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Abstract. Southern Asia, extending from Pakistan and
Afghanistan to Indonesia and Papua New Guinea, is one of
the most heavily populated regions of the world. Biofuel and
biomass burning play a disproportionately large role in the
emissions of most key pollutant gases and aerosols there, in
contrast to much of the rest of the Northern Hemisphere,
where fossil fuel burning and industrial processes tend to
dominate. This results in polluted air masses which are en-
riched in carbon-containing aerosols, carbon monoxide, and
hydrocarbons. The outflow and long-distance transport of
these polluted air masses is characterized by three distinct
seasonal circulation patterns: the winter monsoon, the sum-
mer monsoon, and the monsoon transition periods. During
winter, the near-surface flow is mostly northeasterly, and the
regional pollution forms a thick haze layer in the lower tro-
posphere which spreads out over millions of square km be-
tween southern Asia and the Intertropical Convergence Zone
(ITCZ), located several degrees south of the equator over
the Indian Ocean during this period. During summer, the
heavy monsoon rains effectively remove soluble gases and
aerosols. Less soluble species, on the other hand, are lifted
to the upper troposphere in deep convective clouds, and are
then transported away from the region by strong upper tro-
pospheric winds, particularly towards northern Africa and
the Mediterranean in the tropical easterly jet. Part of the
pollution can reach the tropical tropopause layer, the gate-
way to the stratosphere. During the monsoon transition peri-
ods, the flow across the Indian Ocean is primarily zonal, and
strong pollution plumes originating from both southeastern
Asia and from Africa spread across the central Indian Ocean.
This paper provides a review of the current state of knowl-
edge based on the many observational and modeling studies
over the last decades that have examined the southern Asian
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atmospheric pollutant outflow and its large scale effects. An
outlook is provided as a guideline for future research, point-
ing out particularly critical issues such as: resolving discrep-
ancies between top down and bottom up emissions estimates;
assessing the processing and aging of the pollutant outflow;
developing a better understanding of the observed elevated
pollutant layers and their relationship to local sea breeze and
large scale monsoon circulations; and determining the im-
pacts of the pollutant outflow on the Asian monsoon meteo-
rology and the regional hydrological cycle, in particular the
mountain cryospheric reservoirs and the fresh water supply,
which in turn directly impact the lives of over a billion in-
habitants of southern Asia.

1 Introduction

In 1999, several hundred scientists from around the world
gathered in the Maldives, located in the northern Indian
Ocean, as well as onboard two research ships and at sev-
eral Indian coastal sites, to carry out the Indian Ocean
Experiment (INDOEX). A central idea was to make use
of the “unique natural laboratory” offered by the Indian
Ocean troposphere, “probably the only place in the world
where an intense source of continental aerosols, anthro-
pogenic trace species and their reaction products (e.g., sul-
fates and ozone) from the Northern Hemisphere is directly
connected to the pristine air of the Southern Hemisphere
by a cross equatorial monsoonal flow into the intertropi-
cal convergence zone (ITCZ)” (see http://www-indoex.ucsd.
edu/publications/proposal/). INDOEX had two basic ob-
jectives: understanding the anthropogenic contribution to
the regional aerosol distribution and the resulting impacts
on radiative forcing and climate; and understanding the in-
fluence of regional emissions on ozone and oxidant chem-
istry. During the several years leading up to the 1999 cam-
paign, INDOEX grew into a major international undertaking,
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including several pre-INDOEX cruises, the development of
ground stations with various instrumentation, and culmi-
nating in an Intensive Field Phase (IFP) from January to
April 1999, which included two research vessels, five air-
craft, balloon sondes, constant level balloons, and retrievals
from several satellites. INDOEX was exemplary in integrat-
ing these field and satellite measurements with chemistry-
transport and climate modeling. The findings have resulted
in several hundred publications, including: overview papers
for the campaign logistics and the aerosol measurements (Ra-
manathan et al., 2001) and for the ozone chemistry (Lelieveld
et al., 2001); two special sections each in the American Jour-
nal of Geophysical Research and the Indian journal Current
Science; and dozens of other publications in these and other
journals.

INDOEX made it clear that the large-scale pollutant ex-
port from southern Asia was much more substantial than had
been expected, and modeling studies have even predicted
that the Asian air pollution emissions (also from other parts
of Asia) will play an increasingly important role in the air
quality of North America and Europe (Lelieveld and Den-
tener, 2000). The international science teams during IN-
DOEX encountered a surprisingly thick layer of sunlight-
absorbing aerosols which covers much of the region of the
northern Indian Ocean down to the ITCZ during this period,
which can be clearly seen in visible satellite images, and
which is responsible for a significant perturbation to the re-
gional atmospheric energy balance. Shortly after INDOEX,
this aerosol layer came to be known as the “Asian Brown
Cloud,” or “ABC”. Since then, it has been broadly accepted
that the acronym “ABC” should be generalized to “Atmo-
spheric Brown Clouds” (Ramanathan and Crutzen, 2003),
in recognition of the fact that pollutant outflow layers like
this, containing various types of aerosols and trace gases,
are by no means confined to the southern Asian region. A
major international effort to better understand such pollu-
tion layers which has grown out of this is the UNEP ABC
program (http://www.rrcap.unep.org/abc/). The first focus of
UNEP/ABC has been the ABC-Asia component, which has
set up an array of monitoring sites and produced several as-
sessments of the Asian ABCs and their effects.

INDOEX was not the only experiment that has been fo-
cused on pollutant outflow in this region; a number of other
smaller to medium-sized field campaigns and independent
modeling studies have also provided information on the com-
position of the regional atmosphere and ocean during the
winter months. Furthermore, the winter monsoon is not the
only period of interest for pollutant outflow. During IN-
DOEX, several of the scientists participating in the campaign
began thinking forward and posed the question “what hap-
pens to all that pollution during the summertime, when the
summer monsoon deep convection is prevalent over the In-
dian subcontinent?” We were especially curious if any of
this pollution could make its way over to Europe in the upper
tropospheric easterlies. This seed eventually grew into the
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Fig. 1. Depiction of the regions used for the computation of the
emissions summaries in Tables 2 and 3. Red: Southern Asia; yel-
low: Northern Asia; blue: Europe; Orange: North America.

field campaign MINOS (Mediterranean Intensive Oxidants
Study), which was based out of Crete in 2001. MINOS
provided clear evidence that the airspace above the Mediter-
ranean is a “crossroads” of pollution (Lelieveld et al., 2002)
from Europe, North America, and indeed from the sum-
mer monsoon outflow of southern Asia. A further insight
into the seasonality of the air pollution over the northern In-
dian Ocean and its relationship to southern Asian outflow
has come from examining the characteristics of the monsoon
transition periods, when zonal winds are effective at trans-
porting pollution from Southeast Asia and Africa into this
region.

During the decade since INDOEX, the advancement in
our understanding of pollutant export from southern Asia has
been tremendous. In this review, we discuss the most salient
findings on this topic. For the sake of this review, we con-
sider southern Asia to be the region depicted in Fig. 1 (which
includes the regions which are often separately referred to
as “South Asia” and “southeastern Asia”). We begin by de-
scribing the current state of knowledge of pollutant emis-
sions from this region (Sect. 2), and then give an overview of
the seasonal regional meteorological characteristics (Sect. 3).
Following this, we review the studies characterizing the pol-
lutant export during each of the three key periods: the winter
monsoon (Sect. 4), the summer monsoon (Sect. 5) and the
monsoon transition periods (Sect. 6). Finally, we conclude
(Sect. 7) with a summary of the major lessons learned over
the last decade and an outlook to remaining research needs
on this topic during the coming decades. Parts of this review
build on an earlier review of the southern Asian pollution
outflow (Lawrence, 2004), which is occasionally referred to
in order to indicate the development in our state of under-
standing since then.
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Table 1. Listing of acronyms used in the paper.

Acronym Meaning

ABC Atmospheric Brown Clouds
(UNEP Project)

Al Aerosol Index

AOD Aerosol Optical Depth

AOT40 Accumulated exposure Over a Threshold
of 40 nmol/mol

ARFI Aerosol Radiative Forcing
over India

ARMEX Arabian Sea Monsoon Experiment

AS Arabian Sea

as.l above sea level

AUAV Automated Unmanned Aerial Vehicles

A+W Agricultural processes plus
waste handling

BC Black Carbon

BFB Biofuel Burning

BMB Biomass Burning

BOB Bay of Bengal

BOBEX Bay of Bengal Experiment

CARIBIC Civil Aircraft for Regular Investigation
of the atmosphere Based on an
Instrument Container

EC Elemental Carbon

EDGAR Emissions Database for Global
Atmospheric Research

ETIO Eastern Tropical Indian Ocean region

FFB Fossil Fuel Burning

FFP First Field Phase

GCM General Circulation Model

GOME Global Ozone Monitoring Experiment

ICARB Integrated Campaign for Aerosol,
gases, and Radiation Budget

IFP Intensive Field Phase

IND Industrial emissions processes

INDOEX Indian Ocean Experiment

IOM Inorganic Oxidized Material

ISRO-GBP Geosphere Biosphere Programme of the
Indian Space Research Organization

ITCZ Intertropical Convergence Zone

KCO Kaashidhoo Climate Observatory

LT Lower Troposphere

MAC Maldives AUAV Campaign

MBL Marine boundary layer

MCOH Maldives Climate Observatory
in Hanimadhoo

MINOS Mediterranean Intensive Oxidants Study

MLS Microwave Limb Sounder

MOPITT Measurements Of Pollution In The
Troposphere, satellite instrument

MT Middle Troposphere

MTP Monsoon Transition Period

NCEP-GFS National Centers for Environmental Predic-
tion — Global Forecasting System

NE Northeast

NH Northern Hemisphere

NHc Northern Hemisphere continental

NHcT Northern Hemisphere continental Tropical

NHcX Northern Hemisphere continental
extratropics

NHmE Northern Hemisphere maritime equatorial

NHmT Northern Hemisphere maritime Tropical
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Table 1. Continued.

Acronym Meaning
NMVOC Non-Methane Volatile Organic Compound
OECD Organization of Economic
Co-operation and Development
OM Organic Matter
PAH Polycyclic Aromatic Hydrocarbon
PESO Pilot Expedition to the Southern Ocean
PM1 Particulate Matter less than
1 pum aerodynamic diameter
PM2.5 Particulate Matter less than
2.5 uwm aerodynamic diameter
PM10 Particulate Matter less than
10 wm aerodynamic diameter
POM Particulate Organic Matter
ROM Refractory Organic Matter
SAW-ABC Southern Asian Wintertime Atmospheric

Brown Cloud

SC Soot Carbon

SCIAMACHY  Scanning Imaging Absorption Spectrome-
ter
for Atmospheric CHartographY

SHmE Hemisphere maritime equatorial

SHmT Southern Hemisphere maritime tropical

SHmX Southern Hemisphere maritime
extratropical

SOA Secondary Organic Aerosols

SSA Single Scattering Albedo

SST Sea Surface Temperature

SW Southwest

TEJ Tropical Easterly Jet stream

TOA Top Of the Atmosphere

TTL Tropical Tropopause Layer

UNEP United Nations Environmental Program

uUT Upper Troposphere

voC Volatile Organic Compound

W_ICARB Second phase of ICARB

WTIO Western Tropical Indian Ocean region

2 Estimates of current southern Asian emissions and
future increases

Southern Asia is a region with a vibrant mixture of cul-
tures which comprises over a quarter of the world’s pop-
ulation. Stretching from Afghanistan and Pakistan in the
west to Indonesia and Papua New Guinea in the east, and
bounded on the north by China and the former Soviet
Union and on the south by the Indian Ocean, the widely-
varying landscape includes seashores, tropical rainforests,
vast plains, and the foothills of the Himalayas. People dom-
inate much of this landscape, partly gathered in megacities
like Delhi and Bangkok, but also dotting the extensive ru-
ral environment in small villages, many without electric-
ity and running water. One activity that is common to all
people amidst this immense diversity is fuel consumption
for energy production, for instance biofuel burning in cook-
stoves, fossil fuel burning in vehicles, and burning coal and
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natural gas to produce electricity. Although the amount of
energy usage and fuel consumption per capita still pales
in comparison to the industrialized nations in the Western
Hemisphere, the sheer size and rapid growth of the south-
ern Asian population and the often poorly-controlled burn-
ing conditions lead to large emissions of various pollu-
tants, including: greenhouse gases like carbon dioxide (CO;)
and methane (CHy); ozone precursors such as nitrogen ox-
ides (NOx =NO +NO,), carbon monoxide (CO) and non-
methane volatile organic compounds (NMVOCs); aerosol
particle precursors such as sulfur dioxide (SO3); and primary
particles comprised of various materials or mixtures such as
soot and organic compounds.

2.1 Regional trace gas emissions

Pollutant sources in Asia are changing so rapidly that any
overview of current emissions only provides a snapshot, with
a relatively large degree of uncertainty. Various sources of
information on Asian emissions exist, such as official na-
tional databases, and gridded databases developed for re-
gional modeling studies (e.g., Streets et al., 2003, 2006;
Akimoto et al., 2006; Ohara et al., 2007; Cofala et al.,
2007). In order to make an internally consistent compari-
son of the characteristics of southern Asian emissions with
those from other major emitter regions of the Northern Hemi-
sphere (NH), here we make use of the global emissions data
in the Emissions Database for Global Atmospheric Research
(EDGAR, version 3.2FT2000; Olivier et al., 2005). These
data, which are for the year 2000, should be representative of
the prevailing conditions during the INDOEX and MINOS
campaigns (1999 and 2001, respectively). Four regions are
selected for comparison here, as depicted in Fig. 1. The total
emissions of several trace gases for these regions, along with
the global totals for each gas, are listed in Table 2, broken
down into several major source categories. Table 3 lists the
percentages of the global totals represented by each region,
along with the relative contribution of each major source
category to the total emissions for each region. This is an
extension of the comparison that we presented previously
in Lelieveld et al. (2001), but based on newer information,
with different regional definitions, and different emissions
classes (including biomass burning, which was not reported
by Lelieveld et al., 2001).

As noted above, there is a considerable degree of uncer-
tainty in most of these values. The emissions are mostly
computed as the products of activity data (e.g., mass of fuel
burned) times emissions factors (mass of emissions per unit
of activity). The activity data, especially for residential ac-
tivities like cooking with stoves, can be very difficult to as-
certain, and some emissions factors are based on upscaling
of only one or a few measurements appropriate to the vari-
ous combustion or other industrial processes in different re-
gions. In most cases a serious, quantitative uncertainty esti-
mate is not even possible at present. This is reflected in the
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Table 2. Emissions of key trace gases segregated by source category
for the world, for southern Asia, and for three other key emissions
regions in the NH (depicted in Fig. 1). The source categories are:
FFB — Fossil Fuel Burning (including shipping emissions within the
defined regions, but excluding emissions from aircraft); IND — in-
dustrial processes; BFB — biofuel burning; BMB — biomass burning;
A +W — agricultural processes and waste handling (including waste
burning). The units are specified individually for each gas. Data is
from the EDGAR 3.2FT2000 database (Olivier et al., 2005); see the
text for details.

Source Global S.Asia N.Asia N.America Europe
CO; (PZ(COY)/yr)
Total 36.15 3.03 7.00 7.66 6.77
FFB 25.46 2.02 6.26 6.99 6.52
IND 0.83 0.10 0.38 0.07 0.16
BFB 0.57 0.23 0.12 0.03 0.03
BMB 9.30 0.68 0.25 0.57 0.07
A+W 0.00 0.00 0.00 0.00 0.00
NOx (Tg(N)/yr)
Total 43.12 4.89 7.03 8.24 7.02
FFB 29.13 2.98 5.35 7.27 6.16
IND 2.19 0.20 0.91 0.22 0.59
BFB 2.48 1.03 0.49 0.14 0.12
BMB 9.04 0.63 0.26 0.56 0.07
A+W 0.27 0.04 0.03 0.04 0.07
CO (Tg(CO)/yr)
Total 983.89 160.13  127.30 123.41 76.98
FFB 24321 19.04 46.94 78.64 47.99
IND 34.49 1.35 14.93 3.00 11.98
BFB 250.28  103.93 50.66 10.23 8.33
BMB 435.75 32.57 12.69 28.10 3.38
A+W 20.17 3.24 2.09 3.43 5.31
NMVOC (Tg(C)/yr)
Total 129.02 19.07 19.76 20.93 22.07
FFB 61.78 6.25 9.76 12.04 13.50
IND 20.44 1.41 431 5.82 6.59
BFB 22.98 9.42 4.64 1.01 0.78
BMB 20.21 1.57 0.52 1.24 0.14
A+W 3.60 0.43 0.54 0.81 1.06
SO, (Tg(SO2)/yr)
Total 152.11 14.53 48.92 25.26 33.07
FFB 117.61 1.16 36.85 23.06 25.62
IND 28.69 1.37 11.45 1.94 7.33
BFB 3.16 1.78 0.49 0.04 0.03
BMB 2.42 0.18 0.09 0.18 0.02
A+W 0.22 0.03 0.02 0.04 0.06

significant quantitative differences which have been shown to
exist between various emissions datasets, including EDGAR
(e.g., Butler et al., 2008). Furthermore, for the Asian re-
gion large discrepancies have been found between bottom-
up emissions inventories like these, versus top-down emis-
sions estimates based on combining observations and model
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simulation results. Kasibhatla et al. (2002) showed that top-
down estimates based on CO observations downwind of east-
ern Asia implied much higher emissions rates than in emis-
sions datasets available at that time. Indeed, follow-up work
by Streets et al. (2006) has confirmed this and revised the CO
emissions estimates from China substantially upward, partic-
ularly due to industrial processes like cement and brick kilns
and iron and steel production, and furthermore conclude that
“emissions from the residential sector might still be underes-
timated.” Nevertheless, despite these uncertainties, data such
as these are currently the best available for global modeling
studies and as a basis for mitigation efforts, and a few basic,
qualitative features in the emissions distribution are clearly
evident from the comparison in Tables 2 and 3.

One of the clearest features is that emissions from southern
Asia are strongly influenced by inefficient combustion pro-
cesses, especially emissions from biofuel burning in cook-
stoves. This can be seen clearly in Table 3, which shows
that biofuel burning (BFB) is responsible for a relatively
large component of the trace pollutant emissions in south-
ern Asia (ranging from 7.5% for CO; to nearly 65% for CO),
compared to a much smaller contribution from BFB in any
of the other three regions, or in the world as a whole (for
which the BFB source ranges from about 2-25% of the to-
tal emissions). Other types of inefficient combustion are also
prevalent in southern Asia, such as the widespread use of
two-stroke engines, which are often made even more inef-
ficient by running them on adulterated fuels (e.g., kerosene
mixed in with diesel). Compared to more efficient combus-
tion (e.g., modern automobiles), these inefficient combustion
processes burn at lower temperatures, resulting in less emis-
sions of NOy, and they burn less well to completion, resulting
in higher CO/CO; ratios and a greater content of unburned
or only partially oxidized VOCs. This is also reflected in
Table 3: southern Asia contributes a disproportionally large
share to the total global emissions of CO and NMVOC, ap-
proximately 1.5 times as large as its relative contribution to
the total global CO, and NOy emissions. Similar tenden-
cies are seen in an analysis of emissions from individual
Asian countries (Wuebbles et al., 2007) based on the data
from Streets et al. (2003); such analyses show that the emis-
sions from the southern and northern Asian regions (based
on Fig. 1) are dominated by India and China, respectively,
with these two countries accounting for 60%, 64%, and 54%
of the total Asian emissions of NOy, CO and NMVOC,
respectively.

A few other broad features of the emissions distributions
are clear in Tables 2 and 3. First, in southern Asia, biomass
burning (BMB) is also a significant source of most of the
gases (except SOj), representing a notably larger fraction
of the regional emissions for most of the gases than is con-
tributed by biomass burning in the other three main NH emit-
ter regions (especially for CO,, though with a few excep-
tions, such as CO in North America, due to unusually strong
fires in the northwestern USA during the year 2000). On
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Table 3. Relative emissions of key trace gases. The source cat-
egories and regions are the same as in Table 2. All values are in
percent (%), rounded to the nearest integer (more accurate percent-
ages can be derived from Table 2). The percentages in the top row
for each gas are regional contributions relative to the global total
for that gas (for all source processes combined). The percentages in
each of the other rows are the contribution from that category to the
total emissions of that gas in that particular region.

Source Global S.Asia N.Asia N. America Europe
COy

Total 100 8 19 21 19
FFB 70 67 89 91 96
IND 2 3 5 1 2
BFB 2 8 2 0 0
BMB 26 22 4 7 1
A+W 0 0 0 0 0
NOx

Total 100 11 16 19 16
FFB 68 61 76 88 89
IND 5 4 13 3 8
BFB 6 21 7 2 2
BMB 21 13 4 7 1
A+W 1 1 0 1 1
(6(0)

Total 100 16 13 13 8
FFB 25 12 37 64 62
IND 4 1 12 2 16
BFB 25 65 40 8 11
BMB 44 20 10 23 4
A+W 2 2 2 3 7
NMVOC

Total 100 15 15 16 17
FFB 48 33 49 58 61
IND 16 7 22 28 30
BFB 18 49 24 5 4
BMB 16 8 3 6 1
A+W 3 2 3 4 5
SO,

Total 100 10 32 17 22
FFB 77 77 75 91 78
IND 19 10 23 8 22
BFB 2 12 1 0 0
BMB 2 1 0 1 0
A+W 0 0 0 0 0

the other hand, the fraction of biomass burning emissions in
southern Asia is smaller than in the global total emissions for
all of the gases, which is due to the predominance in this cat-
egory of emissions from deforestation in Africa and South
America. Second, the per capita energy usage in southern
Asia is considerably smaller than in Europe or North Amer-
ica. This is reflected clearly in the CO; emissions, as south-
ern Asia is responsible for only about 8.4% of the global to-
tal, less than half as much as each of the other three regions

Atmos. Chem. Phys., 10, 11017-11096, 2010
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Fig. 2. Distributions of (a) population density (persons per square
km), b), emissions of NOx (10_12 kg (N) m—2 s_l), and (c) emis-
sions of CO (10_12 kg (CO) m—2 s_l). (Population density is based
on 0.25° gridded data for 2000 from the Center for International
Earth Science Information Network (CIESIN) at Columbia Univer-
sity, http://sedac.ciesin.columbia.edu/gpw/; Emissions data are the
same as in Table 2, sum of all categories.)

(all around 20%), despite the larger population in southern
Asia. Finally, the emissions from northern Asia are similar to
Europe and North America for CO; and NOy in terms of their
distribution across the source categories, being dominated by
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fossil fuel burning. However, they differ notably for CO and
NMVOCs, for which biofuel burning becomes particularly
important in northern Asia, and for which the other source
categories such as industrial processes play strongly varying
roles. Northern Asia is also responsible for a disproportion-
ately large fraction of the global total SO, emissions, mainly
due to the sulfur-rich coal which is burned in Chinese power
plants.

The spatial distributions of total NOy and CO emissions in
Asia are shown in Fig. 2, along with the regional population
distribution. Particularly densely-populated regions in south-
ern Asia include the northern part of India (the Indo-Gangetic
Plain) and the southern tip of India, Bangladesh, Indonesia
(primarily Java) and the Philippines, along with several ma-
jor cities like Mumbai, Bangkok and Hanoi. In northern Asia
the most densely-populated regions include northeast China,
the Szechuan Basin, the Pearl River Delta (including Hong
Kong), Korea, and Japan. The emissions distributions for
both NOx and CO largely follow the population distribution,
which is not surprising, given that in global emissions inven-
tories like EDGAR, the emissions from several of the source
categories are distributed primarily by population. There are,
however, a few notable exceptions, including the dispropor-
tionately high CO emissions compared to population in sev-
eral regions, especially where biofuel and biomass burning
in less populated rural regions are prevalent, such as through-
out parts of Myanmar, Thailand, Laos, Cambodia, Vietnam,
and especially the islands of Borneo and western Sumatra.
In contrast to this, the NOy emission distribution tends to be
clustered more tightly around the most densely-populated re-
gions, especially in northeastern China, and is generally less
spread out than CO emissions, due to the greater CO emis-
sions from distributed and rural sources, especially biomass
burning. (Note that the total Asian CO emissions are about
25 times as large as the total NOy emissions (see Table 2);
since the scales of the two figures differ by a factor of 10, the
NOy emissions are effectively color-shifted approximately
one color contour lower than the CO emissions).

Finally, the emissions of most gaseous pollutants in Asia
(both northern and southern) are growing at a tremendous
rate (e.g., Akimoto, 2003), due to growing populations, ac-
companied by rapid industrialization and agricultural devel-
opments. This anticipated rapid growth in Asia is depicted
in Fig. 3, and is compared with the anticipated changes for
the nations of the OECD (Organization of Economic Co-
operation and Development). While there is a considerable
spread in the likely range of changes for each gas, it is clear
that the emissions of nearly all gases are expected to increase
in Asia, while emissions of most gases from the OECD na-
tions could either increase or decrease (with the exception of
SO;, which will almost certainly decrease, and CO,, which
will almost certainly increase). There is, however, an even
greater uncertainty in future scenario estimates than in the
current emissions inventories discussed above. In the end,
the actual increase in anthropogenic emissions of various
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Fig. 3. Expected increases in trace gas emissions during the period
2000-2020 for (a) Asia and (b) the OECD nations (Based on data
published in IPCC Emission Scenarios 2000, http://www.ipcc.ch/
ipccreports/sres/emission/index.php?idp=0).

pollutants will depend on which new regulations are imple-
mented and enforced in the individual countries, which will
in turn depend in part on the local tolerance for increasing
pollution levels, from the perspective of it being one of many
daunting social issues, and will also depend on the detailed
scientific information on emissions and their impacts which
is available to policy makers.

2.2 Regional aerosol emissions

In addition to the trace gases discussed in the previous sec-
tion, southern Asia also has substantial and growing emis-
sions of aerosols and aerosol precursors, with trends in the
emissions similar to those discussed in the previous section
for gases. In most regions, these are even more impor-
tant than trace gases for health and climate effects. Sulfate
aerosols, which derive mostly from SO,, can make an im-
portant contribution to the air pollution in some regions, but
on the whole are a much larger problem in northern Asia (es-
pecially in China) than in southern Asia (see Table 2). The
same applies to desert dust particles, being of natural origin,
as the Chinese-Mongolian Gobi desert is one of the largest
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sources of mineral aerosol particles in the world. Neverthe-
less, in southern Asia the great Indian Thar desert can be
of regional significance, too, contributing about 10% of the
particulate mass observed over the northern Indian Ocean
(Lelieveld et al., 2001). On the other hand, southern Asia
is particularly influenced by emissions of carbon-containing
aerosols and precursors, since these tend to be most strongly
emitted by inefficient combustion processes. Organic car-
bon primary aerosols and precursors of secondary organic
aerosols (SOA) tend to generally be closely related to gas-
phase NMVOC emissions, which were discussed in the pre-
vious section (see Tables 2 and 3). Another important prod-
uct of inefficient combustion is black carbon (BC; note that
the terminology used for black carbon varies from study to

ELINT3

study, with some authors using “elemental carbon (EC)”, “re-
fractory carbon”, “refractory organic matter (ROM)”, “soot”,
and “soot carbon (SC)” interchangeably with BC, and others
using these terms to denote some specific subset of the total
BC, often dependent on which measurement techniques are
employed). BC is an effective absorber of sunlight, in con-
trast to most other aerosols, which are effective scatterers,
and thus it plays a unique role in the regional anthropogenic
climate effects, as discussed below in Sect. 4.

The uncertainties in BC emissions are very large. The
total BC emissions from India have been estimated by
Venkataraman et al. (2005) to be 0.41Tg(BC)/yr, with
0.17Tg (BC)/yr from biofuel burning (especially fuelwood
in cookstoves), 0.14 Tg (BC)/yr from open biomass burning,
and 0.1 Tg (BC)/yr from fossil fuel burning. As noted above
in Table 3 for CO and NMVOC, in India (and generally in
southern Asia) biofuel burning makes a much larger rela-
tive contribution to the total BC emissions than throughout
most of the rest of the world. One uncertainty which remains
to be resolved was pointed out by Dickerson et al. (2002).
Like the study of Venkataraman et al. (2005), most emis-
sions inventories indicate a total BC source from India of ap-
proximately 0.5 Tg (BC)/yr (or ~0.7 Tg (BC)/yr from south-
ern Asia, with an upper limit of ~1Tg (BC)/yr). However,
top down estimates based on in situ measurements of BC
made during INDOEX (Dickerson et al., 2002) suggest that a
much larger source, of the order of 2-3 Tg (BC)/yr, is neces-
sary to explain the measured concentrations. This difference
in top down and bottom up estimates is similarly reflected
in computations of the radiative forcing of BC: Ramanathan
and Carmichael (2008) compute a global mean forcing of
0.9 W m~2 based on observations, which they contrast with
the considerably smaller forcing of about 0.3 Wm™2 com-
puted by many GCMs (general circulation models), which
make use of bottom up emissions databases. Given the large
global and especially regional radiative forcing of BC, it will
be very important to sort out the uncertainty in the BC source
magnitude.

Another uncertainty which has proven very difficult to
resolve, as was already apparent shortly after INDOEX, is
to determine whether the dominant source for BC in the
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southern Asian outflow is fossil fuel burning (FFB) or bio-
fuel and biomass burning (BFB + BMB). This is important
basic information for the development of mitigation strate-
gies. Several studies have concluded FFB must be the main
BC source (from just over half to up to 90% of the total).
These studies have employed top down approaches, such as
measuring ratios of BC to total carbon (the sum of BC and
organic carbon), as well as ratios of BC to other aerosol com-
ponents such as potassium, water-soluble ions, organic mark-
ers and trace metals (Novakov et al., 2000; Mayol-Bracero
et al., 2002; Salam et al., 2003; Stone et al., 2007). How-
ever, other top down studies have instead concluded that
BFB + BMB is likely to be the primary BC source, based on
the concentrations of biomass burning tracers like potassium
and acetonitrile (Guazotti et al., 2003), the ratio of BC to
CO (Dickerson et al., 2002), the ratio of radiocarbon monox-
ide (1*CO) to CO north and south of the ITCZ (Lelieveld et
al., 2001), and by considering correlations of aerosol optical
depth with fire count data based on satellite observations with
the ATSR instrument (Léon et al., 2001). Yet others, such as
Ball et al. (2003), found that BC was well-correlated with
markers for both FFB and BFB + BMB, indicating a mix-
ture of the two sources, and speculating that perhaps some
other unaccounted processes could be involved. Guazotti et
al. (2003) offer a particularly useful insight which may help
to explain at least some of the discrepancy in these top down
studies: for airmasses from India, they found BFB + BMB
to be the dominant source (74% of the total), while for air-
masses originating from the Arabian peninsula, FFB was
found to be dominant (63%). Furthermore, based on “bottom
up” studies using regional and global emissions inventories
(Reddy and Venkataraman, 2002a, b; Dickerson et al., 2002;
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Mayol-Bracero et al., 2002; Bond et al., 2004; Venkatara-
man et al., 2005; Parashar et al., 2005), one would also ex-
pect the largest source of BC for aerosols from India and
neighboring countries to be from BFB + BMB. In particu-
lar, Venkataraman et al. (2005) distinguished between BFB
and BMB sources, and computed that BFB makes the largest
relative contribution (42%) to total BC emissions, followed
by BMB (33%) and FFB (25%). The wide range of different
conclusions in these studies is depicted in Fig. 4.

After this decade of debate, a major new step towards re-
solving this discrepancy has been made by the recent study
of Gustafsson et al. (2009), which uses the alternate approach
of measuring the '“C content of the aerosol particles. This
unambiguously indicates the fraction originating from FFB
versus BFB + BMB, since fossil fuels are completely de-
pleted in '*C (which has a half-life of 5730 years), while
aerosols deriving from BFB + BMB will have a '#C concen-
tration (relative to '2C) which is the same as measured in
contemporary biomass (a small uncertainty, of the order of
10%, arises due to the difference in 14C enrichments found
in freshly-produced living biomass compared to wood from
old or dead trees, especially due to the influence of elevated
atmospheric “CO, levels in the mid-1900s which resulted
from nuclear bomb testing). Using measurements from a site
on the west coast of India and from a site on the Maldives
(southwest of India), made during the offshore flow period
of the winter monsoon (see Sect. 3), they found that about
two-thirds of the bulk carbonaceous aerosols (including both
BC and organic carbon) were produced by BFB + BMB, the
other third originating from FFB. This result is very consis-
tent between the two sites. They also employed two different
techniques of separating out the BC component from the total
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Fig. 5. Transport pathways for near-surface flow over the Indian Ocean during the (a) summer and (b) winter monsoon periods.

carbonaceous aerosol. For one method of isolating the BC
(yielding “soot carbon”, or SC), a similar fraction of about
2/3 from BFB + BMB was computed, again being nearly the
same for the two measurement sites. For the other isolation
method (yielding “elemental carbon”, or EC), however, only
about half was computed to originate from BFB + BMB, the
other half from FFB; furthermore, for this component, the
results differed notably between the two sites, with the In-
dian coastal site aerosols indicating about 60% of the EC de-
rived from BFB + BMB. The reason for this difference is
unclear; although it may be related to the regional origins
of the airmasses being sampled at the two sites (as noted
above based on the study of Guazotti et al., 2003), a clear
dependence was not apparent based on the back-trajectories
analyzed by Gustafsson et al. (2009). Despite this and other
remaining uncertainties, it has now become clear that for ef-
fective mitigation efforts to reduce the regional BC aerosol
load, BFB + BMB will be the most critical processes to fo-
cus on, but FFB processes will be important to target as well.

The aerosol and gas emission characteristics discussed
in this section are one of the key elements in determining
the characteristics of southern Asian pollution outflow. An-
other key element is the regional meteorology, which exhibits
important variations on various timescales, from diurnal and
synoptic up to seasonal and interannual. The key character-
istics of the regional meteorology are described in the next
section, prior to discussing the combined effects of emissions
and meteorology on the pollution outflow in the sections fol-
lowing that.

3 Meteorological setting of southern Asia

The regional meteorology of southern Asia is dominated by
the Asian monsoon circulation. A schematic picture of the
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key surface-level monsoon flow regimes is provided in Fig. 5.
This is based on numerous previous studies of the regional
flow patterns, especially for INDOEX (e.g., Verver et al.,
2001). The main characteristics of these flow patterns are
recurrent every year, though there is some interannual vari-
ability (discussed for the winter monsoon later in Sect. 4.5).
A more detailed overview of the near-surface flow patterns is
provided in Fig. 6, which depicts monthly mean surface wind
fields; these fields are shown for 2006, corresponding to the
ICARB campaign (see Sect. 4.1). Here one can see the re-
markably stable southern Asian flow patterns, which persist
over long periods of several months each year. The monsoon
meteorology can be broken down into three basic periods:
the summer or southwest (SW) monsoon (June—September),
the winter or northeast (NE) monsoon (November—March),
and the monsoon transition periods (MTP), which vary in
their exact timing each year, but mostly occur during April
and May for the winter-to-summer transition, and in late
September to October for the summer-to-winter transition.

The torrential rains of the Asian summer monsoon are well
known — for example, Cherrapunji in eastern India receives
almost 12 m of rain per year. Every summer, steady onshore
winds bring air from the ocean over the continent (Fig. 5a),
which has been heated by the tropical overhead sun. The
moist, hot air in the surface layer rises, due to buoyancy as
well as orographic forcing over features such as the Western
Ghats Mountains at the Indian coast. The rising air cools,
causing water to condense, forming cloud droplets and heat-
ing the airmasses due to the enthalpy (latent heating) of con-
densation, which reinforces the buoyant rising motion. This
results in moist, deep convection, in which the air parcels
can ascend several km in the cores of cumulus convective
towers, often reaching and sometimes even penetrating the
tropopause. The lofted air then spreads out, forming mas-
sive cirrus anvil clouds which can be clearly seen as a major

Atmos. Chem. Phys., 10, 11017-11096, 2010
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Fig. 6. Surface wind fields over southern Asia for each month in 2006, based on NCEP-GFS data, showing the typical summer and winter

monsoon flow patterns that are depicted schematically in Fig. 5.

feature of the region in satellite images. Deep convection can
build up to virtually explosive energies, with updraft speeds
in this region often exceeding 1 m/s, and sometimes exceed-
ing 10 m/s, and can transport largely intact air parcels from
the surface to the upper troposphere (UT) in less than an hour.

Once the air reaches the UT, it typically encounters much
faster winds than those which are found near the surface.
Over southern Asia, the convergence of air masses from the

Atmos. Chem. Phys., 10, 11017-11096, 2010

outflow of the monsoon convection results in a high pressure
region in the UT typically centered somewhat south of Tibet,
around which air tends to flow in an anti-cyclonic (clock-
wise) direction. Another prevalent UT anticyclone is located
to the west of this over Arabia. A snapshot of these two
anticyclones is depicted in Fig. 7a. The two anticyclones
meander back and forth to the east and west, so that aver-

aged over

a month their central north-south branches tend to

www.atmos-chem-phys.net/10/11017/2010/
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Fig. 6. Continued.

cancel each other out, and the mean circulation of the region
is dominated by a large, elongated anticyclone, depicted in
Fig. 7b. The combined east-to-west branches on the south
side form the tropical easterly jet, which is in contrast to the
westerlies which usually prevail in the UT of the NH tropics.

During the summer monsoon, the most frequent intense
convection is found in the ITCZ, where air masses from
the meteorological Northern and Southern Hemispheres
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converge. Throughout most of the world the ITCZ is located
within a few degrees of the equator. Over Asia in summer,
in contrast, it is generally located between 5° N and 30° N
directly over many of the highly populated and polluted re-
gions of southern Asia.

During the winter, the ITCZ migrates south with the so-
lar heating, and is typically found between about 5° S and
15°S. The wintertime winds over much of southern Asia
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are generally from the NE to the SW (see Fig. 6), with
some exceptions, especially the easterlies over central In-
dia, and the northwesterlies near the Himalayas. This period
is known by various terms, including the “northeast mon-
soon”, the “winter monsoon”, or alternatively the “dry sea-
son”. There is little rain or deep convection over southern
Asia during this period, and the UT is chemically effectively
disconnected from the surface layer (Kunhikrishnan et al.,
2004a). Offshore flowing air encounters a largely cloud-
free northern Indian Ocean down to the equator. Typical
travel times are about 7-10 days to reach the ITCZ (Ethé
et al., 2002; de Gouw et al., 2001), where much of the air
is then transported upwards in deep convective clouds. A
nice demonstration of the typical flow patterns and variabil-
ity during this period can be seen in the trajectories (Fig. 8)

Atmos. Chem. Phys., 10, 11017-11096, 2010

of 17 constant-level balloons which were released from the
Indian coastal city of Goa (near Mumbai).

Finally, during the MTP (April-May and September—
October, see Fig. 6), the ITCZ moves tens of degrees to the
north or south over a period of several weeks, the meridional
monsoon winds weaken, and strong zonal winds transport
emissions from Africa and southeast Asia over the central
Indian Ocean.

The rest of this review will focus on the export of pol-
lutants during the winter monsoon (Sect. 4), the summer
monsoon (Sect. 5) and the MTPs (Sect. 6). From a mete-
orological standpoint, the summer monsoon has been stud-
ied in far greater depth, particularly by Indian meteorologists
over the last century, due to its essential role in the supply of
fresh water and thus in human health and agriculture. There

www.atmos-chem-phys.net/10/11017/2010/
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8 M 3 g 2

Fig. 8. Trajectories of 17 constant-level balloons launched from
Goa, India, during INDOEX (January—March 1999) at pressure lev-
els between about 900 and 800 hPa (from Ethé et al., 2002, copy-
right 2002 by the American Geophysical Union, reproduced with
permission; the data are also presented in Appu et al., 2001).

are various theories about the factors controlling the mon-
soon behavior, especially the characteristics of the summer
rainy period, including the overall amount and distribution
of precipitation (spatial and temporal, including the “breaks”
in the monsoon rains), which are discussed in a number of
reviews of the monsoons (e.g., Gadgil, 2003; Webster et
al., 1998). On the other hand, from the perspective of at-
mospheric chemistry and the export of pollution, the winter
monsoon has thus far received the largest amount of atten-
tion. This is related to the much reduced removal rate of
pollutants in the dry season and the associated potential for
near-surface transport, as studied in the INDOEX and pre-
INDOEX field campaigns which are discussed in the next
section. The few measurements and modeling studies of
long-range export of pollution during the summer monsoon
and the MTPs are discussed after that.

4 The wintertime brown cloud

This section provides an overview of our understanding of
the outflow of atmospheric pollutants from southern Asia
during the wintertime, when the monsoon flow is primarily
offshore towards the south (Fig. 5b). This outflow results
in a thick layer of sunlight reflecting and absorbing aerosols
and gases, an “Atmospheric Brown Cloud” covering much
of the region, both over continental southern Asia and over
the Indian Ocean down past the equator to the ITCZ. This
pollution outflow can readily be seen in visible satellite im-
ages (see Fig. 9 for an example), and is responsible for a
significant perturbation to the regional atmospheric energy
balance, especially due to the presence of a significant com-
ponent of sunlight-absorbing carbonaceous aerosols. In this
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Fig. 9. Satellite image of the SAW-ABC, showing a composite over
several days in March, 1999, during the INDOEX campaign (Pro-
vided courtesy of the SeaWiFS Project, the NASA/Goddard Space
Flight Center and ORBIMAGE).

section we will use the term “Southern Asian Wintertime At-
mospheric Brown Cloud” (SAW-ABC) to refer to this lower-
atmospheric pollution layer.

Numerous studies have examined the vast extent of the
SAW-ABC, as well as its origins, chemical composition, and
effects on the regional climate. Many of these publications
are based on INDOEX, and on subsequent analyses of the
INDOEX observations and closely-related modeling studies.
However, there have also been several other smaller field
campaigns which took place before or after the INDOEX
intensive field phase, as well as independent modeling and
satellite-based studies that have provided further information
on the composition of the atmosphere in this region during
the winter months. In this section, we first give an overview
of INDOEX and other field campaigns which have examined
the SAW-ABC, then describe the meteorological character-
istics of the outflow, followed by a discussion of our state
of knowledge about the pollutant origins, the chemical com-
position and chemical processing of gases and aerosols in
the SAW-ABC, and its annual variability and potential fu-
ture trends. We conclude the section with a discussion of the
main observed, simulated, and anticipated future effects of
the wintertime southern Asian ABC on the regional climate,
e.g., on the surface and lower atmospheric radiation budgets,
and on the onset of the summer monsoon and its precipitation
characteristics.

4.1 Overview of INDOEX and other regional field
campaigns

Most of our understanding of the outflow in the SAW-ABC
derives from the Indian Ocean Experiment (INDOEX), a
massive undertaking in several phases extending over five
years, starting with an exploratory pre-INDOEX cruise in

Atmos. Chem. Phys., 10, 11017-11096, 2010
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Fig. 10. Cruise tracks of the 1996, 1997 and 1998 RV Sagar Kaya cruises (redrawn from Mitra, 1999, copyright 1999 by the Indian Academy

of Sciences, reproduced with permission).

Table 4. Listing of the ship cruises performed during the pre-
INDOEX and INDOEX campaigns.

Ship (origin) Period

RV Malcolm Baldridge (USA) 12 Mar-22 Apr 1995

RV Sagar Kanya (India) 4 Jan—4 Feb 1996

RV Sagar Kanya (India) 27 Dec 1996-31 Jan 1997
RV Sagar Kanya (India) 18 Feb-30 Mar 1998

RV Sagar Kanya (India) 20 Jan—12 Mar 1999

RV Ronald H. Brown (USA) 22 Feb-1 Apr 1999*

* Note that data was also collected on the RV Ronald H. Brown in the southern In-
dian Ocean during the period 11-19 February, as part of the Aerosols99 campaign
(Bates et al., 2002).

1995 and culminating in an Intensive Field Phase (IFP) from
January to April 1999. This section provides an overview
of INDOEX and several smaller field campaigns along with
ongoing satellite observations and model studies.

Three major, interrelated objectives were noted in the IN-
DOEX proposal (http://www-indoex.ucsd.edu/publications/
proposal/):

— assess the significance of sulfates and other continental
aerosols for global radiative forcing;

— assess the magnitude of the solar absorption at the sur-
face and in the troposphere including the ITCZ cloud
systems; and

— assess the role of the ITCZ in the transport of trace
species and pollutants and their resultant radiative
forcing.

As made clear in the discussion below, substantial
progress was made not only on these objectives, but also
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on many other issues relevant to understanding the SAW-
ABC and its effects. In order to achieve this, various types
of measurements from numerous platforms were needed.
Summaries of these are provided in various INDOEX pub-
lications, including the INDOEX Operations Plan (Moore
et al,, 1999) and the main campaign overview paper (Ra-
manathan et al., 2001), as well as several other overviews
(Mitra, 1999, 2001, 2004; Lelieveld et al., 1999, 2001). IN-
DOEX consisted of a First Field Phase (FFP) in 1998
and an Intensive Field Phase (IFP) in 1999, along with a
few cruises and ground-based observations during the pre-
INDOEX phase (1995-1997). Table 4 provides a listing of
the ship cruises during the various phases of INDOEX. The
tracks of the 1996—1999 cruises are shown in Figs. 10 and 11
(the 1995 cruise is not shown; the track was from Durban,
South Africa to Colombo, Sri Lanka, mostly on a south-to-
north route along about 55° E). Five aircraft were involved
in the INDOEX IFP. Three were based out of the Malé Air-
port in the Maldives: the NCAR C-130, the Dutch Cessna
Citation, and the French Mystére 20 (“M20”). In addition,
two aircraft were based out of the Seychelles, as part of the
APE-THESEO campaign (Stefanutti et al., 2004): the Ger-
man DLR Falcon, and the Russian Geophysica. The oper-
ations of these two aircraft were coordinated with the IN-
DOEX operations; however, they were mostly focused on
cirrus properties in the upper troposphere, and will not be
referred to in the discussion in this section. The flight tra-
jectories for the two main aircraft measuring the SAW-ABC
outflow in the northern Indian Ocean, the NCAR C-130 and
the Dutch Citation, are shown in Figs. 12 and 13, respec-
tively. The French Mystére 20 flights with a backscatter lidar
were mostly flown into the continental outflow to the north
of the Maldives.
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Fig. 11. Cruise tracks of the 1999 RV Sagar Kaya and RV Ronald H. Brown cruises, overlaid on the mean total cloud cover from January—
March 1999 (retrieved from the METEOSAT-5 satellite radiances) (from Ramanathan et al., 2001, copyright 2001 by the American Geo-
physical Union, reproduced with permission).
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Fig. 12. Flight tracks of the NCAR C-130 during the INDOEX intensive field phase (IFP), overlaid on the mean surface wind data from the
NCEP/NCAR reanalysis (from Ramanathan et al., 2001, copyright 2001 by the American Geophysical Union, reproduced with permission).

For the INDOEX IFP, along with the ships and aircraft, a
ground station with extensive instrumentation was installed

along the Indian west coast, including Trivandrum and Goa.
Balloon sondes were launched from KCO and from the ships,

at the Kaashidhoo Climate Observatory (KCO) in the Mal-
dives, and surface observations were made at several sites

www.atmos-chem-phys.net/10/11017/2010/

measuring ozone and meteorological parameters, and con-
stant level balloons to observe air mass trajectories were
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launched from Goa (see Fig. 8). Finally, retrievals were made
available from several satellites, among them the EUMET-
SAT (European Organisation for the Exploitation of Meteo-
rological Satellites) geostationary weather satellite Meteosat-
5, which was relocated in early 1998 to 63° E, over the Indian
Ocean, to support the campaign.

In addition to these diverse observations, numerous model
simulations were performed in support of the INDOEX mea-
surements, both in the planning phase prior to the cam-
paign, as well as for guiding the measurements during the
campaign through meteorological forecasts and *“chemical
weather forecasts”. The chemical weather forecasts encom-
passed both aerosols (Collins et al., 2001; Rasch et al., 2001)
and ozone-related gases (Lawrence et al., 2003a); INDOEX
was the first field campaign to use global, tropospheric,
chemical weather forecasts, and their successful application
paved the way for making such forecasts an important com-
ponent of the flight planning of nearly all atmospheric chem-
istry field campaigns already during the first few years after
INDOEX, as summarized in Lawrence et al. (2003a; 2005).

After INDOEX, numerous individual research cruises
were conducted examining the SAW-ABC outflow in the
Arabian Sea, the Bay of Bengal, and the central Indian
Ocean. Among these were: a cruise with the Dutch RV Pela-
gia in the western Indian Ocean in April 2000 (Warneke
and de Gouw, 2001); the BOBEX (Bay of Bengal Exper-
iment) cruise with the RV Sagar Kanya during February—
March 2001 (Naja et al., 2004; Lal et al., 2006; Ramachan-
dran and Jayaraman, 2003); the PESO (Pilot Expedition to
the Southern Ocean) cruise with the RV Sagar Kanya dur-
ing January to April 2004, from western India down to the
Southern Ocean and back (Moorthy et al., 2005a; Pant et
al., 2009), and a similar cruise during January to April 2006,
reaching Antarctica with the Russian RV Akademik Boris
Petrov (Vinoj et al., 2007). These have been complimented
by island measurements, in particular ongoing measurements
in the Maldives at the ABC Maldives Climate Observatory
in Hanimadhoo (“MCOH”; Ramanathan et al., 2007a), along
with others, for instance, aerosol observations made on Mini-
coy island in the Arabian Sea (Moorthy and Satheesh, 2000)
and Port Blair in the Bay of Bengal (Moorthy et al., 2003).
An effort to integrate some of the observations from the
mainland and islands into a focused network is underway
in a new program called ARFI (Aerosol Radiative Forcing
over India; Satheesh et al., 2009). A particular highlight of
the island-based measurements has been a small campaign
called MAC (Maldives AUAV Campaign), which took place
in March 2006, using AUAVs (automated unmanned aerial
vehicles) flying in a stacked configuration to investigate the
modification of the solar radiation budget by aerosols in the
SAW-ABC (Ramanathan et al., 2007b; Ramana et al., 2007,
Corrigan et al., 2008).

By far the largest effort following INDOEX has been
the Integrated Campaign for Aerosol, gases, and Radiation
Budget (ICARB, sponsored by the Geosphere Biosphere
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Fig. 13. Flight tracks of the Dutch Cessna Citation during the IN-
DOEX intensive field phase (IFP) (from de Gouw et al., 2001, copy-
right 2001 by the American Geophysical Union, reproduced with
permission).

Programme of the Indian Space Research Organization —
ISRO-GBP), conducted over the Arabian Sea, the Bay of
Bengal and northern Indian Ocean during March—-May 2006.
An overview of the campaign is given by Moorthy et
al. (2008), and numerous papers with results relevant to the
SAW-ABC are in a special issue of the Journal of Earth
System Science (vol. 117, No. S1, July 2008), along with
further results being published elsewhere (e.g., Satheesh et
al., 2009). The primary objective of ICARB was “to charac-
terize the physico-chemical properties and radiative effects
of atmospheric aerosols and trace gases over the Indian land-
mass and the adjoining oceanic regions of the Arabian Sea,
northern Indian Ocean, and Bay of Bengal” (Moorthy et al.,
2008). An overview schematic of the campaign operations
is given in Fig. 14. ICARB included ground-based mea-
surements at various sites in India and on island stations
(Colombo, Minicoy and Port Blair), an extensive ship cruise
with the RV Sagar Kanya, and 26 flights with the Indian
NRSA Beechcraft 200 aircraft, based out of five different
locations in India during the campaign (see Fig. 15 for de-
tails). The observations period bridges the winter monsoon
period and the monsoon transition period of late spring; in
particular, the ICARB Sagar Kanya cruise leg in the Bay of
Bengal was still during the winter monsoon, and some of
these results will be noted in this section, while the Arabian
Sea leg was mainly during the monsoon transition period,
and will be discussed in Sect. 6. A second phase of ICARB,
known as W_ICARB, was conducted during December, 2008
and January, 2009,with an extensive cruise of the RV Sagar
Kanya covering much of the Bay of Bengal, and flights with
the NRSA Beechcraft 200 across southern India and over the
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Fig. 14. Schematic representation of the operational phase of ICARB during March—-May 2006. The continuous line across the ocean shows
the SK223 cruise track. The points on the lines indicate the ship’s location at 05:30 UTC for the date identified below it; the number stands
for the day and the month is indicated by M for March, A for April, and My for May. The aircraft symbols show the bases from which the
aircraft sorties were made. The other points represent the fixed stations on land where aerosol and gas measurements were made (redrawn
from Moorthy et al., 2008, copyright 2008 by the Indian Academy of Sciences, reproduced with permission).

eastern Arabian Sea; papers on W_ICARB are just beginning
to appear in the literature (e.g., Asatar and Nair, 2010; Babu
et al., 2010; Subrahamanyam et al., 2010), and are expected
to lead to an improved understanding of the distribution and
origins of pollution in the broader Bay of Bengal region; a
few initial highlights have been included in the discussion
below.

It is worth noting that in addition to these observations in
the SAW-ABC outflow, many continental source-region ob-
servations have been made at sites throughout India and other
southern Asian countries, which have provided numerous in-
sights into urban and rural aerosol and gas pollutants. Al-
though several observations, particularly at coastal sites, will
be referred to in the following sections in order to support
various points, since the focus in this paper is on the pollu-
tant outflow, we will not attempt to provide a comprehensive
overview of the continental observations as well. However,
in the context of this section it is worth briefly discussing
two recent, major field campaigns which have provided sig-
nificant information on the continental pollution levels over
the last several years: ICARB (2006), and a 2-part campaign,
also sponsored by the ISRO-GBP, in February and Decem-
ber 2004. ICARB was already noted above; in addition to
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the outflow observations, it included an intense, coordinated
sampling at several continental sites (e.g., Beegum et al.,
2008; Dumka et al., 2008; Singh et al., 2008; Badarinath
and Kharol, 2008; Niranjan et al., 2008).

The first of the 2004 ISRO-GBP campaigns (Febru-
ary 2004) was focused on using mobile labs which trav-
eled over 15 000 km together and covered a substantial cross-
section of India. This campaign found notable pollution lev-
els throughout the country (Moorthy et al., 2005b; Niran-
jan et al., 2005; Jayaraman et al., 2006; Nair et al., 2006;
Singh et al., 2006). Coastal regions were found to usually
have higher aerosol mass densities (50-150 ug/m?) than in
the semiarid interior continent (typically around or below
30 pug/m?); small regions of enhanced aerosol mass densi-
ties were found around industrialized and urban centers in
both coastal and inland regions. An interesting hypothesis
put forth from the observations along the eastern coast (Ni-
ranjan et al., 2005) is that part of the aerosol outflow from the
eastern Indo-Gangetic Plain over the Bay of Bengal, where
the small urban aerosols will pick up moisture and tend to
grow rapidly into accumulation mode, may end up being
recirculated back over the central and southern eastern Indian
coast, contributing substantially to the high aerosol optical
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11034

25°N T T T T T [ T T T T [ T T T T [ T T T T
i KOLKATA m
u CAMBAY
20°N BHUBANESHWAR -_|
r MUMBAI & T
N VISAKHAPATNAM i
B n VIJAYAWADA 7
I MURMAGAO i
15°N - ]
i MANGALORE B CHENNAI ]
10°N [ ' KOCHI
L TRIVANDRUM
L MINICOY ® i
r IS m COLOMBO 1
n e 4
50N — B . —
T N N, T T I Y T T T I T T T T N Y N
70°E 75°E 80°E 85°E 90°E

Fig. 15. Flight tracks of the Indian NRSA Beechcraft 200 during
the ICARB campaign (redrawn from Moorthy et al., 2008, copy-
right 2008 by the Indian Academy of Sciences, reproduced with
permission).

depths (AODs) observed there (the AOD is an indication of
the amount of radiation at a given wavelength that is scattered
or absorbed as the beam passes through the atmosphere; for
an AOD of 1.0, the amount of radiation which is transmit-
ted is e~! of the intensity it had before passing through the
atmosphere). Another important finding from this campaign
was that ozone levels tended to be higher downwind of heav-
ily populated regions than in the urban centers (Lal et al.,
2008Db; this is discussed further in Sect. 4.3.2).

The second ISRO-GBP campaign (December 2004) fo-
cused particularly on the Indo-Gangetic Plain region, which
was expected to be highly polluted based both on the impres-
sions from the first campaign, as well as expectations from
emissions distributions and population density databases (see
the examples in Fig. 2). During the campaign, seven sta-
tions were located in the Indo-Gangetic Plain region, plus
one station in the Himalayas slightly to the north, provid-
ing a contrast in the pollution levels. The urban sites in-
cluded a station in New Delhi, which was especially fo-
cused on understanding the “Delhi fog”, severe haze events
which occur repeatedly during the wintertime, with substan-
tial ramifications such as regular shut-downs of the interna-
tional airport (also extending to other urban regions around
Delhi). The measurements (Tripathi et al., 2006; Ganguly
et al., 2006; Ramachandran et al., 2006; Dey and Tripathi,
2007; Nair et al., 2007) clearly showed the high levels of
aerosol pollution in this region; similarly, trace gas obser-
vations (Lal et al., 2008a) showed very high levels of CO
(frequently above 1000 nmol/mol) and NOy (frequently ex-
ceeding 20 nmol/mol). The mean aerosol loads were about
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280 ug/m?, ranging from 100-400 ug/m?3, resulting in mean
aerosol optical depths (at 500 nm wavelength) in the range
of 0.4-1.4. The single scattering albedo (SSA, the ratio of
scattering to the sum of scattering and absorption) was as
low as 0.76 (at 500 nm wavelength) during fog events at the
Hissar site (to the north of Delhi), indicating substantial ab-
sorption in some regions; this is in turn due to significant BC
levels, measured to typically be in the range of 10-30 ug/m3,
up to 65 ug/m?> during fog events in Delhi. As we will discuss
below, in the continental outflow single scattering albedos are
typically somewhat higher than this, suggesting that during
transport the atmospheric processing of the particulates may
still add scattering compounds such as sulfate and organics,
whereas deposition processes of the presumably well-mixed
aerosols efficiently removes all types of aerosol compounds,
including BC.

4.2 Outflow characteristics
4.2.1 Outflow channels and layers

The outflow of pollutants contributing to the SAW-ABC
occurs primarily in two distinct layers: a pollutant plume
within the marine boundary layer (MBL), from the surface
to the MBL cap at about 800-1000m, and in an elevated
layer between about 1-3km. The flow in these two lay-
ers is qualitatively similar and dominated by the NE mon-
soon flow, though in the upper layer the airmasses generally
have a slightly more easterly origin (Ramanathan et al., 2001;
Lobert and Harris, 2002). The flow in the surface layer has
been characterized into several different channels, which are
similar near the surface and in the elevated outflow layer,
except that the airmasses in the elevated layer will gener-
ally originate more frequently from the heavily populated re-
gions towards the east, in southern and southeastern Asia.
Three primary flow channels were initially suggested by Kr-
ishnamurthi (1997a, b), and a fourth was added following
INDOEX by Verver et al. (2001). These four channels are
depicted in Fig. 5b; from east to west they are: (1) western
Arabian Sea; (2) Indo-Pakistan Desert off the Indian west
coast; (3) western Bay of Bengal; (4) SE Asia. The channels
are active intermittently, depending on the weather systems
that are present in the region. Table 5 shows that channel 1
was the most persistent during the core INDOEX IFP, being
active over 80% of the time, while channels 2 and 3 were ac-
tive about half of the time, and channel 4 only about 1/3 of
the time. Channels 2 and 3 were most relevant to the SAW-
ABC measurements during the INDOEX campaign, which
were made mainly in the region south and southwest of the
Indian subcontinent (Lelieveld et al., 2001). An interesting
side-note on the outflow channels is worth making here: it
was recently discovered (Anderson, 2009) that the airflows
basic to the SAW-ABC are also relevant for the traveling
routes of insects, helping to explain the sudden appearance
each year starting in October of millions of dragonflies on
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Table 5. Number of days (and relative frequency in %) that each of the four flow channels was present over the north Indian Ocean area during
February and March 1999 (from Verver et al., 2001, copyright 2001 by the American Geophysical Union, reproduced with permission).

Channel 1 Channel 2 Channel 3 Channel 4
(West Arabian Sea)  (Indo-Pakistan Desert off ~(West Bay of Bengal)  (SE Asia)

West Coast of India)
February 1999 26 (44%) 12 (20%) 26 (44%) 15 (25%)
March 1999 24 (41%) 21 (36%) 6 (10%) 5 (8%)
Total 50 (85%) 33 (56%) 32 (54%) 20 (34%)

the Maldives, where they would normally not be expected in
significant numbers (since they cannot reproduce there due
to the lack of open fresh water). The insects may even be
providing sustenance for migratory birds that also make use
of the tailwind to travel between India and Africa. It is un-
clear whether the substantial pollution in the SAW-ABC may
be having an impact on these insects and migratory birds.

The separation of the outflow into a surface and an ele-
vated layer was observed repeatedly during INDOEX and
has been brought out in numerous analyses of the observa-
tions. The origin of the elevated layers was initially the sub-
ject of considerable debate following INDOEX. Since then,
they have been clearly attributed to the effects of the land-sea
breeze, a well-known meteorological phenomenon (Miller et
al., 2003) which is caused by the temperature differences
over the sea and the land near the coast. During the day,
the land heats up to temperatures exceeding the sea surface
temperature (SST); the dry convective lofting of the warmed
surface-layer airmasses over the land combined with the re-
sultant pressure gradient results in a circulation with onshore
flow (“sea breeze”) near the surface and a return flow at about
800-1000m altitude, as depicted in Fig. 16. At night, the
land cools off to temperatures below the SST, and the reverse
circulation (“land breeze”, see Fig. 20) develops. Due to the
largely cloud-free conditions and the strong tropical solar ra-
diation, a relatively strong land-sea breeze develops at the
Indian east coast, although it is somewhat complicated by
orographic flows due to the Western Ghats coastal mountain
range (Mohanty et al., 2001), which have a mean altitude of
about 800 m a.s.1. (above sea level).

The coastal airmasses lofted by the sea breeze into the re-
gion above the MBL are known as the “land plume”; in the
context of the SAW-ABC they have also often been referred
to simply as the “elevated layer”. Evidence of a strong
land plume had already been noted during the pre-INDOEX
cruises, based on temperature profiles from radiosondes (Ra-
man et al., 2002), but the substantial implications that this
has for aerosol and trace gas pollutant outflow first became
clear during INDOEX. During the campaign, the elevated
pollution layer was observed in various aerosol and trace gas
measurements from several platforms, and it quickly became
clear that for many components, the majority of the outflow
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(e.g., in terms of AOD or component mass) occurs in this ele-
vated layer, rather than directly in the MBL (e.g., Manghnani
et al., 2000; Lelieveld et al., 2001; Ramanathan et al., 2001;
Léon et al., 2001; Reiner et al., 2001; Miiller et al., 2001a,
b; Sheridan et al., 2002; Chazette, 2003; Franke et al., 2003);
similar observations have also been made since INDOEX, for
example lidar aerosol vertical profile measurements clearly
showing this phenomenon at Pune (Raj et al., 2008) and off
both the east and west coasts during ICARB (Satheesh et al.,
2009). Furthermore, although most of the studies of the ele-
vated layers have been based on the INDOEX observations in
the Arabian Sea, similar elevated pollution layers have also
been observed off the east coast of India over the Bay of Ben-
gal, especially during ICARB (e.g., Moorthy et al., 2008;
Babu et al., 2008; Murugavel et al., 2008).

The formation mechanism of the land plume, based on
the analysis of Simpson and Raman (2004), is sketched in
Fig. 16a, and its effect on the potential temperature profiles
near the surface is shown in Fig. 16b. Over land, the strong
heating at the surface causes a superadiabatic (unstable) tem-
perature profile immediately above the surface, and a well-
mixed boundary layer, with a constant potential temperature,
which then increases again in the stable layer above the plan-
etary boundary layer. In the MBL close to the coast, the
temperature profile is stable, transitioning to a well-mixed
MBL capped by an inversion a few hundred km away from
the coast. An observation of a potential temperature profile
closely matching these idealized characteristics is shown in
Fig. 17a, along with the collocated ozone profile (Fig. 17b),
depicting the elevated pollution levels in the land plume. The
elevated pollution layers vary in their form and degree of
pollution, with a further example of an extreme case of a
land plume with O3 mixing ratios approaching 100 nmol/mol
shown in Fig. 18c. In this case, the land plume is connected
to relatively rapid outflow (Fig. 18a), and to a shift in the
wind direction to more easterly origins above the boundary
layer (Fig. 18b), characteristic for the wind direction profiles
in this region. Numerous gases as well as aerosol properties
such as absorption and scattering were observed to be present
at enhanced mixing ratios in the elevated layers, as depicted
in the examples in Fig. 19 (note that in the text, we will use
the SI units nmol/mol, although this and several other figures
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Fig. 16. Conceptual depiction of the interaction between the coastal sea breeze circulation and the land plume over the Indian Ocean during
day (redrawn from Simpson and Raman, 2004, copyright 2004 by the Springer Verlag, reproduced with permission).

taken from the published literature use the equivalent units
“ppb” or “ppbv” — parts per billion volume fraction, imply-
ing a molar fraction for an ideal gas). Elevated layers such as
these are frequently — though not always — present in obser-
vations made in the region during INDOEX and other mea-
surements campaigns. Due to the horizontal scale on which
the land-sea breeze occurs, which off the Indian west coast
was found to be between 80 and 130 km (Subrahamanyam et
al., 2001), it is generally difficult to capture these effects with
global models, as has been noted by de Laat et al. (2001a)
and Lelieveld et al. (2001). Additional mechanisms may also
contribute to the formation of the elevated layers, especially
over the Bay of Bengal, where a continental high pressure
system over the Indian peninsula links the pollution outflow
back to the Indo-Gangetic Plain region of northern central In-
dia, and also partially inhibits the direct transport of polluted
airmasses from India out over the Bay of Bengal. For this
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region, Aloysius et al. (2008) have hypothesized that the con-
vergence of winds from central and northern India at higher
altitudes (around 500-600 hPa), together with subsidence as-
sociated with negative vorticity in the region, could poten-
tially contribute to elevated pollution layer over the Bay of
Bengal. Their data show a correlation of AOD with aerosol
flux convergence and flux vorticity, supporting a role for this
mechanism.

Despite the potential contributions to the elevated lay-
ers from various mechanisms, recent strong support for
the primary role of the land-sea breeze in producing these
elevated layers has been provided by simulations with a
mesoscale model (Simpson and Raman, 2006) and with a
global model which includes a zoom feature allowing the
resolution to be increased to better than 0.5° in the hori-
zontal over the zoom region (Verma et al., 2006); the high
zoom resolution of the global model allows it to reproduce
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the land-sea breeze circulation, whereas it is not represented
in the lower resolutions typically used in global models. Sev-
eral features emerge from these two studies taken together.
First, the extensive and strong nature of the land-sea breeze
in this region is shown, with infrared satellite images show-
ing it to extend up to 200km offshore (Simpson and Ra-
man, 2006; note that this is rare, since typically land-sea
breeze circulations are limited to within about 100 km of the
coast). Simpson and Raman (2006) also found that this ex-
treme horizontal extent was occasionally evident in the tra-
jectories of the constant-level balloons (Appu et al., 2001;
Ethé et al., 2002) shown earlier in Fig. 8. The convergence
of the sea breeze with the NE monsoon winds results in
strong upwelling in the boundary layer. Verma et al. (2006)

www.atmos-chem-phys.net/10/11017/2010/

computed that both the mean horizontal velocity of the sea
breeze (3.4 m/s) and the ascent rate are about twice as large in
March as in February 1999. For March, the mean ascent rate
computed with the global model is about 0.25 Pa/s, which is
equivalent to about 12 h for transport from the surface to 1 km
(about 100 hPa pressure difference); interestingly, in some
cases up to an order of magnitude more rapid ascent is com-
puted with the mesoscale model, though the reasons for these
differences (other than the higher resolution of the mesoscale
model) are not known. These ascent rates are rapid enough
to readily transport a substantial amount of aerosols and trace
gases into the elevated layer each day, resulting in the ele-
vated pollutant mixing ratios such as those shown in Figs. 17
and 18.
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with permission).

Though secondary to the elevated layer in terms of pol-
luted airmasses, there is also a substantial outflow from
the continent directly in the MBL. This can especially be
anticipated, since the aerosols and shorter-lived trace gas
pollutants over land are often most concentrated near the
surface. Long-term measurements of aerosol profiles from
1989-1997 over Trivandrum in southern India show that
on average during wintertime, the aerosol number den-
sity is roughly constant over a mixing height of about
400 m, falling off above this with a scale height of 500—
1000 m (Parameswaran, 2001). An interesting feature of
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the pollutant outflow in the MBL was the appearance of
very strong horizontal gradients in pollution levels, noted
by Simpson and Raman (2005) based on aerosol measure-
ments from the RV Sagar Kanya (Jayaraman et al., 2001)
and CO measurements from RV Ronald H. Brown (Stehr et
al., 2002). Simpson and Raman (2005) propose that this is
caused by the transition from sea breeze to land breeze in
the evening, as depicted in Fig. 20. During the daytime, the
sea breeze effectively lofts pollutants into the elevated layer,
and prevents a significant outflow directly in the MBL. In the
evening, the transition to the land breeze allows a “pollution
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offshore over the Indian Ocean (redrawn from Simpson and Raman,
2005, copyright 2005 by the Indian Academy of Sciences, repro-
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front” to be transported out over the ocean, and then car-
ried further by the NE monsoon winds. In regions where
the wind is relatively steady between the coast and the ob-
servations point, this results in diurnal cycles in the pollution
(where the phase depends on the distance from the coast).
These pollution fronts can also be observed as “stripes” of
sharp gradients in infrared satellite images (Désalmand et
al., 2003), where high aerosol concentrations block the IR
radiation from the sea surface and lower the retrieved tem-
peratures. The first evidence of this diurnal behavior was
already gathered during the pre-INDOEX FFP campaign in
1998, when rapid increases of an order of magnitude in the
aerosol concentrations in all size categories were seen corre-
sponding with the onset of the land breeze in the evening
in the coastal city of Trivandrum (Murugavel and Kamra,
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1999). Similar to the daytime sea breeze effects, simulations
with a mesoscale model (Simpson and Raman, 2005) repro-
duce this mechanism, and the basic features are also present
in the zoom region of a global model (Verma et al., 2006),
confirming this as an important mechanism in controlling the
pollutant outflow in the regional MBL.

The split layers in the SAW-ABC will have important im-
plications for the large scale effects, for instance due to dif-
ferences in the impact of warming by absorbing aerosols lo-
cated near the surface (which would tend to substantially in-
crease atmospheric instability) compared to warming in the
residual layer (which can strengthen the MBL inversion cap).
Since the radiative forcing of aerosols depends on the reflec-
tivity of the underlying surface, the presence of clouds be-
low the inversion can have a strong impact on aerosols trans-
ported aloft (Haywood et al., 1997). Satellite measurements
show that when aerosol layers are advected over a partly
cloudy MBL, i.e. at a cloud coverage >0.4, the aerosol ra-
diative forcing can even switch from a net cooling to a net
warming effect (Chand et al., 2009). Furthermore, the split
layers make long-term monitoring of the pollutant outflow
more complicated, since island stations with only ground-
based instruments may not be observing the most important
part of the outflow, thus arguing for the need for regular bal-
loon soundings and lidar measurements where possible — and
perhaps in the future the implementation of routine AUAV
(unmanned airborne vehicle) measurements at some of the
remote ABC monitoring sites such as MCOH.

Finally, in addition to the surface layer and the elevated
pollution outflow layer discussed above, there is also evi-
dence of several other layers higher up, which vary strongly
from day to day, including:

— alayer at about 3—4 km altitude which carries pollution
primarily from Southeast Asia, especially from biomass
burning (Lelieveld et al., 2001; Chatfield et al., 2007),

— frequently observed free tropospheric layers, usually
between 5 and 10 km, with elevated mixing ratios of O3
and other pollutants; these were originally primarily at-
tributed to long-range transport of polluted air masses
from biomass burning in African (de Laat, 2002), al-
though a recent, more detailed analysis (Chatfield et al.,
2007) has shown that primary contributions come from
stratospheric input of O3 and from convective lofting of
pollutants out of the polluted MBL of the northern In-
dian Ocean;

— upper tropospheric pollution from southern Asia in the
return flow of the Hadley Cell, after the polluted air-
masses are lofted by convection in the ITCZ (de Laat et
al., 2001b; Phadnis et al., 2002).

This “crossroads” of pollution above the Indian Ocean
is reminiscent of the situation over the Mediterranean Sea
(see Sect. 5), and has some important consequences for the
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analysis of the SAW-ABC, such as the differences in the
anthropogenic contribution to the column-integrated AOD
versus the surface layer aerosol concentrations, as discussed
in Sect. 4.4.

4.2.2 Transit times, lofting in the ITCZ and
interhemispheric exchange

After leaving the continent, pollutants in the SAW-ABC are
transported over the ocean until they reach the ITCZ. The
typical transit time from the southern coast of India to the
ITCZ has been estimated to be about a week to ten days,
based on constant-level balloons and trajectory calculations
(Ethé et al., 2002) and on the ratios of the concentrations
of pollutants with different chemical lifetimes (de Gouw et
al., 2001). This transport time, combined with the effects
of chemical processing, dilution, and surface deposition, re-
sults in substantial north-south gradients of various gases and
aerosols, such as the example for AOD shown in Fig. 21.
These strong gradients, including the sharp gradient across
the ITCZ, were first noted in measurements made on the
pre-INDOEX and INDOEX ship cruises (e.g., Rhoads et al.,
1997; Moorthy et al., 1997; Jayaraman et al., 1998, 1999,
2001; Satheesh et al., 1998; Naja et al., 1999; Stehr et al.,
2002; Quinn et al., 2002; Chand et al., 2001, 2003; Kamra
et al., 2003; Norman et al., 2003; Nair et al., 2004; Naja et
al., 2004), as well as in aircraft observations during INDOEX
(e.g., Ramanathan et al., 2001; Reiner et al., 2001; Gabriel
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et al., 2002a; Pelon et al., 2002; de Reus et al., 2002), and
shortly thereafter were corroborated to be a general feature
of the broader region based on numerous pieces of evidence,
including further in situ observations, satellite retrievals and
model simulations (e.g., Rajeev et al., 2000, 2004; Rajeev
and Ramanathan, 2001; Rasch et al., 2001; Collins et al.,
2001, 2002; de Laat et al., 2001a, b; Lelieveld et al., 2001;
Lawrence et al., 2003a; Minvielle et al., 2004a, b; Moorthy
et al., 2005a; Satheesh et al., 2006a, b; Vinoj et al., 2007;
Verma et al., 2008).

In addition to this generally strong gradient of pollutants
in the SAW-ABC, these observations and modeling studies
have also shown a very abrupt transition between the pol-
luted NH air masses and more pristine SH air in the MBL
at the ITCZ, which can be considered a “chemical ITCZ”
(Lawrence et al., 2003a; it has also been termed the “chemi-
cal equator” by Hamilton et al., 2008, with respect to similar
observations over the Pacific). The chemical ITCZ can be
seen particularly well in surface-level CO and O3 observa-
tions; Fig. 22 shows an example in which the mixing ratios
of both gases tripled within less than a day as the RV Ronald
H. Brown crossed the chemical ITCZ heading north in late
February 1999. The ITCZ, and thus the chemical ITCZ, me-
anders to the north and south over a substantial latitude range
during the winter monsoon; for instance, during a three-week
period in 1999, it was observed to migrate nearly 10 degrees
southwards, from about 2°S to 11°S, at an average rate of
approximately 50 km/day (Lawrence et al., 2003a; note that
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this is also consistent with the analysis of the wind fields in
Verver et al., 2001). The position and movement of the chem-
ical ITCZ was shown to be simulated and even forecasted
well by a global chemistry-transport model at a standard con-
temporary horizontal resolution of about 2° in the horizontal
(see Fig. 22).
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American Geophysical Union, reproduced with permission).

Once airmasses reach the ITCZ, deep cumulus convection
lifts trace gases and aerosols out of the MBL and deposits
them into the MT and UT (middle and upper troposphere).
Model simulations show that as a result of this, the main
region in the UT in which tracers from India are concen-
trated is the equatorial central to western Indian Ocean (de
Laat et al., 2001b; Phadnis et al., 2002). At the same time,
some of the gases and aerosols are taken up in the conden-
sate in the ITCZ convection, and depending on their degree
of solubility or hygroscopicity, can be very efficiently re-
moved from the atmosphere by precipitation (Andronache et
al., 2002; Wilcox and Ramanathan, 2004). Deep convection
characteristically transports air rapidly and directly from the
BL to the UT, compensated by slower subsidence into the
MT (for overviews of the general effects of deep convective
transport on pollution tracers, see Lawrence et al., 2003b;
Lawrence and Rasch, 2005; Lawrence and Salzmann, 2008;
and references therein). These transport characteristics are
reflected in the average ages of air masses sampled in this
region (Fig. 23), which are about 4-8 days in the MBL, in-
creasing rapidly to 10-14 days in the MT (4-7 km), but then
falling to 6-10 days in the UT (above 7 km), with minimum
values falling to 4 days in the outflow region around 12 km
(de Gouw et al., 2001). This is also seen in the vertical pro-
files of CO and several other gases (e.g., propane), which
frequently had UT mixing ratios which exceeded their MT
values (de Gouw et al., 2001).

An important consequence of the ITCZ convection is that
scavenging by precipitation in the convective cores signifi-
cantly reduces the concentration of medium-sized and large
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aerosol particles reaching the convective outflow in the UT.
This in turn reduces the surface area available onto which
newly-formed particles would normally rapidly condense,
thus making the UT outflow region very conducive to the
nucleation of new particles (de Reus et al., 1998). Some of
the slightly soluble pollution gases, including some organics,
may survive the precipitation scavenging and, subsequent to
their oxidation in the UT, contribute to the particle formation.
Subsidence, combined with growth through coagulation and
coalescence, then results in a source of small particles to the
MT. This direct connection between deep convective outflow
and new particle formation was first observed during IN-
DOEX by de Reus et al. (2001), who found a substantial en-
hancement in ultrafine particles in the upper troposphere, as
shown in Fig. 24, corresponding with a weaker enhancement
in the mixing ratio of CO (a long-lived tracer of deep con-
vective outflow). Based on further analysis of these observa-
tions, they concluded that this is the main source of ultrafine
particles in the UT and submicron particles in the MT over
the northern Indian Ocean during the winter monsoon, and
hypothesized that this connection may be important in other
convectively-active regions as well. The role of this process
for the INDOEX region has since been corroborated by mod-
eling studies (e.g., Engstrom et al., 2008), as well as by inde-
pendent measurements made in the CARIBC project using
commercial aircraft flying in the UT over the Arabian Sea
(Weigelt et al., 2009). The CARIBIC data also show a sim-
ilar relationship for flights over the Caribbean; however, for
flights over southeastern Europe, the relationship was only
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observed for airmasses that had experienced very long con-
tact times (>4h) with clouds upwind of the observations,
and for data from the Middle East and the midlatitude North
Atlantic Ocean, no clear connection was observed. On the
other hand, it has been clearly observed that such nucleation
events occur over Brazil and Africa in the TROCCINOX and
AMMA campaigns (Weigel et al., 2010). Thus it is clear that
this occurs in other regions as well, but it not yet clear how
significant this mechanism is on a global scale. One likely
cause for regional variability is the dependence on the chem-
ical nature of the mixture of aerosol precursor gases (Kul-
mala et al., 2006). It will also compete with other major
source mechanisms, such as the formation of new particles
along fronts and in midlatitude tropopause folds (de Reus et
al., 2000; Young et al., 2007). Finally, an important issue
for future research will be investigating how the potential for
new particle formation relates to the dynamical characteris-
tics of individual convective storms.

The ITCZ is the gateway for interhemispheric transport,
which occurs via various mechanisms, such as outflow
from deep convection and Rossby wave propagation (Hart-
ley and Black, 1995; Lintner et al., 2004). The occur-
rence of interhemispheric transport during INDOEX was in-
ferred by Williams et al. (2002) based on the observation
that in the UT south of the ITCZ, the mixing ratios of CO
(>100 nmol/mol) can exceed the typical SH MBL mixing
ratios (about 50 nmol/mol) by more than a factor of two, but
are very consistent with the typical NH MBL mixing ratios in
the inflow region of the ITCZ deep convection. The physical
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mechanisms controlling interhemispheric exchange in this
region were examined by Zachariasse et al. (2001). Most
of the exchange appears to take place in the MT and UT,
especially from convective outflow, since the strong near-
surface convergence associated with the Hadley Cell makes
the transport of air masses from one hemisphere deep into the
other hemisphere directly in the MBL difficult. A preferred
region for interhemispheric mixing in the UT was identified
using back trajectories as the convergence region between
two anticyclones, one in the SH over northern Australia and
the other in the NH east of the Philippines, from which air
then enters the Indian Ocean region, passing over the highly
convective Indonesian region. There are several questions
still open in understanding the interhemispheric transport,
such as the degree of interannual variability, especially in
connection with the ENSO, and whether the presence of the
SAW-ABC and its influence on the regional climate and cir-
culation have an influence on the ITCZ and interhemispheric
transport.

Interhemispheric transport of the SAW-ABC pollutants
appears to not only be important in the north-south direc-
tion, but also between the Eastern and Western Hemispheres.
In particular, it has been hypothesized that the SAW-ABC
may help to explain the “tropical Atlantic ozone paradox”
(Thompson et al., 2000), in which it has been noted that
a striking maximum in total column ozone occurs over the
southern Atlantic at the same time as the maximum biomass
burning is occurring over northern Africa, despite the pre-
vious assumption that lofting of African emissions would
provide the primary and perhaps nearly exclusive source of
pollutants for the Atlantic region. Chatfield et al. (2004)
show that the SAW-ABC provides an episodic and signifi-
cant source of ozone pollution to the Atlantic troposphere,
via occasional convective lofting of the pollutants over the
northern to central Indian Ocean, addition of NOy from con-
vection (particularly over Africa), westward transport in the
upper troposphere, and merging in of stratospheric O3 and
ozone precursors from convective lofting over Africa, while
subsidence over the Atlantic “tends to enhance the O3 col-
umn as high O3 fills in from above”. Although the north-
ern Indian Ocean tends to be relatively cloud-free during the
winter monsoon, down to the ITCZ, occasional deep convec-
tion in mesoscale convective systems does occur (Roca et al.,
2002), leading to the possibility of this long-range contribu-
tion to the tropical Atlantic ozone columns.

4.3 Chemical characteristics and processing

This section gives an overview of the chemical character-
istics as well as the processing of trace gases and aerosols
in the polluted airmasses of the SAW-ABC; aerosols are
discussed first in the Sect. 4.3.1, followed by gases in
Sect. 4.3.2.
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4.3.1 Aerosols

The strong gradient in AOD from the southern Asian coastal
regions down to the ITCZ was discussed in the previous sec-
tion (Fig. 21). Despite this rapid decrease away from the
coasts, the aerosol mass loading over much of the north-
ern Indian Ocean is nevertheless substantial, even up to
several hundred km downwind, e.g., at KCO, where the
mean aerosol dry mass density was measured using cas-
cade impactors and filter samplers and found to be 17 ug/m?
for supermicron aerosols, and ranged from 19-22 pg/m?> for
submicron aerosols in polluted, highly scattering airmasses,
down to ~8 pg/m> in low scattering airmasses (based on the
instrument intercomparison and aerosol properties analysis
in Clarke et al., 2002, and on the overview of Lelieveld et
al., 2001, which makes use of the measurements described
in Chowdhury et al., 2001, and Eldering et al., 2002). The
submicron aerosol lies between the mean values of 15 ug/m?
for suburban air pollution and 33 ug/m?® determined for urban
pollution in North America and Europe (Heintzenberg, 1989;
unfortunately, despite the vast wealth of observations — or
perhaps due to it — there are no comprehensive overviews of
regional mean aerosol mass densities following up on this
study). Perhaps even more poignant is the comparison to
recommended exposure limits: adding the submicron and su-
permicron aerosol masses observed at KCO together yields
nearly 40 ug/m>, which exceeds the legally-binding limit
value for PMg mass concentrations in Europe (EC, 1999).
On the other hand, these values are much lower than ob-
served in major Indian cities, such as the measurements made
during INDOEX in Mumbai (Venkataraman et al., 2002),
which showed typical 24-h average PM( values in the range
of 120-180 ug/m?, and Goa (Alfaro et al., 2003), for which
the mean total particulate matter densities were ~60 ug/m?
and the mean PM values were ~27 ug/m> (note that differ-
ent measurements techniques and cut-off sizes were used for
the different measurements, e.g., PMjg will include all of the
submicron and much, but not all of the supermicron compo-
nent; thus, a direct quantitative comparison cannot be made,
rather these give a qualitative indication of the differences
and similarities of these regions).

Airborne measurements onboard the C130 (Gabriel et al.,
2002a) over the Indian Ocean north of the ITCZ were com-
parable to KCO measurements, with submicron aerosol mass
densities typically in the range of about 7-34 ug/m? in the
layer from the surface up to 3.5km, the highest densities
typically being found in the elevated pollution layer. This
range of aerosol mass densities is also reflected in more
recent observations and in other parts of the northern In-
dian Ocean; for instance, an average aerosol mass density
of 8.9 pg/m3, with a mean number density of 7+3 cm™3,
was measured in the Bay of Bengal during the PESO cruise
of January—March 2004 (Pant et al., 2009), and a range of
about 5-50 ug/m? in both the Arabian Sea and Bay of Ben-
gal observed during ICARB (Kumar et al., 2008; George and
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Table 6. Mean fine and coarse mass fractions of aerosols col-
lected on filters on board the NCAR C-130 aircraft in the boundary
layer (34 samples) and at Kaashidhoo Climate Observatory (KCO)
(24 samples). D is diameter. MSA is methane sulfonic acid. “Rest”
includes magnesium, calcium, oxalate, formate, and unidentified
material (based on Lelieveld et al., 2001, copyright 2001 by the
American Association for the Advancement of Science, reproduced
with permission).

Compound D<1pum D>1um

mass (pg/m3) (%) mass (pg/m3) (%)
Sulfate 7.0 32 4.3 25
Organics 5.7 26 3.2 19
Black carbon 3.1 14 1.7 10
Mineral dust 2.2 10 1.9 11
Ammonium 1.8 8 1.9 11
Fly ash 1.1 5 1.0 6
Potassium 0.4 2 0.2 1
Nitrate 0.1 <1 0.7 4
Sea salt, MSA 0.1 <1 2.0 12
Rest 0.4 2 0.2 1
Total 22 17

Nair, 2008). The effective particle radius was observed to
be 0.20+0.08 um for particles in the elevated pollution layer
above the nearby Hulule Island (4.1° N, 73.3° E, at the Mal-
dives airport) during the INDOEX IFP and in March 2000
(Miiller et al., 2003). AODs over KCO and Hulule typi-
cally ranged from 0.15-0.4 (Welton et al., 2002; Lobert and
Harris, 2002; Satheesh et al., 2002; Miiller et al., 2003).
Occasionally, maritime airmasses which were far removed
from anthropogenic influence were sampled, in which case
the AODs were typically less than about 0.05. Generally
observed AODs ranged from about 0.1-0.6 over the Indian
Ocean north of the ITCZ (see Fig. 21).

Several studies have indicated that the aerosol mass con-
centrations over the Bay of Bengal tend to be either compa-
rable to or somewhat higher than over the Arabian Sea, and
also that the relative contribution of anthropogenic versus
natural sources to the AOD tends to be higher over the Bay
of Bengal (e.g., Ramachandran and Jayaraman, 2003; Kedia
and Ramachandran, 2008; Reddy et al., 2008; Kedia et al.,
2010); a few exceptions to this have been observed, however,
as can be anticipated, given the heterogeneous distribution of
aerosols in the SAW-ABC outflow over both regions. Simi-
larly for gases, O3 and CO have been observed to have higher
mixing ratios over the Bay of Bengal than the Arabian Sea
(Naja et al., 2004; Lal et al., 2006; Asatar and Nair, 2010).
This also applies to airmasses sorted by their origins based
on back trajectories, depending strongly on the platform and
thus the sampled region, as shown by Clarke et al. (2002):
data from the NCAR C-130 shows roughly equal aerosol
properties for the two trajectory origins (with the notable
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exception of the mass concentration of nss-SOz_, which is
about twice as high for airmasses from the Arabian Sea as
for those from the Bay of Bengal), while the data from the
RV Ronald H. Brown shows that the airmasses from the Bay
of Bengal are much more polluted in several aspects, espe-
cially with respect to the BC loading.

In contrast to the polluted NH airmasses, immediately
south of the ITCZ the MBL airmasses were observed to
be much cleaner, with typical aerosol mass densities of
~2 ug/m? observed in the MBL during INDOEX (Gabriel et
al., 2002a) and 3 pug/m?> at the surface during PESO (Pant et
al., 2009), and AODs in clean airmasses of about 0.05+0.02
(Welton et al., 2002). Further south of the ITCZ, the PESO
measurements (Moorthy et al., 2005a; Pant et al., 2009) show
that the aerosol loadings increase again, up to 8—10 ug/m?
in the Southern Ocean south of 30° S, primarily due to the
high sea-salt aerosol source resulting from the strong winds
in the “roaring forties” (with correspondingly lower number
densities, in the range of ~4—-6cm™3, due to the larger par-
ticles, and very low fractional contributions of BC to the to-
tal aerosol). The contrast between the polluted NH and the
clean SH just south of the ITCZ was used by Lelieveld et
al. (2001) to infer a large (>85%) human-produced contri-
bution to the total SAW-ABC aerosol. The main exceptions
to this are the contribution of DMS to sulfate, which was
found by Norman et al. (2003) to be up to 40% in clean-
est airmasses in the northern Indian Ocean (though less than
10% in polluted air), and mineral dust, although Lelieveld et
al. (2001) argued that even for this component, a substantial
(but difficult to quantify) contribution is likely due to road
dust and agriculture. Subsequent analyses provide further
support for this, for instance based on amounts and ratios of
various aerosol constituents in the measurements made dur-
ing ICARB (Kumar et al., 2008; Reddy et al., 2008).

The chemical composition of fine particles as observed
during INDOEX at KCO and in the MBL during 34 C130
flights, which should be broadly representative of the SAW-
ABC in the northern Indian Ocean MBL, is summarized
in Fig. 25 and Table 6. The aerosol composition measure-
ments (Table 6) indicate that sulfate is the most abundant
component, accounting for 1/4-1/3 of the aerosol mass,
followed by organic matter (~20-25%) and black carbon
(~10-15%), soil dust and ammonium (both about 10%), and
sea salt (10% of the supermicron particles). Aerosol chem-
ical composition observations on the RV Ronald H. Brown
similarly showed the dominance of total carbonaceous par-
ticles for the submicron size range (Guazotti et al., 2001).
Interestingly, with the exception of sea salt and nitrate, the
composition of the submicron and supermicron aerosols are
remarkably similar, with the contributions from sulfate and
carbonaceous aerosols being slightly greater in the submi-
cron aerosol, compensating for the missing contributions
from seasalt and nitrate. Even the partitioning of carbona-
ceous aerosol is very similar, with about 2/3 being OM (or-
ganic matter), the other 1/3 BC for both size classes. The
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Fig. 25. Average mass (M) composition of the aerosol observed at
the Kaashidhoo Climate Observatory (KCO) during February 1999,
as a function of the particle size. The residual includes mineral
dust, fly ash, and unknown compounds (from Lelieveld et al., 2001,
copyright 2001 by the American Association for the Advancement
of Science, reproduced with permission).

relative contributions of OM and BC for the C130 flights
alone (Gabriel et al., 2002a) were somewhat greater than the
values listed in Table 6, since the aircraft frequently sam-
pled the elevated plume, with its stronger continental com-
ponent, as discussed in the previous section. However, the
differences between the chemical composition observed on
the aircraft and the island (as well as shipboard) are not very
large, and on the whole the aerosol composition over the
northern Indian Ocean was found to be remarkably uniform
(Lelieveld et al., 2001).

One of the most remarkable features of the aerosol chemi-
cal composition is the high mean black carbon concentration
observed at KCO and over the northern Indian Ocean (Ta-
ble 6), which is not much smaller than the 4.0 +0.46 ug/m?
for BC in fine particles observed upwind in Goa (Alfaro et al.,
2003). Furthermore, the BC/PM ratios are nearly the same
at the coast and in the outflow: 6-11% at KCO (Chowdhury
et al., 2001) and ~10% at Goa (Alfaro et al., 2003). Thus,
despite the strong gradients away from the coasts, the relative
BC contribution remains remarkably constant. This gives the
aerosol a strong sunlight-absorbing character, with a mean
single scattering albedo over KCO ranging from 0.91 at
440 nm to 0.83 at 1020 nm, with a roughly linear wavelength
dependence in this range (Eck et al., 2001), and a very com-
parable value of 0.90+0.06 at 532 nm measured for the ele-
vated plume above Hulule Island (Miiller et al., 2003). These
values are typical for much of the northern Indian Ocean
and Arabian Sea, with mean values of 0.83 £ 0.05 based
on retrievals from the lidar on the French M20 (and a sim-
ilar value being inferred from Meteosat 5 satellite retrievals;
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Léon et al., 2002), and values of 0.8540.01 observed on
the RV Ronald H. Brown for airmasses directly influenced
by low-level outflow from the Indian subcontinent (Quinn et
al., 2002). The lowest values, around 0.8, were typically ob-
served in airmasses originating from northern India (Miiller
et al., 2003). In the vertical, data over the Arabian Sea near
the Indian west coast taken during the recent W_ICARB cam-
paign (Babu et al., 2010) indicate that the SSA tends to de-
crease with altitude, being lower in the elevated pollution lay-
ers than directly at the surface.

Several studies have used aerosol model simulations to ex-
amine the spatial distributions of the various aerosol compo-
nents (Rasch et al., 2001; Collins et al., 2001, 2002; Reddy
et al., 2004; and Minvielle et al., 2004a, b). All of these
result in a consistent picture of the regional distribution of
the aerosol components and their contribution to the total
concentration and AOD, with an example from Reddy et
al. (2004) shown in Fig. 26. Several of these also include
an evaluation of the models compared to the INDOEX and
pre-INDOEX observations, all concluding that the models
are able to represent the AOD sufficiently well to be used
for subsequent analyses of the regional aerosol properties,
though often with offsets, such as the tendency to underes-
timate high-pollution episodes noted in Reddy et al. (2004).
One of the most interesting findings common to these stud-
ies is the overall complexity of the SAW-ABC: no individ-
ual component dominates the overall outflow. Instead, most
of the individual components contribute significantly to the
AOD throughout the region, and nearly every component
provides the largest contribution to the AOD in at least one
part of the Indian Ocean:

sulfate over the eastern Arabian Sea, especially near the
southwestern coast of India;

organic matter (OM) over much of the Bay of Bengal,
especially the eastern part;

dust over the northwestern Arabian Sea; and

seasalt over the central Indian Ocean.

The two exceptions to this are BC and fly ash; however, al-
though BC does not dominate the AOD anywhere, it never-
theless plays an important role throughout the northern In-
dian Ocean due to its sunlight absorbing nature, as discussed
above. It is worth noting that the model simulations may
appear to contradict the indication noted above based on
the aircraft, ship and island measurements, that the aerosol
composition in the sampled region is “remarkably uniform”
(Lelieveld et al., 2001). This uniformity refers to the large
pollution plume that was tracked from the Indian coastal
region, over the Maldives and the northern Indian Ocean,
which does not necessarily represent the overall SAW-ABC.
During INDOEX the measurements were focused mainly on
the region to the north and south of the Maldives, where the
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Fig. 26. AOD at 550 nm from different aerosol species: (a) sulfate, (b) black carbon (BC), (¢) organic matter (OM), (d) fly ash, (e) dust, and
(f) sea salt (from Reddy et al., 2004, copyright 2004 by the American Geophysical Union, reproduced with permission).

various aerosol components largely co-vary in their concen-
trations, maintaining relatively uniform ratios; the shifts in
dominant aerosol species, according to the model simula-
tions, are mostly farther away from this region (e.g., in the
Bay of Bengal or northwestern Arabian Sea).

The relative constancy of the aerosol composition in the
direct outflow of the Indian subcontinent, as measured during
INDOEX, is largely due to the combination of steady, rapid
monsoon winds together with the low cloud coverage and
precipitation amounts. Wilcox and Ramanathan (2004) per-
formed simulations with an aerosol model including and ne-
glecting precipitation scavenging, and found the simulations
with scavenging reduced the aerosol amounts over the Indian
Ocean basin by only about 25% compared to the simulation
neglecting scavenging. They also found that most of this
scavenging occurs in regions of light precipitation; although
rare, the precipitation events are still frequent and efficient
enough to remove much of the aerosol already before the air-
masses reach the heavy precipitation regions in the ITCZ,
and even occasional deep convective systems form in the
northern Indian Ocean during this period (Roca et al., 2002).
Nevertheless, the overall dry nature of the monsoon outflow
results in relatively long aerosol lifetimes, ~7 days for sul-
fate and ~8 days for carbonaceous aerosol particles, com-
pared to the global average of ~5 days (Rasch et al., 2001).
Recent work (Granat et al., 2010) indicates that this is even
exacerbated for BC aerosol particles, which generally have a
“washout ratio” (the rate of loss compared to non-scavenged
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insoluble compounds) which is only about one-third as large
as that of sulfate (note that this only applies during the winter
monsoon, whereas during the summer monsoon the washout
ratios for BC and sulfate appear to be similar, indicating that
BC is acting effectively as a cloud condensation nuclei un-
der the conditions of the more vigorous summertime convec-
tion).

The long lifetimes prolong the time during which oxi-
dation reactions can take place, which results in a greater
“sulfate potential” (Rasch et al., 2001) for the SO, emit-
ted from southern Asia during the wintertime, partly com-
pensating for the lower relative SO, emissions for this re-
gion compared to most other parts of the world (see Ta-
ble 2). Furthermore, the time during which aerosol-aerosol
and aerosol-gas interactions can take place is prolonged in
the SAW-ABC. Electron microscope analysis of the haze
aerosol clearly shows that “internally mixed” aerosols con-
taining sulfate, organic carbon and soot are present all the
way down to the ITCZ (Ramanathan et al., 2001). In con-
trast, the models noted above generally treat the aerosols as
separate, “‘externally mixed” components. A recent review
by McFiggans et al. (2006) stresses that internal mixtures
are the rule rather than the exception, apart from regions
close to the aerosol sources. The mixing state of aerosols
has important repercussions for their optical properties and
regional radiative forcing. In the outflow from India natu-
ral dust aerosols typically mix with black carbon and other
anthropogenic compounds, which can strongly enhance the
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Fig. 27. Values of the pH of rain observed in various studies dur-
ing the time period 1963-1999, at Indian Ocean sites and in India
(both rural and suburban (underlined) sites), obtained using bulk
(black) and wet only (red) collectors (redrawn from Kulshrestha et
al., 2005, copyright 2005 by Elsevier, reproduced with permission).

radiative forcing compared to the single, i.e. externally mixed
particulates (Jacobson, 2001; Satheesh et al., 2006a, b; Wang
et al., 2009). Traditionally chemistry-climate models treat
aerosols in categories according to their emission sources,
such as dust, sea salt, sulfate, black carbon, organics, etc.
(e.g., Stier et al., 2005). Since these components do not
have a chemical identity, several aspects such as the mix-
ing state, their chemical aging through oxidation processes,
coating by strong acids and the hygroscopic growth proper-
ties must all be prescribed or parameterized, e.g., through
look-up tables. Recently, global modeling has started to ac-
count for such processes in greater detail by more explic-
itly treating the individual reactive species and gas-aerosol
partitioning, including the “processing” of particles by cloud
condensation-evaporation cycles (Pringle et al., 2010). The
continuation of these efforts will be critical to developing a
deeper understanding of aerosol particles and their effects in
this region.

Finally, not only are the aerosols affected by precipitation
in the region, but in turn the chemical composition of the
aerosols also has a notable impact on the precipitation chem-
istry. Numerous studies of precipitation and fog chemistry
in continental India (e.g., Norman et al., 2001; Safai et al.,
2004; Ali et al., 2004; plus a review paper by Kulshrestha
et al., 2005) have shown a tendency for precipitation in this
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region to be neutral to alkaline, in contrast to the normally
acidic precipitation throughout much of the rest of the world,
especially near and over the continents; a depiction of the
mean pH values measured over India and the surrounding
oceans is shown in Fig. 27. This is due to the combina-
tion of NHI produced from human and animal excrement
together with cations like Ca>* and Mgt from the alka-
line soils. A downward trend in pH has been determined
from long-term measurements (Safai et al., 2004), due to
increases in emissions of N- and S-containing compounds,
and decreases of open soil regions due to urbanization, but
this has not yet been sufficient to reverse the regional pre-
cipitation from alkaline to acidic. Over the ocean, rainwa-
ter samples collected in the SAW-ABC during the INDOEX
IFP on the RV Ronald H. Brown and Sagar Kanya (Granat
et al., 2002), as well as on the Sagar Kanya during ICARB
(Reddy et al., 2008), clearly reflected the influence of an-
thropogenic and soil sources of (non-sea-salt) SO?[, NO; s
NH;, K* and Ca’", although the concentrations were typ-
ically a factor of 2-3 lower than over land. The concentra-
tions of cations like Ca’>* tended to decrease more rapidly
away from the coasts than anions like SOi_, due to the dif-
ferences in aerosol size (with the larger mineral dust aerosols
being scavenged and sedimenting out more efficiently), so
that the precipitation over the ocean, especially towards the
ITCZ was generally more acidic than over land. The chem-
ical composition of the deposited aerosols has far-reaching
consequences, not only for the cloud microphysics, but also
as an important source of nutrient input to the marine regions,
especially in terms of the fixed nitrogen budget in the coastal
waters around India (Church and Jickells, 2004).

4.3.2 Gases

Many of the studies of gas phase chemistry in the SAW-
ABC have focused on ozone, due to its role as both a green-
house gas and an air pollutant with implications for health
and agriculture, as well as its role as a driver for atmo-
spheric chemistry, e.g., in the production of OH and the par-
titioning of NO and NOj, etc. Due to this, O3 was mea-
sured from nearly all platforms during the INDOEX IFP and
pre-INDOEX campaigns, including at ground stations, on-
board the ships, by balloon sondes, and on the aircraft (e.g.,
Rhoads et al., 1997; Mandal et al., 1999; Naja et al., 1999,
2004; Chand et al., 2001, 2003; Rao et al., 2001; Peshin et
al., 2001; Lal and Lawrence, 2001; de Gouw et al., 2001;
Williams et al., 2002; Stehr et al., 2002; Burkert et al., 2003;
Ladstatter-Weissenmayer et al., 2007). Since then, data from
satellite retrievals (e.g., Fishman et al., 2003; Ladstétter-
Weissenmayer et al., 2007) and model simulations (de Laat
et al, 2001a; de Laat, 2002; Saraf et al., 2003) focused on
analyzing ozone in this region, as well as other cruises in the
Indian Ocean (e.g., Lal et al., 2006, 2007), have added to this
information base.
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The combination of high pollution levels in the SAW-
ABC, the strong tropical solar radiation and the frequently
cloud-free conditions results in substantial photochemical
production of O3 in the outflow air masses directly off the
coast of India, with relatively high ozone mixing ratios of
50-70 nmol/mol observed up to a few hundred km downwind
(Lal and Lawrence, 2001; Stehr et al., 2002; Chand et al.,
2003; Burkert et al., 2003). Similarly high maximum mix-
ing ratios (up to slightly over 60 nmol/mol) were observed
in the outflow over the Bay of Bengal during the 2001 and
2003 Sagar Kanya cruises (Naja et al., 2004; Lal et al., 2006,
2007). Peak values in the residual layer were even observed
to reach 80—100 nmol/mol, as depicted in Fig. 19 (Lelieveld
et al., 2001). Interestingly, Lal and Lawrence (2001) noted
that the observations in major west coast Indian cities avail-
able up to that time showed much lower O3 mixing ratios,
typically about 10-35 nmol/mol on average, ranging up to
~50 nmol/mol maximum daytime peak values (e.g., Varsh-
ney and Aggarwal, 1992; Lal et al., 2000). Several stud-
ies since then have also measured similar ozone levels in
other Indian coastal cities (e.g., Nair et al., 2002; Debaje
and Kakade, 2009). Lal and Lawrence (2001) suggested
this would imply that strong photochemical production of
ozone was occurring in the outflow, whereas ozone was be-
ing titrated by reaction with NO in the Indian cities, though
it was unclear at first whether this would really be the case,
since the NO emissions in Indian cities are considerably less
than in many other parts of the world (see Tables 12 and 3).
One explanation of relatively strong photochemical ozone
formation in some parts of the Indian Ocean is the rapid in-
crease of NOy emissions from ship traffic, which is partic-
ularly dense in the congested track between Sri Lanka and
Indonesia (Beirle et al., 2004).

Lal and Lawrence (2001) also suggested that the strong
photochemical production in the urban outflow was likely to
similarly be occurring over rural regions of India, although
observations were not available at the time of INDOEX to
examine this hypothesis. Following INDOEX, however, ob-
servations made downwind of the coastal city of Ahmedabad
(Chand and Lal, 2004) showed that this strong photochemi-
cal O3 production does indeed occur in rural regions of In-
dia downwind of major cities, with maximum ozone lev-
els exceeding 100 nmol/mol. Further observations made at
eight rural sites in eastern and central India during the first
ISRO-GBP campaign in February 2004, clearly confirmed
the widespread nature of elevated rural ozone mixing ra-
tios in India, with average mixing ratios at the sites in the
range of 60—90 nmol/mol (Lal et al., 2008b), high enough to
have significant negative impacts on human health, natural
ecosystems and agriculture. These indications of potential
agriculture impacts are supported by simulations with a re-
gional chemistry-transport model (Roy et al., 2008, 2009),
which show that large areas of India are in exceedence of
the recommended AOT40 threshold (AOT40 is the Accu-
mulated exposure Over a Threshold of 40 nmol/mol, which
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the UNECE (United Nations Economic Commission for Eu-
rope) and WHO (World Health Organization) have stipulated
should not exceed 3000 nmol/mol-h in a three month period).
Regional monitoring will be important to establish in order to
better characterize the ozone distribution over India and limit
the social and economic consequences of ozone pollution.

As the polluted continental airmasses are transported far-
ther away from the coast, NOy levels decline rapidly due to
conversion to HNOj3, and chemical ozone depletion takes
over (e.g., Rhoads et al., 1997; Lal et al., 1998; Naja et
al., 1999), with the lifetime of O3z falling to about 5 days
(Chand et al., 2003). This corresponds to a loss of about
15% per day, and results in a decrease in ozone levels to
about 10 nmol/mol near the ITCZ. The ozone depletion ap-
pears to be widespread over the northern Indian Ocean away
from the coasts: based on observations of several trace gases
and key photolysis rates, including the very low NOy levels,
Burkert et al. (2003) determined that all airmasses sampled
on the RV Ronald H. Brown were in the regime of rapid pho-
tochemical destruction.

The daytime photochemical loss of Oz in the marine
environment is typically counterbalanced by advection of
polluted upstream air masses at night, resulting in a diur-
nal cycle with minimum concentrations during the day and
maximum at night (de Laat and Lelieveld, 2000). In regions
remote from fresh pollution the O3 diurnal cycle is thus ex-
pected to be relatively small. These diurnal cycles are differ-
ent than the “pollution fronts” that were found to be some-
times associated with diurnal cycles of less photochemically-
driven components of the SAW-ABC such as aerosols and
CO, as discussed in Sect. 4.2.1, occurring due to the tran-
sition from daytime sea breeze to nighttime land breeze.
Ozone over the continent tends to be depleted at night, so
that the airmasses that are transported more readily off the
coast by the land breeze into the MBL at night will gener-
ally have low ozone mixing ratios. However, much of the
depletion is due to reaction with NO, so that there is an ap-
proximate conservation of oxidant O3+NO,; when the sun
rises on the airmasses that are transported offshore, ozone is
initially replenished by NO; photolysis. Farther downwind,
NOy is rapidly depleted by reaction with OH, and photo-
chemical loss of ozone takes over in determining its diur-
nal cycle, fitting with observations (which do not show the
“pollution front” characteristics of a phase shift in the diur-
nal cycles depending on the distance from the shore). Chand
et al. (2003) observed that the diurnal variations also per-
sisted in regions where there were no horizontal gradients,
concluding that downward mixing from the free troposphere
can also contribute to producing the diurnal cycles, espe-
cially near the equator. Bremaud et al. (1998) observed a
similar phenomenon on Reunion Island in the southwestern
Indian Ocean, concluding from their data that the entrain-
ment velocity would need to be an order of magnitude greater
at night than during the day in order to match their observa-
tions; some of this difference was hypothesized to be due to
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the differences in turbulent sensible heating fluxes during day
and night, although in their case, topographic influences from
Reunion Island may have also played a role in producing the
apparent differences in entrainment rates.

Interestingly, the observed magnitude of the diurnal cycle
of O3 in the MBL far away from the shore was sometimes
observed to be very large. During the 1995 RV Malcolm
Baldrige cruise, Rhoads et al. (1997) found it to be 30-37%
(peak-to-peak) in tropical maritime airmasses, which they in-
dicated implies an O3 loss rate which is considerably faster
than can be explained with traditional HOx—NOy photochem-
istry, and speculated that reactions with halogens (e.g., Vogt
et al., 1996) might be involved. Chand et al. (2003) observed
an even larger maximum diurnal cycle, with a relative am-
plitude of 54% in a band between 10-15° S during the 1999
INDOEX IFP; in all other regions, however, and during the
1998 INDOEX FFP, they observed a diurnal cycle of only
about 20% or less. Stehr et al. (2002) observed diurnal cycles
during the 1999 Ronald H. Brown cruise typically around
20%, ranging up to 27%, and Naja et al. (2004) also noted
diurnal cycles peak-to-peak magnitudes of generally around
20-30% for the Sagar Kanya cruises from 1996-2001. Dur-
ing a summertime 2002 cruise of the RV Sagar Kanya in the
Arabian Sea (as part of the Arabian Sea Monsoon Experi-
ment — ARMEX), Ali et al. (2009) similarly observed very
low levels of ozone, which could not be reproduced with a
global chemistry-transport model, and likewise inferred that
reactive halides might be contributing to ozone destruction in
this region.

Following up on the initial suggestion by Rhoads et
al. (1997) that halogen chemistry might play an important
role in the Indian Ocean MBL, Dickerson et al. (1999) used
a photochemical box model to demonstrate that catalytic
destruction of O3 due to reactions with bromine-containing
compounds could indeed be a viable mechanism for repro-
ducing the large diurnal cycles. Evidence of bromide de-
pletion in sea-salt aerosols, and thus in turn of reactive
bromine release into the gas phase, has been observed dur-
ing numerous campaigns over marine regions (Sander et
al., 2003), including several over the Indian Ocean (Sada-
sivan, 1978, 1980; Johansen et al., 1999; Gabriel et al.,
2002b). Furthermore, satellite retrievals for the INDOEX pe-
riod (Ladstitter-Weissenmayer et al., 2007) showed evidence
of about 4 pmol/mol of BrO in the MBL in the northern In-
dian Ocean, very close to the daytime average BrO mixing
ratios of 4—5 pmol/mol computed in the simulations of Dick-
erson et al. (1999). The study of Burkert et al. (2003) also
used a box model to simulate the MBL photochemistry, to-
gether with INDOEX observations of key gases and param-
eters for the ozone budget (e.g., OH, HO, and photolysis
rates of NO; and O3) and came to a similar conclusion about
the role of halogens. Wagner et al. (2002) added a twist to
this with further box model sensitivity simulations compared
to their INDOEX observations, showing that high concen-
trations of reactive chlorine result in excessive amounts of
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CH,0 compared to the observations, while high concentra-
tions of reactive bromine do not notably affect CH,O. Recent
observations over the Atlantic Ocean (Read et al., 2008) pro-
vide further strong support for the general role of halogens,
especially bromine, in reducing ozone over marine regions.
In the case of the Indian Ocean, quantification is still needed
of the role of halogens, in particular in terms of the depen-
dence of the effects on the details of pollution composition in
the SAW-ABC outflow, together with the wind-speed-related
source of sea-salt aerosols.

The rapid ozone depletion by photolysis and subsequent
reaction of excited oxygen atoms (O('D)) with water vapor
in turn results in significant production of OH. In lieu of di-
rect OH measurements, De Gouw et al. (2001) used the ra-
tios of various hydrocarbons in a “quasi-Lagrangian experi-
ment” during INDOEX, in which the observations were tar-
geted to sample roughly the same airmass in the outflow on
two subsequent days, to estimate a 24-h average OH con-
centration in the Indian Ocean MBL of 3.7 x 10° molec/cm?,
in approximate agreement with the output from two global
models compared to in that study. This is higher than the
estimated mean OH concentration in the southern Indian
Ocean, which Warneke and de Gouw computed to be about
1.4 (£0.7) x 10° molec/cm?® based on the diurnal cycle of
DMS. The northern Indian Ocean values is also several
times higher than the global average OH concentration of
about 1 x 10° molec/cm?® (Lawrence et al., 2001), sufficient
to provide substantial breakdown rates of trace gases in the
SAW-ABC, resulting for instance in a CO lifetime of only
~15 days near the surface, and a NOy lifetime of less than
a day. The high oxidant levels in the haze are also impor-
tant for chemical processing of aerosol precursors, such as
the oxidation of SO, to sulfate by reaction with OH in the
gas phase, or by reaction with H,O;, O3, HOC] and HOBr
(von Glasow et al., 2002) in cloud droplets and aerosols. Due
to the rarity of clouds, oxidation by OH plays a dispropor-
tionately large role here compared to other cloudier regions
(Rasch et al., 2001). This is reflected in a clear dependence
which was observed for the SO, concentration on the travel
time since India (Norman et al., 2003). It can also be antic-
ipated that the high OH levels will be important in the rapid
oxidation of various hydrocarbons which have been observed
to be present at significant levels in the SAW-ABC compared
to rural continental observations, though much lower than
observed in urban Indian regions (Miihle et al., 2002; Sahu
et al., 2006; Lal et al., 2008b). Furthermore, rapid oxidation
of SOA precursors may also lead to formation and growth of
SOA, although we are unaware of any studies examining this
issue specifically in the SAW-ABC.

4.4 Origins of the SAW-ABC
The chemical characteristics of the SAW-ABC are closely

linked to its origins, which have been examined in several
studies. These can be broadly sorted into two main classes:
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Table 7. Air mass origins encountered during the pre-INDOEX
and INDOEX cruises, characterized by broad regions, along with
the more specific characterizations of Quinn et al. (2002); the ab-
breviations in square brackets refer to those used in Fig. 28.

Broad Specific origins

characterization

SHmX SH Atlantic [SHALt]], SH Indian Ocean
[SHIO]!

SHmT SH Indian Ocean [SHIO]

NHmT NH Indian Ocean [NHIO],
Arabian Sea/coastal India [AS/CI]

NHcT Indian subcontinent (western/central and
eastern) [IndSub, EIndSub]

NHcX Arabia

NHc? Arabia + India mixture

The SH Indian Ocean (SHIO) was not included for SHmX in the Quinn et
al. (2002) summary; it is added here based on results from several of the other
studies listed in the text.

2 Added to the Quinn et al. (2002) summary based on Ball et al. (2003).
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those focused specifically on the origins of the pollution in
airmasses which were sampled on various platforms during
INDOEX and during the pre-INDOEX cruises; and those us-
ing 3-D models to consider the overall outflow of continental
pollution over the various sub-regions of the Indian Ocean.
These studies show that there is no single, well-defined origin
for the SAW-ABC as a whole, but rather a mixture of re-
gions and source processes from which the pollutants orig-
inate. The influence of continental emissions varies in time
and space, depending on the regional meteorology, and also
varies for different aerosols and gases, depending on their
major source processes and their lifetimes due to chemi-
cal degradation, sedimentation, deposition and scavenging.
However, several basic, overarching aspects of the origins
of the SAW-ABC emerge from these studies, as discussed
below.

Numerous analyses of the trace gas and aerosol measure-
ments made during the pre-INDOEX and INDOEX cruises
have employed back trajectories to classify the air mass ori-
gins into several basic regions. The earliest of these studies,
by Rhoads et al. (1997) for the RV Malcolm Baldrige cruise
in 1995, encountered air masses with four different ori-
gins: Southern Hemisphere maritime extratropical (SHmX),
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Southern Hemisphere maritime tropical (SHmT, also called
SHmE in some studies, with “E” for “equatorial”), North-
ern Hemisphere maritime Tropical (NHmT, or NHmE), and
Northern Hemisphere continental Tropical (NHcT). Several
analyses of the 1999 RV Ronald H. Brown cruise data
(Miihle et al., 2002; Quinn et al., 2002; Stehr et al., 2002;
Welton et al., 2002; Wisthaler et al., 2002; Ball et al.,
2003; Burkert et al., 2003) build directly on this classifi-
cation, and also show that the 1999 cruise encountered an
additional air mass origin from the Northern Hemisphere
continental extratropics (NHcX), and one further analysis of
the RV Ronald H. Brown cruise (Ball et al., 2003) added the
Northern Hemisphere continental (NHc) region, which was
encountered in surface layer air along the west coast of In-
dia, where coastal mesoscale circulations mixed airmasses
from India into the prevailing flow from Arabia. Gener-
ally the SHmX airmasses prevailed south of about 20° S, the
SHmT airmasses were encountered mostly from there up to
the ITCZ, NHmT mainly up to about 0-5° N, and the conti-
nental airmasses (NHcT and NHcX) prevailed north of this.
Quintessential to these analyses is the additional characteri-
zation provided by Quinn et al. (2002), in which these broad
regions were associated with eight more specific regions, as
listed in Table 7, and shown for the RV Ronald H. Brown
cruise track in Fig. 28.

The analysis of the strong variability in the aerosol
and trace gas measurements made during the RV Ronald
H. Brown cruises is facilitated in the studies noted above by
decomposing the observations into their regions of origin, as
classified in Table 7. The overall picture that emerges from
these studies is:

— SHmX and SHmT airmasses are relatively uninfluenced
by continental emissions (as hypothesized in planning
INDOEX); these airmasses have the lowest aerosol op-
tical depths observed during the campaign, dominated
by the contribution from sea salt aerosols, very low O3
and CO mixing ratios, and generally properties similar
to observations in the remote Pacific and Atlantic Ocean
regions;

— North of the ITCZ, the lowest concentrations of aerosols
and pollutant gases were observed in NHmT airmasses,
although these already show a substantial influence of
continental emissions, with e.g. nss-sulfate concentra-
tions being more than five times higher and O3 and CO
mixing ratios also several times higher than in the SH
marine airmasses (note that these clean SH airmasses
were rarely observed in the NH, according to Gabriel
et al. (2002a), due to the convergent flow in the winter
monsoon towards the ITCZ);

— Even higher concentrations of nss-sulfate were ob-
served in the NHcX airmasses, as well as high con-
centrations of particulate organic matter (POM) and in-
organic oxidized material (IOM), and notable amounts
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of BC aerosols; chemical classification of the aerosols
and trace gases showed that these pollutants mostly
originated from fossil fuel burning and industrial pro-
cesses, which led to the highest concentrations observed
during the campaign of several gases such as ozone,
methane, acetylene, ethane, and propane; the NHcX
airmasses were also moderately absorbing, mainly due
to the presence of mineral dust from the Arabian desert
regions, with single scatter albedo values around 0.9;

— NHcT and NHc airmasses influenced by the Indian sub-
continent generally had the highest concentrations of
BC, POM, IOM, and SO?[, as well as CO, originating
from a mixture of FFB and BMB + BFB sources; they
also had the greatest degree of absorption of solar radi-
ation, with a mean single scatter albedo of about 0.85,
primarily due to BC.

Recently, a similar approach was applied to the 1998 and
1999 RV Sagar Kanya cruises (Verma et al., 2007; Nor-
man et al., 2003), though using different classifications of
the regions. Earlier analyses of the Sagar Kanya data (e.g.,
Parameswaran et al., 1999; Moorthy et al., 1999) mostly
made use of trajectories or streamline data to more broadly
demonstrate that the polluted airmasses in the north were
consistent with a continental origin, and cleaner airmasses in
the south with maritime origins. Analysis of the more recent
ICARB 2006 Sagar Kanya cruise (Reddy et al., 2008) com-
bined with back trajectories revealed a very similar overall
picture to the analyses summarized above, in particular with
the most polluted airmasses, especially in terms of sulfate
aerosols, deriving from the Indian continental region.

A few studies have also examined the pollutant origins for
the airmasses observed onboard the aircraft deployed dur-
ing INDOEX. For instance, for the NCAR C-130 aircraft,
Gabriel et al. (2002a) classified airmasses into their region of
origin based on back trajectories, again with differences in
the classification scheme compared to the studies discussed
above, but with similar overall findings to the analyses of the
RV Ronald H. Brown cruise data. A further example is the
study of Forét et al. (2006), who used regional 3-D model
simulations of artificial tracers from Madras, Calcutta, Hy-
derabad and Mumbai to classify the pollutant origins for the
LIDAR plume observations made during one flight with the
French M20.

An alternate perspective is offered by the studies of Lobert
and Harris (2002), Moorthy et al. (2003), and Beegum et
al. (2008), who examined the origins of polluted airmasses
arriving at three island locations in the northern Indian
Ocean: the Kaashidhoo Climate Observatory (KCO) on the
Maldives, Minicoy Island (about 500 km west of the south-
ern tip of India), and Port Blair (the capital of the Andaman
and Nicobar Islands) in the central Bay of Bengal. Lobert
and Harris (2002) considered a time series of observations
of CO and other gases at KCO in light of back trajectories
arriving at KCO. The trajectories were grouped into several
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American Geophysical Union, reproduced with permission).

main regions of origin using a clustering technique. Trajec-
tories at 950, 850 and 750 hPa had broadly similar origins,
as noted in Sect. 4.2.1, with the higher altitude trajectories
tending towards a slightly more easterly origin than those at
the surface. A strong interannual variability was found for
the years analyzed (1998-2000), but generally there is a con-
sistent shift in origin from east to west over the period of
January to April, with:

— trajectories in January primarily originating from south-
ern India, the Indo-Gangetic Plain (including Kolkata)
by way of the Bay of Bengal, and southeastern Asia;

— February and March being a mix of about half of the
airmasses having the same origins as in January, and
the other half from Arabia via the Arabian Sea (with
notable interannual exceptions, such as only 5% origi-
nating from Arabia in February 1999); and

— airmasses in April originating mostly from Arabia, the
Arabian Sea and south-central India (again with excep-
tions such as April 1998, during which about half of the
trajectories originated over southeastern Asia).

A very distinct gradient in CO as a function of the region
of origin was found, as shown in Fig. 29, with the highest
mixing ratios (150-200 nmol/mol) originating from SE Asia
and the India/Bay of Bengal regions, and somewhat lower
levels (100—150 nmol/mol) in air originating from Arabia and
Europe, consistent with the differences in emissions charac-
teristics in India and other regions discussed in Sect. 2. The
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CO observations were found to also correlate very closely
with several aerosol properties, such as the AOD and the ab-
sorption and scattering coefficients.

Figures 30 and 31 show summaries of the trajectory anal-
ysis of Beegum et al. (2008) for Minicoy Island and Port
Blair. Minicoy Island shows generally similar characteris-
tics for trajectory origins to KCO, including the shift to more
westerly origins between March and April, especially in the
elevated pollution layer. At Port Blair the airmass trajectories
originated mainly from Southeast Asia, the Indo-Gangetic
Plain in northern India, and a small fraction (~10%) from
Arabia, traversing over northern India. A clear shift towards
a greater fraction of maritime origins is seen for both lo-
cations in May during the monsoon transition period (see
Sect. 6). Interestingly, Moorthy et al. (2003) found for Port
Blair that the airmasses originating from the east tended to
have even higher values of AOD, as well as greater Angstrom
exponents (indicating an abundance of fine particles), than
those originating from the west, which will partly contribute
to the observations (see Sect. 4.3.1) that the Bay of Bengal
tends to be somewhat more polluted than the Arabian Sea.

In order to develop a broader classification of the origin of
the gas and aerosol pollutants in the SAW-ABC, several stud-
ies have employed models, often in combination with in situ
or satellite observations. The rest of this section will focus on
studies which specifically examine the SAW-ABC, though
it is worth noting that several other studies have been pub-
lished using models to examine the overall source-receptor
relations for various global regions, which have included the
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Fig. 30. Back trajectory groups arriving at 1800 m a.s.l. over Mini-
coy Island (MCY) and Port Blair (PBR) during April 2006. The
vertical bars over the mean line show the spatial spread of each
group. The regions of origin are: “E” — Eastern Asia; “I” — India;
“W” — Western Asia and Arabia; “M” — marine (from Beegum et
al., 2008, copyright 2008 by the Indian Academy of Sciences, re-
produced with permission).

SAW-ABC in this context, both for aerosols (e.g., Koch et
al., 2007) and for gases (e.g., Fiore et al., 2009).

Most of the aerosol modeling studies on this topic (Rasch
et al,, 2001; Collins et al., 2001, 2002; Reddy et al.,
2004; Minvielle et al., 2004a, b) have focused on examining
the distributions of the different aerosol components, and
broadly linking these to the regions where sources of these
components are known to be prominent (e.g., dust from the
Arabian deserts, BC from biofuel burning in India and sur-
rounding countries). The basic picture emerging from these
studies has been discussed in Sect. 4.3.1. The study of Verma
et al. (2008) takes these analyses a step further by examin-
ing the influence of individual regions and source processes
on the distributions of the aerosol components over south-
ern Asia and the Indian Ocean; an example of this is shown
in Fig. 32 (note that the total sulfate and BC aerosol sim-
ulations are essentially the same as those from Reddy et
al. (2004), shown earlier in Fig. 7). Table 8 presents a sum-
mary of the relative contributions of anthropogenic sources,
as well as three major anthropogenic source categories, FFB,
BFB and BMB, to the surface aerosol density (in pg/m?)
and AOD in five subregions: the Indian subcontinent; the
Arabian Sea (AS) and the Bay Of Bengal (BOB), both of
which are assumed to extend down to 5° N; and the west-
ern and eastern tropical Indian Ocean regions (WTIO and
ETIO, respectively), both from 5° N-20°S. On the whole,
the anthropogenic contribution is computed to be generally
larger for AOD than for surface concentrations, especially
over the marine regions. This is largely due to two factors:
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Table 8. Relative contributions of source processes to the surface
aerosol density and AOD (in %, all values rounded to the nearest
integer) for the five subregions noted in the text: AS = Arabian Sea;
BOB =Bay Of Bengal; WTIO=Western Tropical Indian Ocean;
ETIO =Eastern Tropical Indian Ocean (based on data in Table 1
of Verma et al., 2008, copyright 2008 by the American Geophysical
Union, adopted with permission).

Emissions Source
Anthropogenic

Region Natural Total FFB BFB BMB
Surface density
India 32 68 36 18 14
AS 76 24 15 1 8
BOB 69 31 18 4 9
WTIO 89 11 6 1 4
ETIO 94 6 3 1 2
AOD
India 12 88 44 14 30
AS 16 84 40 10 34
BOB 12 88 54 12 22
WTIO 40 60 35 7 18
ETIO 46 54 32 7 15

first, in the MBL, sea salt aerosol densities are large and com-
pete strongly with anthropogenic aerosols; and second, in
the model simulations of Verma et al. (2008), some of the
anthropogenic emissions such as SO, from large industrial
sources and aerosols from biomass burning are emitted into
higher model levels (up to 1500 m above the ground, as de-
scribed in Reddy et al., 2004). Thus, in the surface layer,
there is a notably larger influence from anthropogenic emis-
sions directly over India, a moderate influence (about 1/4—
1/3 of the total aerosol) over the AS and BOB, and a small
(order 10%) influence over the WTIO and ETIO. In con-
trast, for the AOD there is a much larger influence of anthro-
pogenic emissions everywhere, especially over the AS and
BOB, which have relative contributions comparable to that
computed for the air column over India (exceeding 80%),
and even over the tropical Indian Ocean regions more than
half of the AOD is due to anthropogenic emissions. Among
the anthropogenic sources, FFB makes the largest contribu-
tion, about 1/2 to 2/3 of the anthropogenic surface density
and AOD, while BFB + BMB contribute the other 1/3 to 1/2.
Breaking these down into their chemical and regional ori-
gins, Verma et al. (2008) found the following (note that this
goes beyond Table 8, which shows only source types, not the
details of regional tracer origin):

— the FFB contribution is mostly in the form of sulfate
aerosols, but also contributes notably to BC and OM,;
the largest contribution of sulfate (surface density and
AOD) in most of the receptor regions is from India,
though a substantial contribution (50-60%) from the
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rest of the world is computed for the tropical Indian
Ocean regions;

BFB especially influences BC, particularly over India
and the Bay of Bengal, with about 60-80% of BC in the
surface layer coming from India, and the Indo-Gangetic
Plain being the largest contributor amongst Indian sub-
regions;

BMB is especially important for OM, as well as
contributing significantly to BC, mostly coming from
Africa and Arabia, with a notable influence throughout
the domain, and a particularly large role in the aerosol
composition over the Arabian Sea;

Natural emissions are primarily in the form of sea salt
in the MBL, and dust, mainly from Africa and Arabia,
particularly in elevated aerosol layers.

Two caveats to these results are worth noting. First, the role
of BFB + BMB is likely to be somewhat overestimated, since
as discussed in Sect. 2 (Fig. 3), the new results of Gustafsson
et al. (2009) show that the contribution to BC over the In-
dian Ocean is somewhat smaller than previously indicated in
Reddy and Venkataraman (2002a, b), on which the emissions
used in Verma et al. (2008) are based. Second, the aerosol pa-
rameterization used in the simulations of Verma et al. (2008)
included a simplified aerosol microphysics and assumed ex-
ternal mixtures. This has on the one hand the advantage that
the results of the simulations including only emissions from
each region or source type under consideration will be linear,
so that these simulations provide an exact source attribution
for each region or process in the model (for more complex,
non-linear aerosol parameterizations, this would not be the
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case). On the other hand, this introduces further uncertain-
ties in the results compared to a model with a more complex
aerosol representation. In both cases, however, we do not
expect this to have a significant qualitative influence on the
results discussed here.

Similar to the Verma et al. (2008) analysis of aerosols, a
few studies have examined the broader features of the origins
of gas phase tracers like radon, CO, NOy, O3, and polycyclic
aromatic hydrocarbons (PAHs). Like for aerosols, some of
these have included evaluations compared to the INDOEX
observations, which generally show that the models are ca-
pable of simulating relatively well the large scale gradients
and their changes over time, and thus presumably the gross
influences of shifts in tracer origin, especially for CO.

A good overall indicator of the connection between out-
flow patterns and pollutant origins is the radioactive tracer
radon, which has an approximately uniform source over the
continental regions, no source from the oceans, and a well-
known decay time (half-life of 3.8 days). Radon measure-
ments were planned during INDOEX (Moore et al., 1999),
but to the extent of our knowledge were never published.
However, tagged radon tracer simulations for the region
(Rasch et al., 2001) are useful in examining airmass origins;
like for the aerosol tracers, the Indian contribution is found
to dominate throughout much of the region, with significant
additional contributions from Arabia and Africa, especially
in the elevated pollutant layers discussed above.

Carbon monoxide, also valuable as a pollution tracer, has
a much longer lifetime than radon or aerosols, and thus is
more strongly influenced by long-distance transport sources.
Nevertheless, the southern and southeastern Asian contribu-
tions to CO in the SAW-ABC are still very apparent, with

www.atmos-chem-phys.net/10/11017/2010/



M. G. Lawrence and J. Lelieveld: Review: southern Asian pollution outflow

40°N 0.25
3OON 0016
0.12
20°N
0.08
10°N
0.04
0° 0.02
10°S 0.01
20°s °
40°E 60°E 8O0°E 100°E 120°E
(a) AOD—Sulphate (Total)
40°N 100
920
30°N 80
70
° 60
20°N 50
40
10°N 35
30
0-° 25
20
10°8 15
10
20°8 0
40°E O60°E 80°E 100°E 120°E
(c) AOD—Sulphate (India)
40°N o 100
4 90
30°N 80
70
° 60
20°N 50
40
10°N 35
30
0-° 25
20
10°S 15
10
20°s 0
40°E 60°E 80°E 100°E 120°E
10°N 4\£) 40D~Sulphate (Ep)
90
30°N 80
70
° 60
20°N 50
40
10°N 35
30
0° 25
20
10°8 15
10
20°S 0

40°E 60°E 8O0°E 100°E 120°E
(g) AOD—Sulphate (ROW)

40°N 0.25
3OON 0.16
0.12
20°N
0.08
10°N
0.04
0° 0.02
10°S 0.01
20°8 o
40°E 60°E 80°E 100°E 120°E
(b) AOD—BC (Total)
40°N 100
90
30°N 80
70
o 60
20°N 20
40
10°N 35
30
0° 25
20
10°8 15
10
20°g o
40°E 60°E B80°E 100°E 120°E
(d) AOD—BC (India)
40°N 100
20
30°N 80
70
o 60
20°N (.‘ 20
40
10°N 35
30
0° 25
20
10° 15
B 10
20°S o
40°E 60°E 80°E 100°E 120°E
0oN (f) AOD—BC (EA)
4 o
30°N
20°N
10°N
OO
10°S
20°S T T T T T T
40°E 60°E 80°E 100°E 120°E

(h) AOD—BC (AFWA)

Fig. 32. Aerosol optical depth (AOD) at 550 nm simulated with the LMD-ZT GCM for sulphate and BC aerosols: (a) and (b) total; (c) and
(d) from India; (e) and (f) from East Asia; (g) sulphate from the rest off the world (not including Africa); (h) BC from Africa and Arabia
(from Verma et al., 2008, copyright 2008 by the American Geophysical Union, reproduced with permission).
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about 30-40% of the CO throughout most of the Arabian
Sea MBL coming from India, and 20-30% over most of the
Bay of Bengal coming from SE Asia (de Laat et al., 2001b;
Phadnis et al., 2002). Even down to the equator, generally
>20% of the MBL CO is simulated to be from India (in the
west) or SE Asia (in the east).

For NOy, which has significant chemical feedbacks, it is
more difficult to determine an exact attribution. An alter-
nate approach, used by Kunhikrishnan and Lawrence (2004),
is to determine the “small perturbation tendency”, or first-
order sensitivity to changes in the emissions, which is done
by reducing the NOx emissions in a region by a small frac-
tion (e.g., 10%), then comparing the relative change in the
NOy mixing ratio in the outflow regions to the relative re-
duction in the emissions. Doing this, the sensitivity of the
SAW-ABC to the NOy emissions from India is computed to
be about 20-30% near the surface over the Arabian Sea and
30-40% over the Bay of Bengal, with a similar sensitivity to
SE Asian emissions over the Bay of Bengal. Over the cen-
tral Indian Ocean, due to its short lifetime (of the order of
1 day), NOy is relatively insensitive to any continental emis-
sions, with the largest sensitivities being to SE Asia (5-10%)
and to India (3-5%).

The photochemical production of O3 in the lower tropo-
spheric SAW-ABC outflow from southern Asia, resulting in
relatively high mixing ratios (exceeding 50 nmol/mol) for
several hundred km off the coast of India, was discussed
above (Sect. 4.3.2). Several studies have also examined var-
ious aspects of layers of O3 pollution observed higher up
in the free troposphere. The most comprehensive of these,
by Chatfield et al. (2007), points towards two primary ori-
gins of ozone in the layers above 3—4 km altitude: strato-
spheric injection (Zachariasse et al., 2000, 2001), which pro-
vides an additional ~40-50 nmol/mol of O3 when this mech-
anism is active, and convective injection of ozone and its
precursors from the low-level SAW-ABC outflow into the
middle troposphere over the northern Indian Ocean, which
provides an additional ~20-30 nmol/mol. The analysis of de
Laat (2002) provides an alternate explanation for these ozone
layers, suggesting, based on model simulations in compari-
son with ozone soundings, that they originate mainly from
convective lofting of biomass burning emissions over Africa.
However, two particular criticisms of de Laat (2002) were
raised by Mandal (2002): the assumption of an African BMB
source is not consistent with the dataset south of the ITCZ,
where similar ozone layers were encountered in the UT, but
no biomass burning source should be available from Africa
(i.e., stratospheric injection must be playing a significant
role there); and only a subset (about half) of the available
ozone soundings were selected for the analysis, possibly
missing important signals in the remaining data. Chatfield
et al. (2007) also state that though some of their trajecto-
ries do originate from the region west of North Africa, none
come “close to either lightning or the potential venting of
biomass burning.” Sorting out this disagreement definitively
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will make an interesting future topic of research in this area
of the field.

Finally, the origins of PAHs, another pollution tracer
with important health implications, were investigated by
Crimmins et al. (2004). They compared their data on the
RV Ronald H. Brown during the INDOEX leg of the cruise
to data with the same instrument on the AEROSOLS 99 leg,
which traversed the Atlantic Ocean prior to INDOEX. Gener-
ally, the PAH concentrations over the northern Indian Ocean
were found to be much larger (by approximately an order
of magnitude) than those over the northern Atlantic Ocean.
Comparison with other pollutants suggested that the main
source is from fossil fuel combustion, with a smaller contri-
bution from biomass burning. Interestingly, they found that
although the total rate of fossil fuel burning in southern Asia
is much smaller than that in Europe or the United States (see
Tables 2 and 3), the larger amounts of inefficient combustion
and fewer emissions controls in southern Asia results in no-
tably greater PAH levels above the northern Indian Ocean
than over the northern Atlantic.

Two final points are worth noting. First, many of these
studies were conducted for one or two specific years (mostly
1999, plus some also for 1998), so that no clear sense can
be given of the interannual variability in the details of the
pollution origins as discussed above. However, some stud-
ies have examined the general impact of interannual variabil-
ity on the pollution over the Indian Ocean, as discussed be-
low in Sect. 4.5. Second, the degree of connection between
the pollution origins and the resulting pollution levels in the
SAW-ABC depends strongly on the chemical processing and
aerosol aging which occurs within the outflow, as discussed
previously in Sect. 4.3.

4.5 Trends and interannual variability

Concurrent with the increase in pollutant emissions dis-
cussed in Sect. 2, one would expect a long-term trend in
the SAW-ABC pollution levels. This has been clearly ob-
served over Trivandrum, a city on the southwest coast of
India, for which consistent AOD measurements have been
made over an extended period (Parameswaran et al., 1998).
The time series was analyzed after INDOEX by Satheesh et
al. (2002), and shows a gradual increase in AOD (at 500 nm
wavelength), doubling in value from ~0.2 in 1986 to ~0.4
in 1999 (see Fig. 33). Ozone has also shown a long-term
increase based on measurements of the total column over
23-45 years at several locations (Chakrabarty et al., 1998),
and based on surface-level measurements made in the In-
dian west-coast city of Ahmedabad; peak afternoon values
increased from about 25 nmol/mol in the mid-1950s to over
50 nmol/mol in the early 1990s (Naja and Lal, 1996). Sim-
ilarly, recent measurements of CO over the Bay of Ben-
gal made during the W_ICARB cruise of December 2008—
January 2009 show notably higher mixing ratios than ob-
served during previous campaigns (including INDOEX) in
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Fig. 33. Long-term variations in aerosol optical depth from 1986 to
1999 measured above Trivandrum; plotted are annual mean values
with standard deviations determined from the monthly means (from
Satheesh et al., 2002, copyright 2002 by the American Geophysical
Union, reproduced with permission).

1999, 2001 and 2002 (Asatar and Nair, 2010), although the
time period is too short and the data too sparse to establish a
robust trend for CO.

Superimposed on these trends is a strong interannual vari-
ability, which can be seen in Fig. 33, as well as in the earlier
example depicted in Fig. 21. This was particularly noticed
during and immediately after INDOEX, when observed AOD
(Ramanathan et al., 2002) in the 1000 x 1000 km region sur-
rounding KCO was found to be up to twice as high in 1999 as
in 1998. Similar large differences were also noted for gases
such as CO (Lobert and Harris, 2002).

This large interannual variability led to the suggestion that
the INDOEX results could be biased towards more polluted
conditions than normal, since “the intensity of the haze hap-
pened to be a maximum in 1999 when the INDOEX observa-
tions were made” (Srinivasan and Gadgil, 2002; a response
to this was given by Ramanathan et al., 2002, indicating
in particular that the UNEP/ABC report, which was the fo-
cus of the commentary by Srinivasan and Gadgil, 2002, was
based on a broad set of measurements and model simula-
tions, not only the 1999 INDOEX data). A considerable de-
bate evolved to determine the causes of the interannual vari-
ability, which included a special session on this issue at the
first INDOEX science workshop in Utrecht, the Netherlands,
in September 1999, with 15 presentations on various aspects
of the contrast between 1998 and 1999. Since then, several
publications have analyzed various aspects of this. For in-
stance, Norman et al. (2003) examined aerosol observations
from the 1998 and 1999 Sagar Kanya cruises and from the
1999 Ron Brown cruise, finding that the higher aerosol con-
centrations in 1999 compared to 1998 were associated with
much shorter trajectory transport times since the last contact
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with the Indian subcontinent (~50 h for the 1999 Ron Brown
cruise and ~60h for the 1999 Sagar Kanya cruise, com-
pared to ~110h for the 1998 Sagar Kanya cruise), result-
ing in a much greater potential for deposition loss in 1998.
The reason for the shorter transport times in 1999 was a
particularly strong northeasterly flow, transporting airmasses
rapidly from the Indian subcontinent (also discussed in the
meteorological overview by Verver et al., 2001).

A broader analysis of the interannual differences was pro-
vided by de Laat and Lelieveld (2002), who showed that the
differences between 1999 and the previous years 1996—1998,
as depicted in Fig. 34, can be ascribed to two main factors
acting together. First, early 1999 was a La Nifa period, dur-
ing which the high pressure system which normally resides
over southern Asia was stronger than normal, enhancing the
pressure gradient between the Indian subcontinent and the
northern Indian Ocean and strengthening the continental out-
flow. Second, during this period (especially February 1999)
the convection in the ITCZ was considerably weaker than
normal, associated with a passive phase of the Madden-Julian
Oscillation (MJO), resulting in less effective ventilation of
the pollutants out of the continental outflow, and thus in a
buildup of trace gas and aerosol levels in the lower tropo-
sphere (LT) in the INDOEX measurements region. These
two factors can also generally be used to explain most of the
variations on a monthly-average basis which were observed
throughout the INDOEX and pre-INDOEX campaigns (de
Laat and Lelieveld, 2002).

Despite these large interannual differences, particularly
seen in the region surrounding the Maldives, which was in-
tensely sampled during INDOEX, it appears that there is
much less interannual variability in the aerosol optical depths
over the larger region covering most of the Arabian Sea and
northwestern Indian Ocean. This was shown by Ramanathan
et al. (2002), based on data from Li and Ramanathan (2002)
and Tahnk and Coakley (2002), as depicted in Fig. 35; the
wintertime AOD only varies by about £15% from year to
year, with the AOD for 1999 being only slightly above the
average from 1995 to 2001. An open question is whether
this apparent stability is due to the relative interannual con-
stancy of the largely anthropogenic emissions in the regions
surrounding the Arabian Sea and northern Indian Ocean, or
whether it is more of a balance — perhaps coincidental during
the period analyzed by Ramanathan et al. (2002) — between
processes leading to higher AODs in some parts of the region
and lower AODs elsewhere.

4.6 Regional climate effects

The large scale effects of the SAW-ABC include in particu-
lar the radiative and cloud-modifying properties of aerosols
and the resulting perturbations to the regional atmospheric
and oceanic energy balance and climate. These effects de-
pend on both the amount of aerosol present and the aerosol
composition, and thus in turn on the emissions and chemical
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Fig. 34. Surface CO mixing ratio (ppbv) south of India at 5.5° N, 77° E, for February and March 1999, 1998, 1997, and 1996, calculated
with the ECHAM4 chemistry-general circulation model. The straight lines represent the monthly averaged modelled CO mixing ratios (from
de Laat and Lelieveld, 2002, copyright 2002 by the American Geophysical Union, reproduced with permission).

processing, with the uncertainties and heterogeneities noted
above. Despite these uncertainties, one message has become
clear: the aerosol forcing is large, and the particles are highly
effective in absorbing solar radiation. There are many differ-
ent possible impacts of the SAW-ABC on regional climate.
An summary of several of the main possible climate effects
is presented in Table 9. This section gives an overview of
the current state of knowledge about these regional climate
impacts.

4.6.1 Radiative forcing and atmospheric heating

As discussed in Sect. 4.3.1, the SSA of aerosol mixtures ob-
served over the Indian Ocean is typically ~0.9, computed
from several independent methods based on observations,
and it plays a key role in the radiative forcing of climate (Ra-
manathan et al., 2001). Model simulations indicate particu-
larly low values (SSA<0.8) over continental northern India,
Southeast Asia, and the northern Bay of Bengal (Collins et
al., 2002). Black carbon is largely responsible for the absorp-
tion of solar radiation by the aerosols, and is nearly ubiqui-
tously present in the pollution plumes (Lelieveld et al., 2001;
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Satheesh, 2002; Satheesh et al., 2002; Vinoj et al., 2004). In
the pollution source regions within the Indo-Gangetic plains
the black carbon component is typically 10% or higher (Ni-
ranjan et al., 2006; Ganguly et al., 2009), and although
the aerosol mass concentrations decrease by dry deposition
during transport, this fraction stays approximately constant
during transport over the Indian Ocean (Ramanathan et al.,
2001). Recently, it was shown that Asian air pollution
also contains substantial quantities of “brown’ carbonaceous
compounds in amorphous spherules, which adds to the cli-
mate effects of the black carbon (Alexander et al., 2008).
The absorbing and scattering properties of these spherules
show a complex dependence on wavelength and diameter, as
shown in Fig. 36. This of course adds a considerable com-
plexity to an accurate representation of these effects in model
simulations.

The radiative forcing efficiency, defined as the mean forc-
ing per unit of AOD, depends on the aerosol mixing state.
The absorption of sunlight can be non-linearly enhanced in
a thick and well-mixed (internally mixed) aerosol haze due
to the increased reflections and extinction efficiency, as well
as gaseous absorption, notably by water vapor (Podgorny
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Table 9. Climate impacts of the SAW-ABC.
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Impact

Level of understanding

Aerosol forcing

Solar dimming

Surface cooling effect

Reduction of surface evaporation
Weakening of latitudinal SST gradients
Doubling of boundary layer heating rate
Stabilization of lower troposphere
Deceleration of monsoon circulation
Decrease in monsoon rainfall

Retreat of Himalayan glaciers
ABC-induced droughts

Strong observational support

Supported by observations (available since 1960)

Supported by observed temperature trends

Consistent with observations over land (no ocean data available)
Robust model result, some observational support

Robust model result, supported by measurement campaigns
Consistent with satellite observations (available since 1979)
Consistent with meteorological analyses (unknown reliability)
Consistent with observed rainfall trends and variability
Consistent with satellite observations (available since 1962)
Consistent with observed number of droughts/decade

N. Indian Ocean & Arabian Sea AOD (0 ~ 30N, 50E ~ 75E)
Three month mean (Jan, Feb and Mar)
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Fig. 35. Interannual variability of the mean satellite-observed

aerosol optical depth (AOD) averaged over the northern Indian
Ocean and the Arabian Sea; closed symbols are from Li and Ra-
manathan (2002), open symbols from Tahnk and Coakley (2002)
(from Ramanathan et al., 2002, copyright 2002 by the Indian
Academy of Sciences, reproduced with permission).

et al., 2000; Jacobson, 2001; Chandra et al., 2004). For
the INDOEX plume it was shown that the top of the at-
mosphere (TOA) forcing was relatively modest, —7 W m™>
for clear sky conditions and —2Wm~2 by also account-
ing for the presence of clouds. However, this is deceptive
because the effects of scattering and absorption counterbal-
ance, which cannot be distinguished at the TOA. The un-
certainty associated with the aerosol mixing appears to be
limited because the INDOEX observations indicate an inter-
nal mixture, which is commonplace for particulates at some
distance from the sources (McFiggans et al., 2006). Im-
portantly, the observed surface forcing was much stronger
than at the TOA, and the large difference between these
terms implies substantial solar radiation absorption within
the aerosol layer. Recent modeling results by Chung et
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Table 10. Aerosol Radiative Forcing (W m_z): North Indian
Ocean, January—March 1999; 0-20° N, 7, =0.3 (based on plate 13
of Ramanathan et al., 2001, copyright 2001 by the American Geo-
physical Union, adopted with permission).

Direct Direct  First Indirect

(Clear Sky)  (Cloudy Sky)
TOA —7.0+1 —2.042 —5+2.5
Atmosphere +16.0+2 +18.0+3 +1+£0.5
Surface —23+2 —20+3 —6+3

al. (2010) emphasize the regional and seasonal differences
between different parts of Asia: in southern Asia the aerosol
surface forcing is much larger in the dry season than in the
wet season, whereas this is the reverse in eastern Asia.

The AOD over land during INDOEX was very high,
about 0.5, and remained high in the outflow, with values of up
to 0.2 near the equator. Combined with the low SSA values,
this yields a direct aerosol forcing of —23 (£2) Wm2 (see
Table 10) at the surface averaged over the northern Indian
Ocean and the southern tip of India, which is about 15%
of the solar heating of the northern Indian Ocean, and is
over half as large as the net downward energy flux into the
ocean, which is estimated at 30—50 W m—2 (Ramanathan et
al., 2001). Only about 1/3 of this surface forcing is due to the
backscattering of sunlight; the other 2/3 is due to the absorp-
tion of solar radiation by aerosols in the troposphere. This
energetic input to the LT (lower troposphere) amounts to a
heating rate perturbation of 0.5 K/day for the layer from the
surface to 3 km, which accounts for about half of the clima-
tological solar heating of the LT in this region (Ramanathan
et al., 2001; Satheesh, 2002; Satheesh et al., 2002, 2006a, b;
Vinoj et al., 2004). The presence of clouds modifies the
direct aerosol forcing slightly, but the qualitative distribution
and magnitude of the forcing remains very similar. Several
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Fig. 36. Diameter and optical wavelength dependence of the light absorbing and scattering efficiencies, Q4ps (A) and Qsca (B), of the carbon
spheres observed by Alexander et al. (2008). The plots are colored to match the colors of the optical wavelengths; darkening of the red at
high wavelengths and of the violet at low wavelengths represent infrared and ultraviolet, respectively (from Alexander et al., 2008, copyright
2008 by the American Association for the Advancement of Science, reproduced with permission).

studies reiterate the importance of realistically accounting for
the full mixture of natural and anthropogenic aerosol com-
pounds, in particular because the solar absorption by dust
particles contributes to the heating of the lower atmosphere
(Gautam et al., 2009; Wang et al., 2009). It is furthermore
important to account for the aerosol layering as observed in
the Indian outflow during the dry season in INDOEX and
during the pre-monsoon season during ICARB. Much of the
pollution can actually be transported above the boundary
layer (>2km), and often the extinction of solar radiation in
these elevated layers is enhanced by clouds that form within
the boundary layer (Satheesh et al., 2008). Such enhance-
ments may reach up to a factor of three, and in particular
the absorption-induced warming can be several degrees com-
pared to that near the surface.

A complicating factor in calculating aerosol heating rate
perturbations is that the AOD is wavelength dependent, as
a result of the wavelength dependence of aerosol absorp-
tion and scattering properties (see Fig. 36). Meywerk and
Ramanathan (2002) found that the Southern Asian aerosol
haze reduces the solar irradiance at the surface per unit AOD
by 25% at 350 nm wavelength, but only 10% in the near-
infrared. In addition, mid- and far-infrared effects need to be
accounted for. A typical SAW-ABC with an AOD of 0.3 de-
creases the downwelling longwave radiation flux at the sur-
face by 7.7 W m~2 while decreasing the upwelling flux by
1.3Wm™2, thus partly offsetting the aerosol related short-
wave cooling forcing (Lubin et al., 2002). These calculations
were performed for an externally mixed aerosol, whereas it
is expected that the effects for internally mixed particles can
be larger by up to a factor of two. Again the composition and
mixing state of the pollution haze are important, and they

Atmos. Chem. Phys., 10, 11017-11096, 2010

also influence the aerosol hygroscopic growth and thus the
particle size and wavelength dependent forcing.

An interesting feedback is that the latitude dependent
radiative forcing over the Indian Ocean affects the re-
gional heating gradients and consequently the wind speed.
It is expected that the north-south gradients are reduced
by the shortwave forcing of the SAW-ABC (Chung and
Ramanathan, 2006). As a consequence the winds may
weaken, and less sea salt would be emitted. The sea salt
particles are generally large and effectively contribute to the
longwave forcing (Satheesh and Lubin, 2003). Although not
yet studied in sufficient detail, the expected consequence of
the reduced sea salt abundance is that the net radiative forc-
ing will increase. It will be important that climate models
account for such feedbacks.

The net cooling forcing at the surface can have a major
influence on the hydrological cycle, in particular over wa-
ter surfaces (e.g., Roeckner et al., 1999). Over the tropical
oceans about 70-80% of the absorbed solar energy is bal-
anced by evaporation, so that the pollution aerosols reduce
the water vapor flux to the atmosphere (Podgorny and Ra-
manathan, 2001). On the other hand, the solar heating of
the LT can lead to the dissipation of trade cumulus clouds
as they are sensitive to solar absorption, which enhances
the solar radiation penetration to the surface (Ackerman et
al., 2000). When clouds are present the vertical distribu-
tion of the aerosols is of key importance, in particular when
the pollution is located above the clouds, which can cause
the net aerosol cooling to change sign (Haywood and Shine,
1997, Satheesh et al., 2008). Thus, it is not so much the
TOA forcing by anthropogenic aerosols which is most rele-
vant but rather the redistribution of solar energy within the
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Fig. 37. Wind vector fields over southern Asia at 700 hPa for selected months in 2006, based on NCEP-GFS data, focusing particularly on
the flow to the Himalayas, marked by “E” for Mt. Everest. Labeled cities in the Indo-Gangetic Plain are: C — Chandigarh; D — Delhi; K —

Kanpur; Ko — Kolkata (Calcutta).

atmosphere-surface system, which can exert strong climate
influences.

The surface albedo is another important factor. Land sur-
faces tend to be more reflective than the ocean, with the con-
sequence that the TOA forcing by the aerosols can change
drastically, e.g. turning from negative over the ocean into
positive over land, all other conditions being equal (Satheesh

www.atmos-chem-phys.net/10/11017/2010/

et al., 2002). Since the surface forcing deviates less strongly,
the net effect is that the atmospheric heating perturbation
over land can be much larger than over the ocean. An ob-
servational study near Bangalore indicates an atmospheric
heating rate perturbation of ~0.8 K/day for an AOD of 0.24
and of ~1.5K/day for an AOD of 0.45 (Babu et al., 2002).
The expected trend in surface cooling by increasing aerosol
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pollution over continental India since about 1960 is about
0.1 K/decade, supported by the analysis of historical meteo-
rological data (Krishnan and Ramanathan, 2002). This study
compared the temperature trend during the relatively polluted
dry season with the monsoon period when the aerosols are
more efficiently removed by precipitation. Unfortunately, for
the ocean such data are lacking.

4.6.2 Impacts on mountain cryospheric reservoirs

The SAW-ABC and its climate effects extend into the Hi-
malayan and Tibetan Plateau region. Though in principle
this could still be considered part of southern Asia, this is an
important example of the outflow of highly polluted air into
an otherwise largely pristine region. Observations in Nepal,
combined with satellite data, show elevated typical winter-
time AODs of 0.2 to 0.34 in the entire region, with an SSA
near the surface of 0.7-0.9, indicating a highly absorbing
aerosol layer (Ramana et al., 2004; Dumka et al., 2006).
The consequent mean seasonal solar radiation reduction at
the surface is about 25 W m~2, with some 4-20W m~2 of
this being due to absorption by BC in the lower atmosphere
(Marcq et al., 2010). This results in a heating rate anomaly in
the lower two kilometers of ~1 K/day; depending on where
this heating occurs in the vertical, and the large-scale at-
mospheric characteristics, this can either stabilize the LT by
strengthening the temperature inversion, which would tend to
increase the aerosol residence time (a positive feedback), or it
could destabilize the near-surface atmosphere, providing po-
tential energy for development of deep cumulus convection.
The aerosol induced heating anomalies in the Himalayan re-
gion, in addition to the direct solar radiation absorption by
black carbon deposited on the ice surface, have been pro-
posed to lead to changes in the southern Asian monsoon dy-
namics, as well as to contribute to the observed strong de-
crease of glacier area in this region (Kulkarni et al., 2007; Ra-
manathan et al., 2007b; Xu et al., 2009; Menon et al., 2010).
One of the difficult issues has been sorting out the relative
impacts on the snowpack runoff and glacier melt due to:

— increasing greenhouse gas levels;

— aerosols in the atmosphere (which tend to warm the air
due to the large absorbing fraction, but reduce the solar
flux reaching the surface); and

— decreases in snow and ice albedo due to deposition of
aerosol particles, especially BC and dust, which re-
quires a complex chain of modelling considerations, in-
cluding emissions, atmospheric transport, aerosol depo-
sition, and detailed snow surface dynamics.

The general potential for a substantial transport of aerosol
pollution to the Himalayas, especially as part of the SAW-
ABC, is indicated in Fig. 37, which shows the regional trans-
port pattern at 700 hPa based on wind fields from the NCEP-
GFS data (these are complementary to the surface data in
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Fig. 6). The Indo-Gangetic Plain is situated diagonally,
running from the northwest to the south of the Himalayas
(Mt. Everest is marked with an “E”, while the other mark-
ings are major cities of the Indo-Gangetic Plain, see cap-
tion for details). During the long period from December to
April there appears to be an effective pathway for transport
of pollution, especially in the elevated layers discussed in
the previous sections, from the Indo-Gangetic Plain to the
Himalayas (the wind patterns are very similar at 800 and
600 hPa, with generally increasing wind speeds at higher alti-
tudes). During May—June, as well as September—November,
this pathway becomes less distinct, though still present. In-
terestingly, during the main summer monsoon period (July
and August) the possibility of transport of airmasses from
central India out over the Bay of Bengal, then northwards
over Bangladesh and up into the Himalayas is evident; it can
be expected, however, that substantial scavenging of aerosols
and soluble gases would occur via this pathway. During the
wintertime, the wind fields also suggest the possibility of
transport of Arabian desert dust and pollution aerosols (espe-
cially from oil drilling and processing), and possibly even of
pollution from Europe. There is some interannual variability
in these transport patterns, though the seasonal variations are
similar for other years that we have examined, with the main
exception that the recirculation pattern during the summer
monsoon appears to have been particularly strong in 2006.
Indeed, strong evidence for transport of pollution to the
Himalayas has been provided by ice core observations at
5 locations (Xu et al., 2009), which showed high BC lev-
els during the period 1950-1970 in several of the ice cores,
especially those further to the west (attributed by Xu et
al. (2009) to strong European pollution during that period),
and growing BC levels since about 1980 in most of the ice
cores, especially those further to the south (attributed to in-
creasing Asian pollution). Further support has been provided
by recent observations at the Nepal Climate Observatory-
Pyramid (NCO-P), located at 5079 ma.s.l. on the southern
foothills of Mt. Everest (a joint venture of the UNEP/ABC
and the Italian SHARE-Ev-K2-CNR projects). Regular ob-
servations have been made there since March, 2006, showing
that pollution from the Indo-Gangetic Plains can be trans-
ported in a “direct channel” up the Himalayan foothills and
have a substantial impact on the air quality of the region, es-
pecially in the southern Himalayas (Bonasoni et al., 2010).
The pollution levels are astonishing: peak mass densities of
BC of up to Sugm™> — characteristic of a typical polluted
urban center — are observed during several days each year
(Marinoni et al., 2010). The pollution impact has a large sea-
sonal cycle, as shown in Fig. 38, being largest directly before
the summer monsoon (mainly March—-May), minimum dur-
ing the summer monsoon, and moderate in the post-monsoon
and winter monsoon periods (Bonasoni et al., 2010; Mari-
noni et al., 2010; Decesari et al., 2010). The seasonality
does not fit exactly to the indication from the large scale
wind patterns (Fig. 37), which is indicative of the complex
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Fig. 38. Observations at the Nepal Climate Observatory-Pyramids
of (a) BC, (b) PM1, (¢) PM1-10; the 30-min measurements are pre-
sented as monthly averages (black line within the boxes), medians
(red line within the boxes) and percentiles (10-25-75-90, boxes and
whiskers), with the continuous red lines representing the 2 year av-
eraged monthly data. (from Marinoni et al., 2010, copyright 2010
by the European Geophysical Union, reproduced with permission).

chain of processes from emissions to deposition and interac-
tion with the snow, as noted above, in particular the impor-
tance of small-scale meteorological features in the difficult
Himalayan terrain.

A first attempt to quantify the origins of the BC being de-
posited in the snow in this region has been made by Kopacz
et al. (2010), employing an adjunct version of the GEOS-
Chem global chemistry-transport model to perform a formal
inversion for five different locations spread out over the Hi-
malayas and Tibetan Plateau. This in principle allows an
exact determination of the mixture of sources from differ-
ent locations which contribute to the BC pollution in the Hi-
malayan and Tibetan Plateau region. However, at present, the
precision of such results will be substantially limited due to
the large uncertainties in modelling the processes involved,
especially with the coarse resolution of current global mod-
els; in this case, the GEOS-Chem model is run at a resolu-
tion of 2° x 2.5°. The difficulty in simulations of the BC
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deposition in snow is evident in the comparison with avail-
able observations which Kopacz et al. (2010) present, which
show differences of more than a factor of two at 11 out of
17 sites (both over- and under-estimates, with no recogniz-
able systematic biases). Nevertheless, the model is within
the right order of magnitude, and is able to reproduce some
of the seasonal and spatial variations in the concentrations,
and thus can be considered a valuable step forward in pro-
viding a first rough quantification of the source regions for
the BC deposited in snow here. An example of the results
is in Fig. 39, which shows the BC origins for the model grid
cell containing the Mt. Everest station. The results are gen-
erally similar to what was expected based on Fig. 37, which
is not surprising, since the large scale winds will be one of
the dominant factors determining the BC transport in global
models like GEOS-Chem. The Indo-Gangetic Plain is the
primary source region in January, as well as in October, and
the anticipated recycling through the Bay of Bengal in July
is also seen in these results. Long range transport is also
evident, particularly from Arabia and Africa in January and
from China in July. Interestingly, the GEOS-Chem results
show a strong transport from throughout India during April.
There are differences in the BC origins for the other target lo-
cations examined by Kopacz et al. (2010), in particular with
the European contribution becoming significant for the sites
farther north over the Tibetan Plateau. Further refinement
of these results using more highly-resolved regional models
will be an important step in furture studies of this issue.
Based on their simulation results, Kopacz et al. (2010) also
estimate the radiative forcing by the BC in air and deposited
in snow, with the snow-albedo effect being in the range of
4-16 Wm™2, and the direct atmospheric effect being about
a factor of five smaller. Based directly on atmospheric
observations, Yasunari et al. (2010) have made similar es-
timates; taking this one step farther down the chain of pro-
cesses, they compute that the deposition of BC on the snow
here should result in a reduction of the albedo by 2.0-5.2%,
which would in turn increase the runoff by about 10-30%.
However, Qian et al. (2010) have pointed out that there
are substantial uncertainties in the processes involved, and
that any “more quantitative assessment of this effect will re-
quire improved models and/or higher grid resolution to bet-
ter simulate snow and aerosol deposition on the TP [Tibetan
Plateau].” Qian et al. (2010) used a climate model coupled
with a snow and ice radiation model (Flanner et al., 2007,
2009) to more broadly examine the relative roles of the three
processes noted above. While greenhouse warming leads
to a substantial increase in glacier melt rates, their simula-
tions indicate that under present conditions, the impact from
decreased albedo due to aerosol particle deposition on the
snow is computed to be even larger (although they point
out that their modelling approach may lead to an overesti-
mate of the effects of aerosol deposition on snow, so that it
would be most fitting to say that the greenhouse warming and
aerosol deposition effects appear to be roughly comparable).
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Fig. 39. Origin of black carbon by season (January, April, July, October) at Mt. Everest, as simulated with the GEOS-Chem model; the target
grid box is outlined in white, and the quantity of BC deposited in the glacier grid box originating from every other grid box in the domain is
indicated in color (from Kopacz et al., 2010, copyright 2010 by the European Geophysical Union, reproduced with permission).
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Fig. 40. Simulated JJA surface precipitation changes for an experiment including a mixture of sulfate and BC, yielding absorbing aerosol
particles with ssa=0.85, minus a reference simulation without aerosol forcing (from Menon et al., 2002, copyright 2002 by the American
Association for the Advancement of Science, reproduced with permission).

In particular they note that the “snowmelt efficiency”, which than for greenhouse warming. Furthermore, though their
they define as the amount of snowpack reduction per unit de- sensitivity simulations show that the aerosols in the atmo-
gree of warming induced by either of the two forcing agents, sphere result in a cooling at the surface, this effect is over-
may be up to 4 times larger for the aerosol deposition in snow whelmed by the combined warming effects of greenhouse
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gases and reduced albedo from aerosol deposition. The cli-
mate model of Qian et al. (2010) shows that these combined
effects, for the Himalayas and the broader Tibetan Plateau,
lead to substantial perturbations of the regional hydrologi-
cal cycle as well as the Asian monsoon circulation. Given
these potential impacts, and their implications for the vast
regional population, further studies with ongoing observa-
tions and improved models are crucially needed.

4.6.3 Regional climate changes due to aerosol direct and
indirect effects

The first attempts to simulate the regional climate effects of
the SAW-ABC in terms of its impact on the overall regional
circulation have been made by including the aerosol radiative
forcing terms in global general circulation models (Chung
et al., 2002; Chung and Ramanathan, 2003; Menon et al.,
2002). The absorbing nature of the haze results in a stabi-
lization of the BL and a reduction of surface energy fluxes
(latent and sensible heating). Dynamically, the models re-
spond with a northward shift in the ITCZ and an increase in
precipitation (by up to 20%) over the haze regions, especially
directly in the outflow regions of the Arabian Sea and Bay
of Bengal, accompanied by a decrease in precipitation over
the Indonesian and Pacific warm pool regions, as shown in
Fig. 40 (Menon et al., 2002; Chung et al., 2002; Chung and
Ramanathan et al., 2003). The simulated changes in precipi-
tation and temperature are similar to observations of a small
cooling trend in China and India, contrasted with the warm-
ing trend throughout most of the rest of the world (Menon et
al., 2002). A preliminary link has been made to changes in
the Indian summer monsoon rainfall patterns (Chung et al.,
2002) and to the El Nifio Southern Oscillation (Chung and
Ramanathan, 2003). Beyond these modeling studies, Bhawar
and Devara (2010) have presented circumstantial observa-
tional evidence of a link between aerosol levels and the mon-
soon. Based on measurements of aerosol index (AI) above
Pune, they found that the “bad monsoon” year of 2002 had
elevated Al levels lasting over a much longer period (100 ver-
sus 50 days) compared to the normal monsoon year of 2001.

While the early climate modeling studies were based
on sensitivity simulations (time slice runs), Ramanathan et
al. (2005) performed transient simulations for the 20th cen-
tury since 1930 with a coupled atmosphere-ocean climate
model, confirming that the regional climate impacts are sub-
stantial (see Fig. 41). For example, the increase in LT stabil-
ity suppresses convection, which inhibits vertical transport of
moisture and trace species, and leads to a moistening of the
boundary layer and drying aloft. The model results suggest
that this is accompanied by a meridional circulation change,
with increased rising motion south of the equator over the In-
dian Ocean and increased downward motion over India dur-
ing the summer monsoon. An important implication is that
the monsoon rainfall decreases, on which the South Asian
fresh water supply and agriculture are critically dependent.
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Actually, the suppression of summer precipitation may be a
combined consequence of aerosol and greenhouse gas forc-
ings (Ashfaq et al., 2009). During the dry season the reverse
occurs due to the enhanced boundary layer heating by the
black carbon. Furthermore, the heating by absorbing aerosol
pollution over Tibet may act as an “elevated heat pump”,
which carries moist air into the region and can persist into
the pre-monsoon period (Lau et al., 2006; Satheesh et al.,
2008). It appears that precipitation over land is relatively sen-
sitive to changes in SST gradients (Rotstayn and Lohmann,
2002; Chung and Ramanathan, 2007). This is underscored
by an apparent increase in the frequency of droughts in India,
defined as years during which a decrease of monsoon pre-
cipitation exceeds 10% compared to the climatological av-
erage; 9 such years were experienced from 1871-1930, and
12 drought years from 1931-1990 (Sikka, 2003; Ramanathan
et al., 2005).

Finally, the aerosols can modify cloud properties via the
“first indirect” effect (Twomey, 1974, 1977) for which some
of the first clear observational evidence was gathered during
INDOEX. Two early studies (Heymsfield and McFarquhar,
2001; Liu et al., 2003a) have shown that the NH clouds that
are affected by the haze have both aerosol and cloud droplet
number concentrations which are much higher than in SH
clouds with background aerosol levels, while the condensed
water content is nearly the same for clouds in both regions.
This basic effect has been reproduced in simulations with
a cloud resolving model for the INDOEX conditions (An-
dronache et al., 2002). This results in effective droplet radii
that are ~20% smaller in the polluted clouds. These data
were used in Ramanathan et al. (2001) along with a radia-
tive transfer model to estimate the impact on solar forcing to
be —6+3 W m™2 at the surface (—5+3 W m™? at the top of
the atmosphere; see Table 10). The combined forcing from
the direct aerosol effect and the first indirect effect varies as a
function of latitude, from about —5 W m~2 south of the [ITCZ
to over —30 Wm™2 north of about 10°N. Two other indi-
rect effects, namely the reduction of drizzle due to smaller
droplets (“second indirect”) and the reduction of trade cu-
muli due to warming in the residual layer (“semi-direct”)
have also been postulated for the region (Ackerman et al.,
2000). These effects will have opposite signs (the second in-
direct effect cools while the semi-direct effect warms), and
have been estimated to be much smaller, of the order of 2—
5W m~2 with an uncertainty exceeding 50% (Ramanathan
et al., 2001). Yet another highly uncertain possible impact
of pollution aerosol on clouds is that the smaller drops or
ice crystals, resulting due to more condensation nuclei, are
likely to be lofted higher by the updrafts in deep cumulus
convective clouds, resulting in deeper clouds (greater cloud
top heights) on average; Padma Kumari and Goswami (2010)
speculate that this may contribute partly to the trend towards
ongoing solar dimming observed over southern Asia, which
is associated with increasing cumulus cloud depths.
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Fig. 41. Simulated changes in the meridional circulation due to the effects of the Asian-ABC for June and July 1985-2000, averaged over
60° E-100° E; red indicates increased sinking motions, blue increased rising motions (from Ramanathan et al., 2005, copyright 2005 by the

National Academy of Sciences, USA, reproduced with permission).

The enhancement of cloud albedo by increased aerosol
concentrations has been directly measured by multiple un-
manned aerial vehicles, suggesting a relatively high sensitiv-
ity of trade cumuli (Roberts et al., 2008). Chylek et al. (2006)
analyzed satellite measurements over the seas adjacent to
the Indian subcontinent, providing support for the first indi-
rect aerosol effect on liquid water clouds. Interestingly, they
found the reverse for ice crystals in cold clouds during the
winter season. This “inverted” indirect effect may be related
to the enhanced presence of ice nuclei, which are usually hy-
drophilic particles such as black carbon that initiate ice nu-
cleation at temperatures above those of homogeneous nucle-
ation. Additional satellite-based support for the first indi-
rect aerosol effect was obtained by Jones et al. (2009). They
found a relatively strong response over the Arabian Sea dur-
ing summer, when the area is impacted by both desert dust
and pollution haze, whereas over the Bay of Bengal the effect
seems negligible.

Meanwhile, the analyses of satellite data (Kaufman et al.,
2005; Myhre et al., 2007) and modeling studies (Lohmann
et al., 2007) have confirmed the direct relationship between
aerosols and clouds. However, the mechanisms of this rela-
tionship, basic to the theories about aerosol indirect effects
on climate, remain controversial (Stevens and Feingold,
2009). It has recently been proposed that at least part of
the aerosol “indirect” effects may actually be “direct”, re-
lated to the strong swelling of hydrophyllic particles at high
relative humidity, especially in the vicinity of clouds (Koren
et al., 2007; Ma et al., 2010; Quaas et al., 2010). It will
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be a major challenge to accurately represent the aerosol hy-
groscopic growth and CCN activation in chemistry-climate
models.

The aerosol impacts on precipitation formation are am-
biguous, though first efforts have been undertaken to account
for cloud microphysical properties that influence the conver-
sion of cloud into rain water in climate models (Lohmann
et al., 2007). Nevertheless, climate models may be ex-
pected to simulate dynamical effects realistically. For
example, Krishnamurti et al. (2009) combined satellite data
with model based analyses and found that aerosol pollution
can enhance rain over the Arabian Sea in winter, associated
with divergence in the upper troposphere, which in turn in-
duces subsidence over the Bay of Bengal and a precipitation
reduction over southeast India. Furthermore, the analysis
of extreme rain events over India in the second half of the
20th century suggests that the frequency of torrential mon-
soon rains has increased at the expense of moderate events
(Goswami et al., 2006). However, the attribution of extreme
weather to ABCs and/or greenhouse warming with climate
models is still in its infancy, hampered by the limited capa-
bility to realistically simulate distinct storm events.

5 The southern Asian summer monsoon plume

As discussed in Sect. 3 (Fig. 5), during the summertime the
ITCZ moves north over the Indian subcontinent. The in-
tense monsoon rains effectively remove soluble gases and
hygroscopic aerosols from the atmosphere. As a result, the
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Fig. 42. Simulated 3-D structure of the Asian monsoon plume on 1 August 2001, based on simulation of a southern Asian CO tracer with the
global chemistry transport model MATCH-MPIC; the shaded region depicts mixing ratios above 25 nmol/mol (from Lawrence et al., 2003a,
copyright 2003 by the European Geophysical Union, reproduced with permission).

air quality in southern Asia is generally improved compared
to the dry season. Interestingly though, the low level con-
vergence of moist air over the Bay of Bengal is associated
with pollution transport from southern India and Sri Lanka
toward the northern Bay of Bengal and the coastal regions
of Bangladesh and eastern India. We note that this pollu-
tion transport regime has thus far received little attention,
and could well be associated with pollutant ozone buildup
during transport over the Bay of Bengal, an issue which de-
serves more research. Furthermore, the updrafts of the sum-
mer monsoon deep convection can effectively transport in-
soluble pollutants from the surface to the upper troposphere.
A modeling study by Metzger et al. (2002), for example,
predicts that the deep convection south of the Himalayas
provides an effective mechanism to transport ammonia into
the UT, which subsequently reacts with nitric acid and thus
forms a global UT hot spot of ammonium nitrate. Recent
work (A. Panday, personal communication, 2010) also shows
that substantial lofting of polluted airmasses all the way into

the upper troposphere may be associated with up-slope flow

transporting pollutants from the Indo-Gangetic plain on the

south side of the Himalayas (note that this lofting appears to

occur during the winter monsoon as well, though little has

been done yet to investigate the lofting during that period).

Once these polluted airmasses reach the upper troposphere,
they can then be effectively transported over large distances

by the rapid upper tropospheric winds. This long-range
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pollution transport has been examined in several studies,
which are discussed in this section.

Figure 42 gives a basic idea of the overall form of the
southern Asian summer monsoon outflow plume, based on
a model simulation of a southern Asian CO tracer. As can be
seen in the figure, the transport is predominately towards the
west. However, a fraction of the pollution is also transported
towards the east, and a few studies have highlighted this east-
ward transport of southern Asian pollution, especially from
biomass burning in southeastern Asia (e.g., Liu et al., 2003b;
Liang et al., 2007). Stohl et al. (2007) have demonstrated a
very poignant example of the outflow of southern Asian pol-
lution towards the east, in which a plume of CO, NOy, O3 and
aerosols was tracked all the way to Europe by satellite obser-
vations and model simulations, and intercepted by research
aircraft flights over the North Atlantic west of Spain and a
day later over Spain; the primary origins of the pollution
could be shown to be from several locations in Asia, includ-
ing Bangladesh in southern Asia, as well as eastern Asian
locations such as the Szechuan Basin and Hong Kong. Nev-
ertheless, as shown in Fig. 43, the absolute amount of south-
ern Asian pollution exported eastwards is on average much
smaller than that transported towards the west, and also pales
in comparison to the outflow of pollution towards the east
from northern and eastern Asian, which was brought to main-
stream attention by a series of seminal papers by Berntsen et
al. (1999), Jaffe et al. (1999), and Jacob et al. (1999), which
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have been followed up by numerous studies (for overviews
of studies on this issue, see Wuebbles et al., 2007, and Zhang
et al., 2008).

Here we will be focusing on the dominant outflow channel
for southern Asian pollution, towards the west. In the next
section we discuss the key meteorological features which
control this outflow. Following that, we discuss the pollutant
transport into the upper troposphere and towards the west:
first the buildup of pollution in the Tibetan anticyclone, then
the export over Africa, the Mediterranean, Europe and the
Middle East. Finally, we consider some of the chemical and
climate impacts of this pollutant outflow, especially the trans-
port into the stratosphere.

5.1 Meteorological elements

Three key meteorological elements contribute to the upper
tropospheric southern Asian summer monsoon pollutant out-
flow plume towards the west:

— the southern Asian summer monsoon,
— the Tibetan High, and

— the tropical easterly jet stream.

The monsoon convection is associated with the northward
movement of the ITCZ, as already discussed above. Very
deep convection over southern Asia results in UT outflow
that in turn leads to a persistent high pressure system, known
as the Tibetan High. The resulting upper tropospheric anti-
cyclonic flow can effectively trap pollutants which are trans-
ported upwards in the summer monsoon convection, as dis-
cussed in the next section.

In recent years the role of the Tibetan Plateau in the
UT meteorology and tracer transport has received growing
attention. Conventional wisdom holds that the strong ele-
vated surface heating over Tibet causes an unstable stratifi-
cation and intense convective activity, which promotes the
abrupt seasonal change and also the maintenance of the
Asian monsoon (e.g., Ye and Wu, 1998). Furthermore, as
noted in Sect. 4.6, it has been hypothesized that enhanced
heating of lower tropospheric air masses above the Tibetan
Plateau could lead to a strengthened monsoon circulation
(Lau et al., 2006). Interestingly, three recent studies offer
evidence against both of these hypotheses. First, Kuhlmann
and Quaas (2010) analyze vertically resolved satellite data
from the CALIPSO instrument for the region, finding that
the aerosol concentrations are greatest below 5 km alti-
tude (a.s.l.), and that only small amounts reach the Ti-
betan Plateau, arguing against the hypothesized elevated heat
pump effect of aerosol pollution. Second, Devasthale and
Fueglistaler (2010) have reassessed satellite data from the
AVHRR and MODIS instruments and have determined that
the strongest convection in the Asian summer monsoon is
south of the Himalayas, particularly over the Bay of Bengal,
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and that there is relatively little intense, very deep convec-
tion over the Tibetan Plateau. And third, it has been found
in GCM simulations that the thin band of very high peaks
in the Himalayas appears to play a larger role in determin-
ing the exceptional strength of the Asian summer monsoon
than the broad Tibetan Plateau (Boos and Kuang, 2010). This
may lead to a substantial rethinking of the regional southern
Asian meteorology. However, Boos and Kuang (2010) leave
open the possibility that even though the Himalayas appear
to play the dominant role in the monsoon forcing in their sim-
ulations, changes over the Tibetan Plateau, such as increased
black carbon aerosol loads, may still result in non-negligible
changes in the monsoon circulation. Regardless of the key
causes of the strong monsoon circulation, it is clear that the
UT anticyclone located over the Tibetan Plateau and northern
India is moistened by the deep penetration of cumulonimbus
clouds. Part of the humidified UT air moves southward along
isentropic surfaces, where it can enter the tropical tropopause
layer over the western Pacific Ocean (Bannister et al., 2004;
Fueglistaler et al., 2004), and can be further transported into
the lower stratosphere.

On the southern flank of the anticyclonic circulation of
the Tibetan High is the tropical easterly jet stream (TEJ),
a belt of strong easterly winds centered at about 200 hPa
which stretches from central southern Asia to central north-
ern Africa, counter to the westerly jets normally found in
the subtropical upper troposphere. The TEJ is extended by
the flow on the southern side of another persistent upper tro-
pospheric anticyclone, located over the Arabian Peninsula.
A typical snapshot of these two adjacent anticyclones was
shown earlier in Fig. 7a, along with the mean anticyclonic
circulation covering most of southern Asia and the Mid-
dle East in Fig. 7b. Following transport along the TEJ, the
southerly transport on the western flank of the Arabian anti-
cyclone brings the pollution into the Mediterranean and Mid-
dle Eastern regions, as discussed in the following section.

5.2 Transport towards the west in the upper
troposphere

5.2.1 Pollution in the Tibetan anticyclone

The first step in the westward outflow of pollution from
southern Asia during the summer monsoon is the transport
into the upper troposphere. As noted above, this can be due
to deep convective updrafts, as well as a possible contribu-
tion from upslope lofting along the southern side of the Hi-
malayas (A. Panday, personal communication, 2010). Once
in the upper troposphere, the anticyclonic flow of the Tibetan
High tends to trap a fraction of the lofted airmasses, with
their elevated levels of pollutants such as CO and aerosols.
This was first noted by Kar et al. (2004), Park et al. (2004)
and Li et al. (2005) in analyses of observations from the
MOPITT (Measurements Of Pollution In The Troposphere)
and the MLS (Microwave Limb Sounder) instruments, along
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Fig. 43. Mean simulated distributions of a northern Asian and a southern Asian CO tracer at 200 hPa averaged over August 2001; the heavy
black lines indicate the boundaries of where emissions are included for each of the two tracers (based on Lawrence et al., 2003a, copyright
2003 by the European Geophysical Union, modified with permission; an animation of the outflow is available in the supplementary material
of Lawrence et al., 2003a, http://www.copernicus.org/EGU/acp/acp/3/267/acp-3-267 _supp.zip).

with simulations with the chemistry-transport model GEOS-
CHEM, which is able to reproduce the observed pollutant
maximum well. The pollutant maximum, depicted in Fig. 44
based on the satellite observations, is primarily at very high
altitudes, around 150hPa, whereas the dominant outflow
reaching the Mediterranean tends to be at lower altitudes, as
discussed below. Fu et al. (2006) suggested that the high
altitude of the pollutant maximum could be associated with
extremely deep convection over the Tibetan Plateau, which is
suggested to detrain even more water vapor, carbon monox-
ide and possibly other pollutants at the tropopause than the
monsoon area itself. However, this seems unlikely, given that
the main sources of pollutants are not located on the Tibetan
Plateau, and several analyses (Randel and Park, 2006; Park
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et al., 2007, 2008, 2009; Xiong et al., 2009), using satellite
observations and model simulations, have indeed shown that
the primary source for the CO and CHs maxima in the Ti-
betan anticyclone is vertical transport of emissions from In-
dia and Southeast Asia in the summer monsoon convection,
followed by large-scale vertical advection from the main con-
vective detrainment level (around 12km) to altitudes near
the tropopause (~15-16km), then trapping within the anti-
cyclone.
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Fig. 44. Satellite observations of the mixing ratios of CO at 147 hPa from the MLS satellite instrument and at 150 hPa from the MOPITT
satellite instrument (averages of both for the ten days that MLS measurements were available, on 25-27, 29-31 August and 3-6 Septem-
ber 2004); white areas indicate missing data (from Li et al., 2005, copyright 2005 by the American Geophysical Union, reproduced with

permission).

5.2.2 Transport of the plume away from southern Asia

At slightly lower altitudes than the pollution trapped in
the Tibetan anticyclone, the pollution plume is predomi-
nantly transported towards the west in the tropical easterly
jet. Important contributions to understanding various as-
pects of the plume during this transport are coming from the
project CARIBIC (Civil Aircraft for Regular Investigation
of the atmosphere Based on an Instrument Container; Bren-
ninkmeijer et al., 2007), in which a cargo container imple-
mented with trace gas measurements instruments flies reg-
ularly in a Lufthansa passenger aircraft. A first analysis
of several medium- to long-lived tracers (CH4, N2O, SFg,
CO,, CO, O3, and H>0) has been provided by Schuck et
al. (2010), showing that the plume and several characteris-
tics of its structure and evolution are apparent in 16 flights
between Frankfurt and India during April-December 2008.
The flights are generally in the 8-12.5km altitude range,
which makes them very appropriate for observing the out-
flow plume. During May—September, the observations show
a substantial enhancement in the mixing ratios of CHy4, CO,
N»O, and SFg in the region 50-80° E, south of 40° N, with
the largest enhancements generally in August (except for CO,
which peaks in June), as shown in Fig. 45a. The latitude at
which the peak enhancement is observed moves north and
south with the ITCZ and the monsoon convection, also peak-
ing in August at around 25-30° N for all gases (Fig. 45b).
CARIBIC observations also show that several NMVOC:s (in-
cluding ethane, propane, butane, pentane, acetylene, and
benzene) were substantially enhanced in the plume (Baker
et al., 2010). Most of these were well-correlated with CO,
indicative of their anthropogenic origins. In addition, several
halogenated tracers of marine origin (e.g., CH3zBr, CH;Br»,
and CH3I) were present at elevated mixing ratios, indicating
the contribution from convective transport over the marine
regions (especially the Bay of Bengal).
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Ozone behaves notably differently in the outflow plume
than the other pollutants discussed above. On the one hand,
Schuck et al. (2010) observed that O3 mixing ratios were re-
duced in the central plume, defined as where the H,O mixing
ratios are relatively high due to the convective outflow, and
where the winds were predominately easterly. On the other
hand, O3 is enhanced further to north, where H,O is reduced
and the winds turn to being westerly. This results in an anti-
correlation between O3 and H,O when they are plotted as a
function of latitude, with a relatively sharp transition around
25° N, consistent with the mean wind fields seen earlier in
Fig. 7. Baker et al. (2010) showed that this coincides with
differences in O3 production in the airmasses, and that the
airmass ages (based on “photochemical clocks” using ratios
between different NMVOCs) were about 3—6 days in the
southern part of the plume and 10-15 days in the north. To-
gether, this indicates that the lower O3 levels observed in the
south are Os-depleted airmasses transported directly from
the polluted regions of India, for which not enough time has
been available for significant photochemical production to
take place, whereas the O3-rich airmasses in the north have
been recirculated around the Arabian anticyclone, allowing
significant O3 production to take place underway. This con-
tributes to solving a long-standing mystery (Lawrence, 2004)
about conflicting evidence of elevated and surpressed O3
levels in this region, and help generally to explain the ob-
served Arabian O3 maximum, which is discussed further be-
low (Sect. 5.2.4).

Trajectory calculations in Schuck et al. (2010) clearly
demonstrate that the origin of the pollution plume is largely
from India and other countries around the Bay of Ben-
gal (note that these ECMWF-based trajectories are without
an explicit representation of deep convection; however, as
pointed out by Lawrence and Salzmann (2008), since much
of the convective upwelling in this region is connected to
large scale circulations, the trajectories should be reasonably
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Fig. 45. Observations of the southern Asian summer monsoon
plume from the CARIBIC project: (a) Maximum mixing ratios of
CHy4, CO, N0, and SFg observed in summer 2008 south of 40° N,
showing the plume enhancements from May—September (monthly
mean values are shown for April and October); (b) Latitudinal po-
sition at which the maximum mixing ratios of CHy, CO, N,O, and
SFg were observed. (c) Latitudinal position of the maximum wind
speed in the westerly jet (on the northern side of the regional mean
anticyclone), and the latitude where the zonal wind speed is O m/s,
together indicating the latitudinal position of the regional anticy-
clone. All measurements were in the altitude range 8—12.5 km. The
latitude where the H, O mixing ratio exceeds 100 ppmv (equivalent
to 100 umol/mol) is also shown, indicating the northern extension
of the strong monsoon convection (from Schuck et al., 2010, copy-
right 2010 by the European Geophysical Union, reproduced with
permission).

representative of the actual vertical and long-range transport
for long-lived tracers). Finally, Schuck et al. (2010) used fits
to the enhancements in the trace gas mixing ratios to obtain
estimates of the regional emissions, and compared these to
values from the EDGAR database (for CO, the comparison
was to the same version of EDGAR as used in Table 2, while
for the greenhouse gases a newer version was available for
the comparison). Interestingly, all gases except CO were in
relatively good agreement with EDGAR; the estimated CO

www.atmos-chem-phys.net/10/11017/2010/

11071

emissions based on the CARIBIC observations were found
to be much lower than in the EDGAR database. The rea-
son for this is unclear at present; given its long lifetime com-
pared to the transport timescale, it would not be expected that
much CO should be lost to photochemical oxidation during
the transport. It is also not expected that the emissions from
this region have decreased drastically over the 8 years from
when the EDGAR data is valid (2000) to when the measure-
ments were made (2008). Thus, this remains an open, inter-
esting issue for future work. Another issue to clarify would
be the vertical extent and layering of the plume, which may
extend above the maximum altitude of the CARIBIC obser-
vations.

The further transport of pollution over Africa has been ex-
amined by Barret et al. (2008), who make use of CO obser-
vations from in situ aircraft in the MOZAIC (Measurements
of OZone, water vapour , carbon monoxide and nitrogen ox-
ides by in-service Alrbus airCraft) program, along with CO
data from the MLS satellite instrument assimilated into a
chemistry-transport model, to investigate the transport path-
ways of CO over Africa and how they are also influenced by
the western African monsoon. Their results indicate a broad
CO maximum in the upper troposphere over Central Africa.
Here, however, in contrast to the observations of CARIBIC,
the deep convection over Africa has a significant direct ef-
fect on the lower part of the upper troposphere (pressures
>150hPa), and only the highest altitude layers (pressures
<150 hPa) are dominantly influenced by transport from Asia
through the tropical easterly jet.

5.2.3 The southern Asian summer monsoon plume over
the Mediterranean

Often the polluted airmasses are caught in the southerly flow
on the western flank of the Arabian anticyclone, bypass-
ing most of northern Africa and being transported north-
wards over the eastern Mediterranean Sea. Observing the
plume over the Mediterranean was one of the objectives of
the field campaign MINOS (Mediterranean Intensive Oxi-
dants Study), which also investigated the European pollutant
outflow into the Mediterranean region (mainly in the lower
troposphere), as well as the import of pollution from North
America into the region (Lelieveld et al., 2002). During MI-
NOS, global chemical weather forecasts were employed to
determine when and where the plume was likely to be sam-
pled; these were similar to the forecasts first developed for
INDOEX, though in this case using two models in tandem
(MATCH-MPIC and ECHAMS). Unlike the relatively sim-
ple outflow structure of the SAW-ABC, a much longer chain
of conditions and processes determines the exact extent and
intensity of the southern Asian summer monsoon plume, in-
cluding:

— the geographical distribution of emissions over southern
Asia,
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— the geographical distribution of deep cumulus convec-
tion (in relation to the emissions and the tropical east-
erly jet),

— the frequency of convection and the stability of the
boundary layer (determining the buildup of pollutants
prior to the lofting of airmasses into the UT),

— the intensity and location of the Tibetan and Arabian UT
anticyclones (Fig. 7),

— the chemical
transport, and

processing in the plume during

— dilution due to mixing with other UT air masses.

Despite this complexity, it was possible to target the first
three research flights of MINOS to intercept the Asian sum-
mer monsoon plume. The anticipated plume distribution in
terms of simulated upper tropospheric CO during these times
is depicted in Fig. 46. According to analysis of the observa-
tions, as well as further model simulations, it appears that
the measurement flights were successful in sampling the pol-
luted Asian airmasses. As far as we are aware, and according
to a recent review (Mihalopoulos, 2007), these are the only
in situ measurements so far of the plume over the eastern
Mediterranean.

The median of the observed profiles for several gases mea-
sured on the three MINOS flights compared to the profiles
averaged over the entire campaign are shown in Fig. 47. In
the UT numerous gases such as CO, CH4, CH3OH, CH,O0,
C,Hg, and CH3Cl were substantially enhanced above the av-
erage levels during these flights (shown by the red, dashed
lines), in some cases by considerably more than one standard
deviation. On the other hand, O3, NO and NOy were sig-
nificantly below the average UT levels. The upper-altitude
peak shows several characteristics which give experimental
evidence for the Asian origin of this pollution, including:

— high levels of indicator gases for biomass burning and
biofuel use, in particular CH3Cl, C,H,, and CH3CN
(Scheeren et al., 2003);

— low levels of the new air conditioning agent HFC-134a
in comparison to air masses at lower altitudes of North
American origin (Scheeren et al., 2003; not shown in
Fig. 47);

— high levels of CHy, likely from rice fields (Lelieveld
et al., 2002), as also noted above to have been seen
in the plume closer to Asia in the observations of the
CARIBIC project (Schuck et al., 2010); and

— low levels of O3 and NOy, consistent with the tendency
towards more inefficient burning processes in southern
Asia (see Tables 2 and 3) and the concomitant NOy lim-
itation of O3 production.
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Fig. 46. Forecasts of the southern Asian summer monsoon plume
distribution at different times during the MINOS campaign in early
August 2001, from the MATCH-MPIC model for the days of the
first three flights (1, 3 and 8 August), along with the forecast for
5 August showing the contrast when a strong plume is not present
over the eastern Mediterranean (from Lawrence et al., 2003a, copy-
right 2003 by the European Geophysical Union, modified with
permission).
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Fig. 47. Vertical profiles of trace gases measured during the 14 MINOS flights in August 2001. Thick solid lines are median values, thin
solid lines are £1 o, dashed lines are the median values for only the first three flights (which sampled the Asian summer monsoon plume),
and small boxes (bottom row) are individual canister samples (from Lelieveld et al., 2002, copyright 2002 by the American Association for
the Advancement of Science, reproduced with permission).

Further evidence of the Asian origin comes from 10-day global model simulations (Lawrence et al., 2003a; Roelofs
back-trajectories used to determine the longitude of origin et al., 2003). The model simulations were found to gener-
of each of the air samples (Scheeren et al., 2003), and from ally correlate well with the MINOS measurements in the UT
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during the three flights into the plume (e.g., r =0.59 for CO
from MATCH-MPIC; Lawrence et al., 2003a). Particularly
relevant is that global models are able to reproduce the vari-
ation in CO and O3 levels as a function of source longitude
(Roelofs et al., 2003; Scheeren et al., 2003). On the other
hand, the models have difficulties with the absolute levels
of several gases, for example underestimating NOy and var-
ious NMVOCs, such as C2-C5 alkanes, both in the south-
ern Asian monsoon plume as well as near the surface in
the European outflow (Scheeren et al., 2003; Roelofs et al.,
2003; Lawrence et al., 2003a; Salisbury et al., 2003; Gros et
al., 2004). Several VOCs show relatively constant offsets,
accompanied by good correlations with the observations,
which suggests discrepancies in the emissions factors, rather
than the geographical source distributions or the simulated
meteorology.

The age of the Asian air masses by the time they reach
the Mediterranean can be estimated based on the ratios of
certain gases along with knowledge about their ratios at the
source and their chemical lifetimes. This method was ap-
plied by Scheeren et al. (2003), based on the measured ra-
tios of CH3Cl, C,H,, CH3CN, and CgHg to CO in the Asian
outflow during MINOS, and the assumption that the initial
ratios could be taken from the INDOEX outflow measure-
ments near the Indian coast (Scheeren et al., 2002; de Gouw
et al., 2001), with the exception of CoH»,, for which the
emission ratio to CO measured for fresh biomass burning
was used. A chemical age of about 1-2 weeks is inferred
from the measured ratios of both CH3Cl and C¢Hg to CO,
and of 2-3 weeks based on C,H, and CH3CN, respectively.
A trajectory analysis (Traub et al., 2003) is consistent with
this, indicating a typical transit time from southern Asia to
the Mediterranean UT of about 10-15 days, with air masses
first residing in the BL over India for a few days on average
before they are rapidly transported to the UT in convective
updrafts, fitting with the episodic nature of deep convection
during the summer monsoon (e.g., Gadgil, 2003). Two notes
are worth making with regards to this analysis. First, these
estimated transit times are broadly consistent, though some-
what longer than those computed by Baker et al. (2010) using
photochemical clock information based on NMVOC obser-
vations (see Sect. 5.2.2). Second, similar to the point made
above in Sect. 5.2.2, the ECMWF-based trajectories of Traub
et al. (2003) are without an explicit representation of deep
convection, which would lead one to expect an overestimate
of the actual mean transit times; however, here again, since
much of the convective upwelling in this region is connected
to large scale circulations, the computed transit times should
only differ slightly from reality, as appears to be the case in
the comparison to Baker et al. (2010).

A considerable short-term variability in the pollution
plume over the Mediterranean can be expected, due to the
long sequence of processes controlling the outflow plume, as
seen in the examples in Fig. 46. This short-term variability
has been analyzed in terms of the frequency of occurrence
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of simulated strong plumes over the eastern Mediterranean
(Lawrence et al., 2003a), showing that during 2001 a strong
plume was present above Crete about a quarter of the time
(between 12% and 40%, depending on the threshold value
chosen for the Asian CO), while it is considerably more
prevalent (about 1.5 times as frequent) to the south and east
of Crete, and it is relatively rare (<10% of the time) that
the plume extends over the Mediterranean much past Crete
(due to the curvature on the western side of the Arabian an-
ticyclone). Nevertheless, even though such distinct plumes
from the southern Asian summer monsoon outflow are rare
over mainland Europe, analyses of the origins of O3 (Auvray
and Bey, 2005) and CO (Fischer et al., 2006) show that
long-range transport of Asian emissions (from both south-
ern and eastern Asia), mostly via westerlies (across the Pa-
cific and Atlantic Oceans), with a small contribution from
transport in the tropical easterly jet, provides the strongest
regional source of CO to the upper troposphere over Europe,
as well as a substantial contribution to the total tropospheric
O3 (comparable to the sources from N. America and Europe).

5.2.4 The Middle Eastern summertime ozone maximum

Finally, an interesting set of observations and model simu-
lation results have recently emerged (Li et al., 2001; Liu et
al., 2006, 2009; Worden et al., 2009) showing evidence of
a broad summertime ozone maximum in the middle to up-
per troposphere (around 400-500 hPa) over the Middle East
and Northern Africa, as depicted in Fig. 48. This is in ad-
dition to the strong surface-level ozone pollution, in partic-
ular near the Persian Gulf, which has recently been shown
to be prominent in this region (Lelieveld et al., 2009). The
mid-tropospheric 0zone maximum is in contrast to the ozone-
depleted Asian airmasses observed in the upper troposphere
during MINOS (Fig. 47), and is not always observed in satel-
lite retrievals (e.g., Fishman et al., 2003; Liu et al., 2006).
Although the cause for this difference is not yet resolved,
it has been suggested to possibly be due to the instrument
resolution (Liu et al., 2009). The mid-tropospheric peak in
O3 over the Middle East, in the most recent study in which
it has been observed, appears to be attributed to a combi-
nation of several factors (Liu et al., 2009), with transport
from Asia and in situ production making comparable con-
tributions (about 30-35% each), where the in situ production
is strongly influenced by lightning NOy. This seems to be
consistent with the CARIBIC observations, discussed above,
which showed a strong south-to-north gradient in O3 (Schuck
et al., 2010), with the higher mixing ratios north of about
25° N being associated with greater ozone production poten-
tials, and with westerly winds (e.g., Fig. 7), indicating that
the same airmasses as observed in the southern Asian sum-
mer monsoon outflow plume are being swept around the Ara-
bian anticyclone and subsiding into the middle troposphere.
This long range transport phenomenon, and its potential im-
plications for regional radiative transfer due to the enhanced
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Fig. 48. Monthly mean ozone mixing ratio in July 2005 at 464 hPa
from (a) the TES satellite instrument, and (b) GEOS-Chem model
simulation output, smoothed with the local TES averaging kernels;
note the difference in scales (from Liu et al., 2009, copyright 2009
by the American Geophysical Union, reproduced with permission).

ozone levels, would be interesting to examine in a future ded-
icated field campaign.

5.3 Chemistry and climate impacts
5.3.1 Future ozone enhancements

One possible consequence of the Asian summer monsoon
outflow is an enhancement of the tropospheric O3 column
over Northern Africa, Europe and the Middle East, and as-
sociated effects on climate and oxidant chemistry if Asian
NOy emissions increase in the future (Lelieveld et al., 2002).
Based on sensitivity simulations with a chemistry-general
circulation model, it has been estimated that the southern
Asian emissions contribute about 20-25% of the O3 in the
UT during summer when the Asian plume is present over the
eastern Mediterranean (Roelofs et al., 2003). A scenario sim-
ulation for the year 2025 emissions shows a 14% increase of
O3 in the plume, and also indicates that the O3 formation in
the plume is NOy -limited. Given that NOy emissions rates
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from southern Asia are relatively low compared to more in-
dustrialized regions (Table 3), one might expect significant
increases in NOx emissions and consequently O3 production
in the outflow plume as the region becomes more industri-
ally developed during the next few decades; the actual extent
of this will depend strongly on which emissions controls are
implemented, especially in the transport sector.

5.3.2 Effects on cirrus clouds

There is circumstantial evidence that some aerosol compo-
nents are effectively transported to the UT in the southern
Asian summer monsoon plume, and may in turn have effects
on cirrus cloud properties. The model simulations of Li et
al. (2005), which agree well with satellite observations of the
trapping of CO in the Tibetan anticyclone, also indicate a
significant coincident transport of aerosol particles, corrobo-
rating the model results of Metzger et al. (2002). It has been
conjectured (Lohmann, 2002) that in particular BC aerosols
might influence the formation and in turn radiative transfer
properties of cirrus clouds. If so, then given the remarkable
emissions of BC aerosols from India found during INDOEX
and other studies of the SAW-ABC (see Sect. 4), it is feasi-
ble that a substantial amount of hygroscopic BC aerosol is
being transported to the UT through the summer monsoon
convection (or lofted orographically along the Himalayas),
which may in turn have consequences for the climate. An
assessment of this would require in situ measurements of
BC and other aerosols in the UT at various locations in the
summer monsoon outflow, as well as improvements in model
simulations, in particular knowledge of the scavenging effi-
ciency of deep convective clouds for these aerosols, which is
presently poorly understood.

5.3.3 Transport into the stratosphere

A final important effect of the Asian summer monsoon out-
flow is the transport of trace constituents into the strato-
sphere. This can occur via two distinct mechanisms:

— isentropic transport in northward flow, which can cross
the tropopause due to its steep slope from about 15 km
altitude over northern Africa down to about 11 km over
Europe;

— large scale ascent through the tropical tropopause
layer (TTL) of airmasses trapped in the Tibetan anticy-
clone. These two mechanisms are discussed below for
the transport of pollutants, as well as for water vapor
(which has been studied more extensively thus far).

Chen (1995) and Dunkerton (1995) were the first to no-
tice that during summer the monsoon circulations in various
regions influence the lower stratosphere. Using rawinsonde
data and a transport model based on ECMWF meteorolog-
ical analyses they showed that monsoons, and in particular
the Asian monsoon, are displaced sufficiently far from the
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equator to affect meridional air mass transports. Around the
combined Asian-Arabian UT anticyclone (see Fig. 7b), the
relatively rapid meridional advection is poleward at the west-
ern flank and equatorward at the eastern flank and leaves a
clear signal in lower stratospheric water vapor, which can be
observed by satellites. Particularly in summer, due to a rela-
tively weak potential vorticity gradient the cross-tropopause
exchange across the subtropical jet stream can take place
more easily than in winter, so that the upper tropospheric
monsoon circulation has the potential to effectively pene-
trate into the stratosphere (Dethof et al., 2000). An im-
portant consequence of this circulation mechanism is that
it allows moist air to bypass the cold equatorial tropopause
and contribute a significant input (up to 75% of the total) of
water into the extratropical stratosphere during summertime
(Gettelman et al., 2004).

Traub and Lelieveld (2003) investigated the poleward
pathway that tracks over the eastern Mediterranean re-
gion and the neighboring countries up to the Black
Sea. It appears that the convergence of the anticyclonic
flow with the polar front jet at 40-45°N increases the
wind shear and creates a jet streak, which gives rise to
clear air turbulence that mixes air pollutants across the
tropopause (note that qualitative confirmation of this phe-
nomenon is provided by the fact that passengers of aircraft
are usually requested to tighten their safety belts prior to
passing through this region). After crossing the tropopause
the transport is vertically shallow and much of the pollu-
tion is mixed back into the troposphere within weeks by
stratosphere-troposphere exchange events over the Pacific
and Atlantic Oceans. Hence this circulation system con-
stitutes an efficient mechanism for hemispheric transport of
Asian air pollution. Observational evidence of this was ob-
tained on one flight during MINOS, on which enhanced lev-
els of CO, VOCs, and CH3Cl were encountered, with chem-
ical characteristics similar to those of the air masses mea-
sured directly within the South Asian outflow plume in the
UT (Scheeren et al., 2003). (It is worth noting that this is
distinct from the observations made by Fischer et al., 2003,
of a highly polluted airmass in the lower stratosphere, which
was attributed to direct convective injection of European air-
masses.) During the subsequent transport of the Asian out-
flow airmasses in the lower stratosphere there may be vari-
ous chemical consequences, including increased O3 loss due
to the release of halogens from CH3Cl and other short-lived
halocarbons.

The second mechanism takes place near convective re-
gions in cloud-free air, where infrared radiative heating by
ozone and water vapor accelerates the ascent of air masses
into the stratosphere. This phenomenon contributes to the
moist phase of the so-called tape recorder signal in water
vapor observed by satellite instruments, in which the sea-
sonal dehydration at the cold tropical tropopause plays a
key role (Mote et al., 1996; Randel et al., 2001). Lelieveld
et al. (2007) used the chemistry-general circulation model

Atmos. Chem. Phys., 10, 11017-11096, 2010

M. G. Lawrence and J. Lelieveld: Review: southern Asian pollution outflow

EMAC (Jockel et al., 2006) to investigate the source of water
to the stratosphere. As an illustration of the vertical trans-
port pathways, Fig. 49 shows the summertime water mass
fluxes across the 340 and 380K isentropic surfaces. The
model calculations indicate that the water transport across
340 K (~200hPa) is even larger over southeastern Asia than
over the western Pacific warm pool, owing to the excep-
tional altitude attained by the Asian convection, in particu-
lar over Tibet. Further, transport across the tropopause at
380 K (~100hPa) in the equatorial zone is rather weak (and
can even be downward), whereas the upward fluxes are much
larger over the Asian monsoon region. The diabatic transport
(i.e. across isentropic surfaces, as shown in Fig. 49) into the
tropical tropopause layer at 340K is dominated by convec-
tion (i.e. latent heating), while the ascent into the strato-
sphere at 380K is controlled by the stratospheric Brewer-
Dobson circulation, being enhanced by localized net radia-
tive heating.

Two recent findings provide strong evidence of the trans-
port of southern Asian pollutants to the stratosphere via this
pathway. First, in the tropical lower stratosphere, a tape
recorder signal can be detected for CO (Schoeberl et al.,
2006), similar to that noted above for water vapor. The semi-
annual cycle of CO can be explained by the seasonal vari-
ations in deep convection and biomass burning (Liu et al.,
2007). Since the chemical lifetime of CO is relatively short
in the stratosphere (several months), the observable signal
does not extend above 20 km altitude, in contrast to that of
H,O, which can reach up to 35km. In retrospect, aircraft
measurements of CO; at about 20 km altitude also appear to
be consistent with a tape recorder transport mechanism (An-
drews et al., 1999). The other finding (Randel et al., 2010)
is that satellite observations and model simulations of HCN,
a biomass and biofuel burning product, show a pronounced
maximum in its mixing ratio in the TTL above the Tibetan
anticyclone, where the air is largely originating from south-
ern Asia. In contrast, HCN is effectively removed on the
ocean surface, so that regions of strong, deep upwards trans-
port of less polluted air, such as the Pacific warm pool, are
tagged with very low HCN mixing ratios. Future observa-
tions of other trace gases may help to elucidate the role of
southern Asian emissions compared to other regions con-
tributing to this input pathway for the lower stratosphere.

In summary, if air pollution is mixed into the extratropi-
cal stratosphere through the western UT route over the east-
ern Mediterranean, much of it will ultimately be mixed back
into the midlatitude troposphere. On the other hand, if the
pollution gets trapped into the UT anticyclone over Tibet,
it may be transported into the tropical tropopause layer and
subsequently lofted into the stratosphere. There will clearly
be an influence on the stratosphere due to trace gas trans-
port by both of these mechanisms, although the quantitative
elucidation of pollution transport pathways from Asia into
the stratosphere and their chemical and climate effects will
require considerable additional research.
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Fig. 49. Model calculated water mass fluxes (in all phases) across the 340 and 380 K isentropes, averaged for the periods June—August 2002
and 2003; red is upward; note that the scale changes between the lower and upper panel (from Lelieveld et al., 2007, copyright 2007 by the

European Geophysical Union, modified with permission).

6 The monsoon transition period plumes

Between the summer and winter monsoons are the “Monsoon
Transition Periods” (MTPs), during which the ITCZ migrates
north or south, the meridional winds weaken, and zonal trade
winds become strong across the Indian Ocean. These peri-
ods are referred to by various names, for example the “pre-
” and “post-monsoon transition periods” (indicating before
and after the summer monsoon, respectively); here we will
use the terminology “onset-MTP” and “‘withdrawal-MTP”.
Thus far the atmospheric chemistry of these periods has re-
ceived much less attention than the summer and in particu-
lar the winter monsoon periods, though there have been sev-
eral recent studies based on campaigns since INDOEX, es-
pecially ICARB, the latter part of which extended into the
pre-monsoon transition period (see Sect. 4.1). This section
gives a brief overview of what is known about the southern
Asian pollution outflow during this period.

www.atmos-chem-phys.net/10/11017/2010/

The shifts in mean wind directions during the two MTPs
were depicted earlier in Sect. 3 for 2006 (Fig. 6). The
firsts signs of the shift in winds for the onset-MTP can al-
ready be seen in March, when the outflow from India into
the Arabian Sea and from Southeast Asia into the Bay of
Bengal begins to weaken. In April the equatorial wester-
lies move north to crossing Sri Lanka, and there is other-
wise little offshore flow from either the Indian subcontinent
or Southeast Asia. By May the winds have largely taken
on the character of the summer monsoon (though with much
lower wind speeds), with the strong westerlies extending up
to about 20° N, crossing India and providing a strong, low-
level outflow into the Bay of Bengal. The winds then basi-
cally maintain the same appearance from June until Septem-
ber, intensifying until August and weakening thereafter. The
withdrawal-MTP shift occurs fairly rapidly in late Septem-
ber or during October, and by November the wind fields
are nearly the same as during the rest of the winter mon-
soon, with offshore flow towards the southwest from India

Atmos. Chem. Phys., 10, 11017-11096, 2010



11078

and southern Asia. The winds in October (withdrawal-MTP)
are notably different from those in April-May (onset-MTP),
with weaker westerlies and offshore flow mainly towards the
Arabian Sea (rather than towards the Bay of Bengal).

These seasonally varying transport patterns are reflected
in observations of trace gases and aerosols during the MTPs.
Onshore, the winds suggest the possibility of transport from
northern India and Bangledesh towards Eastern Asia (Myan-
mar and western China). Though not many observations are
available from this region, evidence of significant pollutant
transport has been presented by Chan et al. (2006), based on
surface-level measurements of pollutants made on the south-
eastern Tibetan Plateau during a field campaign in April-
May 2004. Their analysis shows that about 20-25% of the
trajectories originated from the west (India, Nepal and Ban-
gledesh), and tended to be the most polluted airmasses, with
mixing ratios of O3, CO, NOy and mass densities of PMjq
and PM, 5 exceeding those in airmasses from the south or
east. While this may be important in the less populated and
less industrialized regions of western China, further to the
east one would expect any import of polluted airmasses from
southern Asia to be dwarfed by local emissions.

Offshore, where more observations are available, the
weaker winds from the continent lead to generally lower
aerosol mass concentrations and trace gas mixing ratios dur-
ing the MTPs compared to the SAW-ABC (e.g., Moorthy
et al., 2008; Nair et al., 2008), as well as weaker north-
south gradients for O3 and CO (Sahu et al., 2006). The
earliest known chemical observations during the MTPs date
back to three cruises in 1995, the pre-INDOEX cruise of
the American RV Malcolm Baldrige (Rhoads et al., 1997),
which lasted into late April (Table 4), and another indepen-
dent pair of cruises in the Arabian Sea with the German
RV Meteor during May and July/August 1995 (Johansen et
al., 1999). The latter study could contrast the onset-MTP
with the summer monsoon period, and showed that the an-
thropogenic component of sulfate aerosol was still relatively
high (65%) during the onset-MTP, falling rapidly to only
25% during the summer monsoon. A similar transition was
seen during two cruises in the Arabian Sea with the RV Sagar
Kanya during March—June 2003 (Babu et al., 2004, 2008;
Moorthy et al., 2005a), with a rapid decrease in BC mass
fraction from ~2.5% in March to 0.5% in June, and sim-
ilar decreases in the anthropogenic influence over the Ara-
bian Sea during the onset-MTP were seen during the ICARB
cruise (Moorthy et al., 2008). ICARB observations of AOD
and the Angstrom exponent (the wavelength dependence of
the extinction of shortwave radiation by the aerosols) by
Kaskaoutis et al. (2010) and Kalapureddy et al. (2009) in-
dicated a very strong spatial heterogeneity in the Arabian
Sea during this period. Highly polluted airmasses contain-
ing small urban particles were still observed near the coasts
like in the winter monsoon; relatively high AOD values were
also observed in the northern Arabian Sea, associated mainly
with mineral dust. On the other hand, very low values of
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AOD were observed in the central and western Arabian Sea,
associated with the anticyclonic center seen in April in Fig. 6,
along with transport from the central Indian Ocean that takes
over in May.

During the onset-MTP over the Bay of Bengal, one could
expect a decrease in pollutant levels and in indicators like the
AOD, which has been confirmed by observations at the is-
land station of Port Blair (Beegum et al., 2008). During this
period, the BC fraction of the total aerosol over the Bay of
Bengal has been found to be very sensitive to the transition
(Babu et al., 2004, 2008; Sumanth et al., 2004; Moorthy et
al., 2005a; Satheesh et al., 2006b). In late April and early
May, the BC mass fraction peaks at about 6%, due to the
shift to westerly offshore flow and little pre-monsoon pre-
cipitation, so that a substantial amount of the anthropogenic
continental aerosol survives the transport over the Bay. Fur-
ther evidence of this long survival of anthropogenic pollu-
tion comes from the study of Nair et al. (2010), in which
ICARB observations are analyzed to determine the anthro-
pogenic contribution as a function of geographic location.
They find that the TOA radiative forcing by anthropogenic
aerosols is nearly constant at —3.3 to —3.6 W m~2 from north
to south within the sampled area, suggesting relatively lit-
tle loss of anthropogenic aerosols during the transport away
from the coastal source regions. However, very interestingly,
they also find that the anthropogenic fraction increases sub-
stantially away from the coast: in other words, near the out-
flow from the highly-polluted Indo-Gangetic Plain, the an-
thropogenic aerosols only contribute about 25% of the to-
tal AOD, whereas over the southern Bay of Bengal the frac-
tional contribution increases to about 50%. Though this sur-
prising result needs further investigation to be corroborated
and explained, the authors offer a sensible hypothesis: large
amounts of dust particles accompany the pollution near the
coast, but due to their larger sizes they sediment out much
more rapidly than the anthropogenic aerosol particles, leav-
ing anthropogenic aerosols like BC to make a larger relative
contribution farther away from land.

In contrast, during the withdrawal-MTP in October the
BC mass fraction generally falls to about half as much as
during the onset MTP (~3%, with an SSA of 0.94), due
to the nondescript outflow from both India and southeast-
ern Asia. On the other side of India, observations in the
Arabian Sea during the withdrawal-MTP show clear anthro-
pogenic fingerprints reappearing during October (Spencer et
al., 2008): at MCOH, high-BC episodes occur during which
over 70% of the particles show characteristics of originating
from BMB + BFB, and most of the aerosol samples are also
mixed with notable amounts of sulfate due to secondary pro-
cessing during transport. Further observations made during
the withdrawal MTP over both the Arabian Sea and the Bay
of Bengal have shown similar trends towards reduced pollu-
tion levels with the shifts in the wind direction (e.g., Mandal
et al., 2006; Sahu et al., 2006).
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Fig. 50. Satellite retrieval of the aerosol optical depth (AOD) during October 1997, showing the strong plume from the Indonesian forest
fires (from Li and Ramanathan, 2002, copyright 2002 by the American Geophysical Union, reproduced with permission).

One of the particularly interesting observations during
the MTPs is the occasional, extremely strong influence of
biomass burning in Indonesia on the eastern equatorial Indian
Ocean during El Nifio periods (Heil and Goldammer, 2001).
The most poignant example was during the 1997 El Nifio,
when tremendous fires during September—November 1997
resulted in a massive aerosol plume with an AOD > 1.0
(Fig. 50). Aerosol concentrations reached up to 4 mgm™3,
while several hundred ug m—> were observed over extended
areas and periods, with severe regional air quality and
climate consequences, such as a regional reduction of solar
radiation reaching the equatorial Indian Ocean of 15-25%
(Heil and Goldammer, 2001; Li and Ramanathan, 2002; Pod-
gorny et al., 2003; Rajeev et al., 2004). An additional strong
plume during the 2006 El Nino (October/November) was ex-
amined by Thampi et al. (2009), employing the CALIPSO
satellite instrument to allow an analysis of the vertical struc-
ture; the plume was found to be mostly confined to be-
low 3km, with the highest concentrations between 0.6—
2.0km. The plume was noted to also be very clearly vis-
ible in satellite-derived CO columns (Gloudemans et al.,
2009). Finally, Kunhikrishnan et al. (2004b) found that while
strong pollution plumes are clearly most pronounced dur-
ing the special El Nifio conditions, they are recurrent phe-
nomena, particularly for NOy, which can be seen during
most transition periods (especially the withdrawal-MTP), as
shown in Fig. 51. These plumes can be seen in satellite re-
trievals of NO; from the GOME (Global Ozone Monitoring
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Experiment) and SCIAMACHY (Scanning Imaging Absorp-
tion Spectrometer for Atmospheric CHartographY) instru-
ments. They are transported across the Indian Ocean near the
equator mostly in the middle troposphere (around 700 hPa),
originating primarily from biomass burning in southeast Asia
(especially Indonesia), as well as having a strong (and some-
times dominant) contribution from Africa. This finding has
the interesting implication that the central and southern In-
dian Ocean is not always as pristine as found during IN-
DOEX in the winter monsoon; in particular, during the mon-
soon transition periods, pollution levels are even greater
south of 10°S than over the northern Indian Ocean, the
opposite of the winter monsoon situation encountered dur-
ing INDOEX (Fig. 52).

7 Conclusions and outlook

This article has given an overview of the key aspects of the
outflow of pollutants from southern Asia during the monsoon
and transition seasons, with an emphasis on the dry winter
monsoon, for which both the transport potential and the body
of literature are largest. While an immense amount has been
learned about these issues over the last decades, there are
still many unanswered questions. Foremost in many readers’
minds may not be the impact of southern Asian emissions
on the rest of the world, which has been the focus of this re-
view, but instead the impact of southern Asian emissions plus
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Fig. 51. Tropospheric NO, column (in 10" molecules/cm?) aver-
aged for 5° N-30° S during 1996-1999 from the GOME satellite
instrument (from Kunhikrishnan et al., 2004, copyright 2004 by the

American Geophysical Union, reproduced with permission).

the emissions from the rest of the world on southern Asia it-
self. It is clear that long-lived greenhouse gases from Europe
and North America have global effects, and certainly other
gases with intermediate lifetimes such as CO and O3 may
also be strongly affected by trans-boundary transport, partic-
ularly between various parts of Asia. This is not limited to
anthropogenic emissions, but also includes natural sources
of gases and aerosols, in particular dust, which can be trans-
ported over long distances, for instance from the Arabian
deserts, to have a significant short-term influence on the AOD
over India and other parts of southern Asia (e.g., Badarinath
et al., 2010). Considerable work is needed to deepen our
scientific understanding of atmospheric tele-connections and
to develop effective strategies for dealing with the air pollu-
tion problems facing the local populations, which will almost
inevitably help alleviate many of the superregional pollution
problems discussed here.

In addition to the emissions from biomass, biofuel and
fossil fuel burning in southern Asia, another major problem
facing the region is the intermittent severe biomass burn-
ing (forest fires) on the Southeast Asian islands (especially
Indonesia), particularly in connection with El Nifio. These
fires can lead to very large amounts of trace gas and aerosol
emissions on short time scales in a region which is one of the
most convectively active worldwide.
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Fig. 52. Horizontal structure of the tropospheric NOx column (in
1014 rnolecules/cmz) from the MATCH-MPIC model. Top: Jan-
uary 1999, during INDOEX; bottom: September 1998, during the
monsoon transition period (based on data from simulations dis-
cussed in Kunhikrishnan et al., 2004).

The next decade of research on this subject will be driven
by a number of key questions, many of which have been
brought up already in the above discussions:

Open issues — SAW-ABC:

— How much of the pollution over various parts of the In-
dian Ocean is from southern Asia versus other regions
(especially China, Africa, the Middle East and Europe)?
Can we link atmospheric chemistry measurements in
the pollution source regions with those over the Indian
Ocean to learn more about the transport potential?

— How do the gaseous and particulate pollutants over the
ocean interact, including emissions from international
shipping, sea spray and wind-blown desert dust, which
can be important in specific geographical regions and
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periods? How do aerosols in the SAW-ABC age? For
instance, how do the properties of BC change from hy-
drophobic into hydrophyllic, over what time scales?

To what extent do mesoscale meteorological patterns,
for example land-sea breeze circulations, orographic
flows and cloud-enhanced mixing between the bound-
ary layer and free troposphere influence the pollution
transport potential?

How large is the regional source of BC and what are the
relative roles of biomass, biofuel and fossil fuel burning
(i.e., can the discrepancies between top down versus
bottom up estimates be finally resolved), how large is
the radiative forcing from BC in the haze, and how does
this affect boundary layer and lower tropospheric dy-
namics?

What are the effects of the pollution haze on: clouds and
deep convection in the ITCZ; the monsoon transition
periods; the summer monsoon onset and intensity; and
tropospheric chemistry? What are the key factors that
need to be focused on to reduce the uncertainty in sim-
ulating these effects with chemistry-climate models?

How much pollution in general (e.g., as a function of
lifetime) makes it into the ITCZ? What are the details
of the convective and large-scale transport in the ITCZ,
such as the amount of interhemispheric exchange which
occurs, and the fraction of gases and aerosols that are
washed out during the transport?

In addition to vertical transport in the ITCZ, can there
also be significant lofting of pollutants during this pe-
riod along the southern edge of Himalayas? How much
pollution in general makes it into the Himalayas and the
Tibetan Plateau region, during the winter monsoon as
well as the rest of the year, and what effects do these
pollutants have on the cryospheric reservoirs and the
monsoon circulation?
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— Is O3 generally enhanced or depleted in the Asian sum-

mer monsoon plumes, and how does this vary spatially
and temporally within the outflow?

What is the role of breaks in the monsoon in allowing
pollution buildup and transformations (especially pho-
tochemical O3 formation and aerosol aging) prior to the
convection (i.e., how different do things look in years
when the convection is more even versus years when
there are lots of breaks between intense rainy spells)?

How significant is the eastward component of the mon-
soon outflow, in part through the lower stratosphere?
Can it also be observed (in situ or by satellites)? Does
it join up with the outflow from eastern and northern
Asia and head across the Pacific towards North Amer-
ica, and if so, does it represent a non-negligible addi-
tional source for any particular gases or aerosols?

How does pollution transport from southern India and
Sri Lanka toward the northern Bay of Bengal and
the coastal regions of Bangladesh and eastern In-
dia contribute to pollutant ozone buildup over the
Bay of Bengal?

Open issues — monsoon transition periods:

— Do further measurements during this period support the

first impressions from the sparse measurements, along
with satellite and modeling studies, which have been
made so far?

Is this a particularly sensitive period for effects of
aerosols on the monsoon onset and withdrawal? If so,
how large is the natural interannual variability of this
(due mainly to ENSO), and how will the anthropogenic
component of the influence change in the future?

Are the pollutant outflow and the resulting radiative ef-
fects during this period of global significance compared
to the longer summer and winter monsoon periods?

. . Open issues — general:
Open issues — Asian summer monsoon outflow: P §

— How do we go about improving emissions estimates and
— What quantities of various trace species in the Asian

monsoon plumes are actually transported into the trop-
ical tropopause layer and subsequently into the lower
stratosphere?

How much of the immense amount of carbonaceous
aerosol which is produced in southern Asia (evidenced
by the SAW-ABC) is able to survive transport to
the UT through summertime deep convective clouds?
What happens to the aerosols once they are in the
UT in terms of aging, coating, and primary loss mech-
anisms, and how do they affect radiation processes and
possibly cirrus cloud properties?

www.atmos-chem-phys.net/10/11017/2010/

their future projections? The emissions from this popu-
lous region grow so rapidly that results from bottom-up
methods are predestined to be outdated upon their avail-
ability for the modeling community. Can combinations
of bottom-up and top-down satellite-based approaches
lead to major advances in the near future? The develop-
ment of emission scenarios will be associated with large
uncertainties and needs intensified cooperation between
policy makers and environmental scientists.

How do the emissions from southern Asia influence
global mean OH levels and the tropospheric oxidizing
efficiency? What are the effects on global tropospheric
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O3, particularly on surface O3 over the US and Europe,
which is predicted to increase notably in the future due
to the impact of Asian emissions on the hemispheric
background O3 levels?

— Finally, a major set of questions involves the effects of
air pollutants on the atmospheric energy and water bud-
gets. Although field observations have provided clear
indications of the influence of aerosol particles on at-
mospheric heating rates, as well as the surface energy
budget and water fluxes, the representation of these
processes as well as the indirect effects of aerosols on
clouds in climate models are in their infancy.

It is important to consider how future research will be or-
ganized, and who will lead it, so that it will most effectively
address the issues that are most important for the popula-
tions of southern Asia, as well as those that are critical to the
rest of the world. A major step towards developing such a
focused international and interdisciplinary research initiative
is the UNEP-sponsored ABC (Atmospheric Brown Clouds)
project, with an initial focus on Asia, in which several mea-
surement stations have been established, which are important
for monitoring, model testing and providing an indispensable
reference point for future measurement campaigns. ABC-
Asia also plays a key role in the international organization of
modeling exercises, field campaigns and their coordination
with satellite observations. Future work sponsored by ABC-
Asia and other programs will hopefully be able to make sub-
stantial progress towards answering many of the questions
posed above.
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