Tibetan Plateau

giupu together further support our conclusion that the differ- (Mt. Muztagh glacier)
ences in model-data agreement at those two sites are due to
transport and/or precipitation. The adjoint simulation indicates that the majority of BC that

arrives at Mt. Muztagh is from nearby regions of west-

5.3 Origin of BC reaching the northeastern Tibetan  ern China, Kyrgyzstan, Tajikistan and Pakistan, with up to
Plateau (Meikuang glacier) 10 pg knr2day ! from some grid boxes in western China.

It is difficult at our resolution to accurately attribute the ori-
As shown in Table 2 and Fig. 5¢, our model results indicategin of emissions to a particular country, however. Another
that the primary contribution of BC to the Meikuang glacier significant portion of BC originates in the Middle East (espe-
is from long-range transport of western Chinese emissionsgially Iran via mid-tropospheric flow) and contributes about
which during the first half of the year are carried by mid- 1.9tonnes of BC per day, even though Middle East is not
tropospheric westerlies, while during July and October area |arge absolute emission source according to the emission
primarily due to boundary layer flow from central-eastern jnventory. In comparison, emissions from China contribute
China. Overall in the Meikuang grld box, emissions from on average 6.9tonnes per day, while emissions from Pak-
China are responsible for approximately 7.6 tonnes of BC pefstan and India contribute about 2.4 and 0.9tonne per day,
day, emissions from Pakistan are about half that at 3.2 tonnegespectively. Together, just four countries (China, Iran, India
per day and contributions from India are 1.3tonnes per dayand Pakistan) contribute 76% of BC at Mt. Muztagh, with
Emissions from Pakistan arrive at Meikuang throughout the46% from China alone. Strong seasonality in transport ex-
year, while Indian emissions are mostly transported in Oc-jsts. January contributions are about 25% of the annual total
tober from the northernmost part of the country via high al- BC influx. In April, the Mt. Muztagh grid box receives BC
titude flow. There is a strong seasonality in transport, as thgrom Iran, India, Pakistan and China at the rate of 1.5, 2.7,
Meikuang region receives three times more BC pollution dur-3.9 and 5 tonnes per day, respectively. Meanwhile, outside of
ing July and October than during January and April. SinceApril, Indian emissions make a small contribution (much less
in our simulation emissions in the region do not vary sea-than 1tonne per day), with China, Pakistan and the Middle
sonally (except for biomass burning), this is mostly due togast contributing the large majority of BC (up to 13 tonnes
changing meteorology. In particular, as seen in Fig. 5¢, theper day from China in July). Distant European emissions
westerly contributions from relatively small source regions do not contribute in any significant amount, either due to low

(Middle East and northwestern China) to the west dominateemissions in the Bond et al. (2004) inventory, meteorological
in the first half of the year, while large sources from indus- conditions, or both.

trial eastern China dominate contributions during the second
half of the year.
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Table 2. National/regional origin of BC reaching the atmospheric column above the grid box containing the glacier sites for each month of
simulation and an annual average. Units are kg per country or region per day.

Site Month China India Pakistan Nepal Middle East Africa Russia
Mt. Everest January 11500 6850 241 10300 162 923 2
April 12200 29500 3200 17400 954 260 13
July 15000 12900 79 5120 95 48 1
October 11000 11700 486 9000 74 4 3
Annual 12500 15200 1000 10500 321 140 5
Zuogiupu January 4620 4400 131 1310 117 419 2
April 5890 11400 1800 3460 721 133 49
July 7640 1990 86 80 38 5 2
October 5210 2590 213 542 23 2 1
Annual 5820 5100 558 1350 225 140 13
Meikuang January 3640 608 532 56 318 18 22
April 3250 336 382 19 926 135 360
July 15160 599 177 87 247 1 46
October 8460 3520 2070 325 241 6 43
Annual 7600 1270 791 122 433 40 118
Mt. Muztagh  January 2490 232 902 1 552 7 19
April 5030 2740 3920 6 2260 175 239
July 13000 151 1370 5 2870 3 161
October 7000 640 3320 0 1760 6 150
Annual 6880 941 2380 3 1860 48 142
Miao’ergou January 4540 6 7 0 379 4 493
April 4270 12 38 0 908 49 5269
July 13400 38 226 1 1770 2 1493
October 38800 838 1570 12 972 1 626
Annual 15300 223 459 3 1000 14 1970

northern Asian glaciers are affected by them. Similarly to
the glaciers on the Tibetan Plateau, Miao’ergou is chroni-
cally affected by BC from Pakistan and the Middle East, at
Although the Miao’ergou glacier is not on the Tibetan an average rate of 1.8 and 1tonne per day, respectively. In-
Plateau, it is affected by some of the same emission regiongian emissions do not appear to contribute significantly.

and meteorological conditions that transport BC to the other

locations we examined. As seen in Table 2 and Figure 5, the

adjoint model indicates that emissions from north-western6 Conclusions and discussion

China contribute substantially to this glacier site through-

out the year, at the rate of about 4 tonnes per day from som&/e employed the GEOS-Chem model and its adjoint to ana-
grid boxes, with an annual average contribution from Chinalyze the origin of BC reaching the Third Pole. We estimated
of about 15.3tonnes per day. In October, emissions fronthe location and magnitude of emissions that affect five sites
eastern China dominate with almost 39tonnes per day artocated throughout the region. In addition, we computed the
riving from China versus 4.3-13.4tonnes in other months.radiative forcing due to direct and snow-albedo effects of BC.
During spring, the contribution from Russian biomass burn-GEOS-Chem generally represents the spatial and seasonal
ing is comparable to that from China. Due largely to the variation of BC content in snow at the Third Pole with lower
spring agricultural burning and summer boreal forest burn-concentrations during the summer monsoon season than dur-
ing, Russian biomass burning emissions contribute 5.3 andhg the rest of the year. Both under- and overestimates of
1.5tonnes, respectively, of BC per day in those seasonssimulated BC are found, but with no consistent bias. We at-
This Russian biomass burning contribution is unique in thetribute at least part of the mismatch to the global model's
glaciers we consider, indicating that while biomass burninginability to accurately represent transport and precipitation
emissions from Russia might not reach the Tibetan Plateaun this topographically complex region. Our monthly mean

5.5 Origin of BC reaching north of the Tibetan Plateau
(Miao’ergou glacier)
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