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Abstract. Megacities and other major population centers governs the local and regional pollution buildup; however,
represent large, concentrated sources of anthropogenic pollwen a global basis, differences in vertical mixing are domi-
tants to the atmosphere, with consequences for both local amant in determining the pollution buildup both around and
quality and for regional and global atmospheric chemistry.further downwind of the source locations.

The tradeoffs between the regional buildup of pollutants near
their sources versus long-range export depend on meteoro-
logical characteristics which vary as a function of geograph-q
ical location and season. Both horizontal and vertical trans-

port contribute to pO”Utant eXport, and the overall degree OfFor the past few thousand years, human popu|ations have
export is strongly governed by the lifetimes of pollutants. peen clustering in increasingly large settlements. At present,
We provide a first quantification of these tradeoffs and thethere are about 20 cities worldwide with a population of ten
main factors influencing them in terms of “regional pollution mjllion or greater (see Tablg), and 30 with a population
potentials”, metrics based on simulations of representativeyf about 7 million or greater. These numbers are expected
tracers using the 3-D global model MATCH (Model of At- o grow considerably in the near future. This confluence of
mospheric Transport and Chemistry). The tracers have thregyman activity in so-called “megacities” (e.Nlolina and
different lifetimes (1, 10, and 100 dayS) and are emitted fromMonna’ 20049 leads to serious issues in municipa| manage-
36 continental large point sources. Several key features of thgnent, such as the coordination of public and private trans-
export characteristics emerge. For instance, long-range neagort, solid and liquid waste disposal, and local air pollu-
surface pollutant export is generally strongest in the middletjon. The latter is known to have significant local and re-
and high latitudes, especially for source locations in Eurasiagiona| consequences for human health and crop production
for which 17-34% of a tracer with a 10-day lifetime is ex- (e.g. Chameides et 311994 Emberson et al.2001). On
ported beyond 1000 km and still remains below 1 km altitude.the other hand, emissions of longer-lived pollutants from
On the other hand, pollutant export to the upper tropospherghese concentrated population centers can affect atmospheric
is greatest in the tropics, due to transport by deep convectiorghemistry on the continental and global scale. The balance
and for six source |Ocati0ns, more than 50% of the total mas$etween local and |ong_range effects can be anticipated to
of the 10'day lifetime tracer is found above 5km altitude. depend Strong|y on regiona' meteoro'ogica' and geograph_
Furthermore, not only are there order of magnitude interre5cg| differences. Here we address the question: What are
gional differences, such as between low and high latitudesihe common features and differences in the regional and

but also often substantial intraregional differences, which weiong-range dispersion characteristics for air pollutants emit-
discuss in light of the regional meteorological characteristics.ted from large, concentrated urban sources?

We also contrast the roles of horizontal dilution and vertical  \we examine this issue using representative, artificial trac-

mixing in reducing the pollution buildup in the regions in- ers in a global 3-D chemistry-transport model (CTM). Three
cluding and surrounding the sources. For some regions sucfiacers with exponential decay lifetimes of 1, 10, or 100 days
as Eurasia, dilution due to long-range horizontal transportyre emitted from each of 36 selected major population cen-
ters. These can be applied generically towards understand-
Correspondence tavl. G. Lawrence ing the anticipated typical outflow characteristics of a wide
(lawrence@mpch-mainz.mpg.de) range of trace gases and aerosols. For instance, the typical
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Table 1. The set of selected MPC source locations and their approximate populations (projections for 2005), along with the corresponding
longitudes and latitudes as employed in the model setup.

City Populationr  Lon?  Lat?
(x10°)
Eurasia
London, England 7.6 0.0 51.3
Paris, France 9.9 1.9 49.4
Moscow, Russia 10.7 375 55.0
Po Valley, Italy >6.08 112 457
Istanbul, Turkey 9.8 28.1 40.1
Teheran, Iran 7.4 50.6 34.5
Africa
Cairo, Egypt 111 31.9 28.9
Lagos, Nigeria 11.1 3.8 6.5
Johannesburg, South Africa 3.3 28.1 -27.0
Southern Asia
Karachi, Pakistan 11.8 67.5 25.2
Mumbai, India 18.3 73.1 19.6
Delhi, India 15.3 76.9 28.9
Kolkata, India 14.3 88.1 23.3
Dhaka, Bangladesh 12.6 90.0 23.3
Eastern Asia
Szechuan Basin, China 8%.3 1050 30.8
Beijing, China 10.8 116.2 40.1
Tianjin, China 9.3 116.2 38.2
Shanghai, China 12.7 1219 30.8
Seoul, Korea 9.6 1275 38.2
Tokyo, Japan 35.3 138.8 34.5
Osaka, Japan 11.3 135.0 34.5
Hong Kong / PRD, China 72141 114.4 23.3
Southeast Asia
Manila, Philippines 10.7 120.0 14.0
Bangkok, Thailand 6.6 101.2 14.0
Jakarta, Indonesia 13.2 106.9 -6.5
Australia
Sydney, Australia 44 1519 -32.6
North America
Chicago, USA 8.7 2719 42.0
New York, USA 185 286.9 40.1
Los Angeles, USA 121 2419 34.5
Atlanta, USA 49 2756 32.6
Mexico City, Mexico 19.0 260.6 19.6
South America
Bogota, Colombia 7.6 285.0 4.7
Lima, Peru 8.2 2831 -121
Rio de Janeiro, Brazil 115 3169 -215
Sao Paulo, Brazil 18.3 3131 -23.3
Buenos Aires, Argentina 13.3 3019 -345

1 source (unless otherwise noted): Population Division of the Department of Economic and Social Affairs of the United Nations Secretariat
(2004) and World Urbanization Prospects: The 2003 Revision, Wp://www.unpopulation.orgcompilation accessible ittp://www.
infoplease.com/ipa/A0884418.html

2 The latitudes and longitudes correspond to the model grid cells in which the tracers are emitted, and do not necessarily correspond exactly
to the locations of the represented cities or regions themselves.

3 Exact population figure not found; lower limit estimate based on the sum of the populations of Milano and Turino.

4 For a provincial area of 485000 km, covering about 12 T63 grid cells; fiaqm//en.wikipedia.org/wiki/Sichuarversion from 14:13, 10

July 2007, based on the original source China Statistical Yearbook, 2005, ISBN 7503747382.

5 Approximate population of the Pearl River Delta zone; frbttp:/en.wikipedia.org/wiki/PeaiRiver Delta version from 07:38, 3 July

2007, based on the 2000 Chinese national census.
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lifetime of aerosols (sulfate, organic and elemental carbonsights through detailed studies of individual cities (&gt-
nitrate, etc.) generally lies between 1 and 10 days, and thékunda et al. 2005 de Foy et al.2006§. However, the re-
global mean lifetimes of several key reactive trace gases falgional model would then need to be set up to simulate sev-
in this range, including @(~25d), CO(60d), NQ, (~2d), eral regions around the world in order to address the ques-
ethane £100d), propane~30d) and butane~3d). The tion posed above and to allow a comparative analysis of the
results of this study are complementary to those in Butleroutflow characteristics of the full large set of chosen source
et al. (20074, in which we examine the effect of megac- locations. We hope this study might be followed up by sim-
ity emissions more specifically on global and regional O ilar analyses with regional models, and suggest a few points
chemistry, based on the megacity emissions worlGaf- where this may be particularly valuable.
jar et al.(2004), Gurjar and Lelieveld2005, and Butler et In the following section we provide descriptions of the
al. (2007b§. The generic tracer approach used here allowsglobal model used for the simulations (MATCH), the source
these results to also be applicable to other classes of airborriecations and tracers, and the metrics considered in this
pollutants, such as Hg, Pb, and persistent organic pollutantstudy. Following that, we discuss the qualitative and quan-
(POPs). titative dispersion characteristics for the set of tracers, fo-
The mean geographical distributions of these tracers argusing on three particular issues: low-level long-range ex-
compared making use of a set of metrics which helps quanport, vertical transport to the upper troposphere (UT), and
tify either the degree of export or the coherent retention ofregional exceedances of density thresholds. Our key conclu-
the tracers in the source region. Both horizontal and verticakions are summarized in the final section, along with recom-
transport contribute to tracer outflow. Horizontal dispersion mendations for future studies. Beyond the discussion pre-
in the boundary layer (BL) transports pollutants to other re-sented here, for interested readers we also provide an elec-
gions, where they can still have direct effects on health, agritronic supplement with a full set of figures for the individual
culture and visibility. Vertical dispersion, especially by cu- source locations, on an annual and seasonal mean basis, as
mulus convection, removes pollutants from the surface layeryvell as key tables and figures for the tracers with different
and in turn transports them to the free and upper tropospherdifetimes.
where the lifetimes of many trace gases and aerosols are
much longer, their climate effects (e.g., influence on cirrus
properties and as greenhouse gases) are more significant, add Methods
the potential exists for further transport into the stratosphere.
It is not clear a priori what the relative quantitative roles of 2.1 Model description
horizontal and vertical transport are, and how this might vary

on a regional basis; this is examined here in light of the re-For this analysis we use the global 3-D Model of Atmo-
gional pollution potential metrics. spheric Transport and Chemistry (MATCH). MATCH is a

Several previous studies have also employed global modgemi-ofﬂine model which has been described and evaluated

els to examine the outflow, distribution and influence of pol- IN détail inRasch et al(1997; Mahowald et al(1997ha);
lutants on regional, continental and global scales (aiggd ~ Lawrence et al(1999 2003g; von Kuhlmann et al(2003;

and Akimotq 200% Stohl et al, 2002 Lawrence et al. Lang. and Lawrenge(ZQOSab). The model transport and
2003a Kunhikrishnan and Lawrence004 Pfister et al. physms parameterizations are mostly based on the (_:CMB
2004; a good review of these is provided bikimoto (K|ehl_et a_l, 199@. MATCH has been used to stud_yavarlety
(2003. In contrast to these studies, which have focused orf tOPICS, including long range transport of pollution plumes
emissions from various country-scale to continental-scale re{L@wrence et aJ.20033, and transport by deep convection
gions (e.g., Europe), here we focus on individual megaci-and its effects on global tropospherig @awrence et aJ.

ties and other major population centers, represented as large’03b Lawrence and RascB003. Here we are particularly
point sources for the tracers. An alternative approach tghterested in the quality of the simulated tracer transport, es-

studying the outflow characteristics from these concentrated®Cially in pollutant outflow regions. Previous studies have
sources would be to employ a regional model. Such model$hown this to be generally very good for CQ;HG and other

allow a more detailed analysis of local meteorology and re_poIIution tracers, with correlation coefficients between sim-
gional pollutant distribution, and have provided valuable in- Ulatéd and observed values often being in the 0.7-0.9 range,
and with the main exception being in regions where the emis-

sions are not well represented, for example, due to the use of

1Butler, T. M., Lawrence, M. G., Gurjar, B. R., and Lelieveld, climatological biomass burning emissiorisawrence et aJ
J.: The effects of emissions from megacities on global ozone chem- 9 9 )

istry, Atmos. Chem. Phys. Discuss., in preparation, 2007a. 2003a GTOS et. al"2093 2004 Salisbury et'a|.2003.

2Butler, T. M., Lawrence, M. G., Gurjar, B. R., van Aardenne, | he simulations discussed here are driven by meteorolog-
J., Schultz, M., and Lelieveld, J.: The representation of emissiondcal data from the NCEP/NCAR reanalysis projeal(nay
from megacities in global emissions inventories, Atmos. Environ., €t al, 1996 at a horizontal resolution of T63 (96192 grid
in review, 2007b. points, or about 19. There are 28 vertical sigma levels
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tracers. The tracer mixing ratios are archived on a monthly

Table 2. The elevations above sea level along with the geopotentia .
mean basis.

altitudes from the model simulation for the high-altitude MPCs.

2.3 Tracer source locations

City Actualt (m) Model (m)

Bogota, Colombia 2660 1571 Table 1 lists the major population centers (“MPCs") cho-

Mexico City, Mexico _ 2259 1815 sen for the simulations, along with their approximate pop-

Johannesburg, South Africa 1753 1724 ulations and the corresponding closest model grid cell lati-

;eheFr)an,l Irag ' 1%8 123(1) tudes and longitudes at the chosen resolution. Thirty of these
ao Paulo, Brazi : e

Lima, Peru 128 1668 MPCs correspond to the worldwide most populated cities in

2000, with populations ranging from about 7 million (Hong

1 o Kong, Teheran and Chicago) to more than 20 million (Mex-
Sources:http://www.hargravesfluidics.com/atity.phpandhttp: 4 City and Tokyo). Six additional major population centers

Ilen.wikipedia.org have also been included, helping to improve the global cover-

age: Po Valley, Italy; Johannesburg, South Africa; Szechuan

from the surface to about 2 hPa; for a reference surface preéas'n' C_:hma; Sydney, Austraha; Atlanta, USA; and Bogota,
sure of 1000 hPa, the midpoint pressures of the levels belov?ommb'a' $ome of the megacities chosgn are to an extent
100hPa are: 995.0, 982.1, 964.4, 942.5, 915.9, 883.8, 845 gcPresentative of even greater metropolitan areas, such as
801.4, 750.8, 694.3, 632.9, 568.1, 501.7, 435.7, 372, 312.51'¢ Pearl River Delta (PRD) adjacent to Hong Kong, and
258.2. 210.1, 168.2, 132.6, and 102.8 hPa. The surface laydp® Boston-New York-Washington (BosNYWash) extended
is normally 80-90 m thick. The setup is similar to that used Metropolis surrounding New York City. Note that we ac-

in Lawrence et al(1999 andvon Kuhimann et al(2003, tual!y included abqut ten other source Iopations in our si_m—
but focusing only on artificial tracers, and including the new ulations to .further |mprove.the geogrgphmal represen'tatlon,
plume ensemble tracer transport representation for deep cortP—yf[ dete_rmmed t_hat they did not prowde_ any substantial ad-
vection fromLawrence and Rasq2005. The model is run ditional information beyond_the conclusions that are drawn
in a “semi-offline” mode, relying only on a limited set of based on the selected set; in a few cases, however, some of

input data fields, which are: surface pressure, geopotentiafhese additional tracer results will be referred to below to em-

temperature, horizontal winds, surface latent and sensiblé’haSIze certain pomts: o ]
The geographical distribution of the locations of the cho-

heat fluxes, and zonal and meridional wind stresses. These . C )
are interpolated in time to the model time step of 30 min, andS€N MPCs can be seen in Flg.which is discussed in more
used to diagnose online the transport by advection, verticafl€t@il in Sect3. Considering first the “proper” megacities,
diffusion, and deep convection, as well as the tropospheridn©St are in the Northern Hemisphere, and the greatest con-

hydrological cycle (water vapor transport, cloud condensatéeentration of megacities is clearly in Asia, though there is a
formation and precipitation). All runs analyzed here are for "¢latively good global coverage. The coverage is improved
the year 1995, which was chosen as a “neutral” year withconsiderably with the inclusion of the additional MPCs men-

regards to the ENSO. For the 1 and 10-day lifetime tracerstioned above, especially Johannesburg and Sydney. The ma-

one month (December, 1994) is used as a spinup, while folority of the MPCs are either directly coastal, or within about

the 100-day lifetime tracers a 1-year spinup (1994) is used, 100km of a coast (mostly oceanic, though in some cases
like the Po Valley, Teheran and Chicago, also near large seas

2.2 Tracer emissions and decay and lakes). Because of this, many of the MPCs are either
nearly at sea level or are within a few hundred meters alti-
A set of tracers is emitted at the same rate, Askgnto the  tude. However, there are several exceptions to this, with a
model surface layer at each major population center sourcéew being at very high elevations, as listed in TaBleIn
location. The emission is per grid cell, so that the same masgeneral, the model at the resolution employed (T63) is able
of each tracer is emitted over time, regardless of the sourcéo capture the characteristic high elevation of these cities,
grid cell location or size (for the larger major population cen- especially for plateaus like the highveld around Johannes-
ters, like the Szechuan Basin, the emission is only into theburg, although it often tends to underestimate the altitude
single grid cell with the coordinates given in Taldle Fol- due to the smearing out of detailed orographic features in
lowing emission, the tracers are transported with the modethe model grid cells. One of the main exceptions to this
parameterizations, and a uniform global decay rate is applieds Lima, for which the geopotential altitude of the corre-
to the tracer mixing ratios each time step. Three characterissponding model grid is much higher than the actual altitude
tic decay rates have been chosen: 1d, 10d, and 100 d, whicbf the city. This is due to its close proximity to the An-
correspond to the main range of tracers of interest in urbardes mountain range, which is partially included in the grid
and regional air pollution, as discussed in the introduction.cell including Lima. A few other MPCs are also affected by
Wet and dry deposition processes are not included for thehis interpolation of orography, especially for mountains near
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Table 3. Brief descriptions of the metrics used in this study.

Symbol Metric

ELRco Fraction of total tracer mass which is beyond
1000 km away from the source point (at any al-
titude)

ELRyxm Fraction of total tracer mass which is beyond
1000 km away from the source point, and re-
mains below 1 km altitude

EuTt Fraction of total tracer mass which is above
\ \ - | \ l - | 5km altitude (at any horizontal location)
50 100 150 200 250 300 400 500 Ay Total surface area (in $&m?) of the model

(b) Surface Densit 12 3 grid cells with a tracer density exceeding
y (10 kg/m?) 3 3
‘ A j i ! ; - ng/m?>, wherex=1, 10, and 100
607:%; TS \j/g'v ; = 3 xng/ X ngn
30F
0t 2.4 Metrics
-307 T . . . N
: S 7 The metrics which are employed to examine the tracer distri-
-60 ‘ : CT : : e ‘ ‘ ; ; ; : .
(80 <0 5 %0 180 butions are focused on addressing two main questions:
\ | | I ! ! || | — How much of the tracer mass is exported beyond a given
10 20 50 100 200 500 1000 2000 distance (horizontal and/or vertical)?

— How large is the geographical area surrounding the
source location with a substantial pollution buildup?

We have examined a wide variety of metrics for quantifying
the dispersion of these tracers. In this paper, we focus on a
subset of these, summarized in TaBJewhich illustrate the
main findings regarding global tracer dispersion characteris-
tics. The metrics are computed for both monthly and annual
mean output, and the ranks of the MPCs are discussed for
each metric.

The first basic type of metric is the mass which is ex-
ported to a chosen minimum distance away from the city,

the total column mass density (19kg/m2), (b) the model sur- in the horizontal and/or vertical. For the pollutant export

face layer density (10'2kg/m?), and(c) the column above 5km ~ OVer long ranges (“ELR") in the horizontal, we focus on
(10-9kg/m2). the low-level export in terms of the fraction of total tracer

mass in the lowest 1 km of the model which is transported to
more than 1000 km away from the source location, denoted
asELRikm. We have also considered other distance thresh-
olds (e.g., 500 km, 2000 km), but find the same qualitative
results to hold as for 1000 km. This scale, which represents a
coasts or valleys, though not as severely as Lima; the maimough boundary between regional and continental scale pol-
MPCs affected are the Po Valley (modeled altitude: 942 m;lution, should be appropriate for studies with the model at
actual elevation~100-200 m), the Szechuan Basin (764 m T63 resolution, since a circle with a radius of 1000 km is rep-
vs. ~200-500 m), Beijing (740 m vs~40m), and Rio de resented by~100 model grid cells. In addition, we briefly
Janeiro (600 m vs>~10 m; note the proximity to Sao Paulo, note the main results for the overall long-range horizontal
listed in Table2, which is at a much higher altitude than Rio export (to beyond 1000 km) at any altitude within the col-
de Janeiro). For these MPCs, it can be expected that the resmn, E L Rco. Vertical export to the upper troposphere (UT)
sults presented here will be biased towards more long-ranges discussed in terms of the fractional mass of each tracer
transport in the free troposphere and less retention at low alwhich resides above 5km, at any horizontal distance from
titudes. The deviations in modeled geopotential altitude forthe source EyT).
the remaining MPCs, at elevations near sea level, are gener- To compute EL R, and ELRikm, it iS necessary to
ally small. determine the longitude/latitude coordinates of circles of

20 30 40 50 60 80 100 120

Fig. 1. The annual mean sum of al=10d MPC tracers fo(a)
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the desired radii surrounding each chosen source point. Wévely similar to ther=10d tracers, though with less-£1 d)
approximate such circles by determining the locations of aor more ¢=100d) effective dispersion, respectively, as
set of equidistant points around each source point. The transzould be anticipated from the different lifetimes. In the fol-
formation from distances in meters to the graticule (latitude-lowing sections, we discuss the results based on the metrics
longitude grid) is based on the radii of the WGS84 ellipsoid described in Tabl8. In each section, we focus first on the
(National Imagery and Mapping Agency, http://earth- main general results for the=10d tracers, then discuss dif-
info.nga.mil/GandG/publications/tr8350.2/wgs84fin.pdf, ferences for the=1d andr=100d tracers, along with more
2000. Only the appropriate fraction of the tracer masses arespecific points for individual MPCs.

taken for the set of grid cells which are on the boundaries

of the circles (i.e., partly inside and outside the circles); for3 1 | ow-level long-range export

these border grid cells, the assumption is made that they
are rectangular, and the fraction inside or outside the circl
is calculated as an area weighted factor using the gridcel

edges and the spline formed by the equidistant points (the ,
error due to this assumption is1%, which was tested by | '€ outflow in the model surface layer (Fip) can be com-

summing up the areas enclosed by the circles using thi?ared to the column densities (Filg), showing that the re-

approach versus the actual analytically computed geometri€Ntion Of pollutants near the surface tends to be stronger in
surface area of the circles). the mid- and high-latitudes than in thg tropics. For most
A completely different type of metric which we consider is sources, the.surface_ﬂow patt_ern dom|_nates .the total (.COI'
the geographical area (including the source grid cell), Whichumn.) outflov_v, the main exc_epnons to this are in the tr0p|c§,
we denote ag,, over which the tracer density in the surface particularly in South America, Whgre ”.‘“Ch Of. the mass is
layer exceeds a chosen threshel@n ng/m3). In Sect.3.3 lofted to the UT, and the UT flow direction is different than
we considerA, A1g, and A1gg (threshold densities 1, 10, near the surface.
and 100 ngm3, respectively), mostly focusing on the results ~ The values ofE LRy km for the 7=10d tracers are listed
for A1o. Note that we choose to work in density here, sincein Table4. The table gives the annual mean and seasonal
this is more commonly applied in air pollution studies (the variability (standard deviation of the 12 monthly means)_ for
conversion to mass mixing ratio at the surface is straightfor-£ach MPC. Seasonally, the low-level long-range export is al-
ward, since surface air has a density of close to /md). most uniformly largest during the winter. Overall, the annual
This metric is similar in principle to the “megacity footprint’ Meank L R1km varies by more than an order of magnitude,
defined byGuttikunda et al(2005, in which they consider from 34% for Moscow to 3.2% for Jakarta, with an average
the area in which the emissions from a megacity contributevalue of 14.1%, which makes this a good metric for distin-
to 10% or more of the monthly mean ambient concentrationsguishing the MPCs in different regions. This is in contrast
of real pollutants below 1 km altitude. The metrids, Ao, O the metricE L Reol, which only ranges from 62% to 84%
and A1go indicate the coherence of the outflow plumes, that(not listed in Tabled), implying that it is important to add a
is, the extent to which they remain as concentrated polluted/ertical component to the long range export, as is done with
regions (including, surrounding and downwind of the MPC) £ L Rikm, in order to distinguish the MPCs well.
versus being rapidly dispersed and diluted to lower densities The greatest long-range export of pollutant mass near the
away from the source. We expect this metric to generally besurface is for the seven source locations in the region of ap-
complementary td& L Ry xm and Eyr, since they instead rep- proximately 0-50° E and 25-55° N (Europe, western Asia,
resent the transport and thus dilution of the tracer over largeand northern Africa), with an averageL R1xm of 23.4%
horizontal or vertical distances. The relationship between theand an average rank of 5.1. These are followed by the NE
metrics in terms of the results from the simulations is dis- Chinese cities (mea# L R1xm=18.4%, mean rank of 9.3),
cussed in SecB.4. and by the two northeastern USA source locations (mean
ELR1«m=17.7%, mean rank of 11.5). At the other end, the
lowest values are generally computed for MPCs at high ele-
3 Qualitative and quantitative dispersion characteris-  vations (Table2), for which a reduced L Ry xm from hori-
tics zontal transport to surrounding, lower-elevation regions can
be expected, and for MPCs where there is strong convec-
Figure 1 shows the annual mean column-integrated densitytive activity, removing pollutants from the BL before they
summed over all of the=10d tracers from the source lo- can be transported far downwind. Examples include cities in
cations listed in Tablel, along with the surface density Southeastand East Asian (Manila, Bangkok, Jakarta, and the
and the upper tropospheric column-integrated density. The&Szechuan Basin), North and South America (Mexico City,
global outflow figures for the=1 d andr=100d tracers (see Bogota, Sao Paulo, and Rio de Janeiro), and African (Lagos
the electronic supplemehttp://www.atmos-chem-phys.net/ and Johannesburg), with a mean for thes& bR ym=5.6%
7/13969/2007/acp-7-3969-2007-supplemen).pdé qualita- and a mean rank of 31.5.

.1.1 General results
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Table 4. Annual mean regional pollution potentials of the selected MPC source locations foeflted tracers, witht standard deviations
of the monthly means for the values, and minimum and maximum monthly values (in parenthesis) for the ranks.

ELRikm Eyt A1p
City % Rank % Rank x 108 km? Rank
Eurasia
London, England 20+2.5 2 (1-4) 11.74+2.8 35 (31-36) 6.7+1.4 2 (1-15
Paris, France 28+4.1 3 (1-9 127448 34 (31-35) 6.7£1.2 3 (1-1%
Moscow, Russia 32+135 1 (1-25 9.64+131 36 (14-36) 111+49 1 (1-25
Po Valley, Italy 185+7.4 10 (2-19 1654+132 30 (18-35) 5.0+2.1 13 (7-33
Istanbul, Turkey 277+4.9 4 (4-11) 14.946.7 32 (27-34) 57+11 11 (4-19
Teheran, Iran 12475 11 (7-24) 15.7+9.4 31 (14-35) 43+1.9 18 (9-29
Africa
Cairo, Egypt 216+6.8 5 (3-15 145+4.4 33 (25—-34) 6.1+2.1 5 (5—-16)
Lagos, Nigeria 4-0.9 29 (23-30) 4454838 8 (7-14 0.94£0.3 35 (29-35)

Johannesburg, South Africa  .58:4.3 28 (8—-33) 4244137 9 (4-3% 1.2+1.3 34 (9-36)

Southern Asia

Karachi, Pakistan 1T1+7.2 12 (7-25  225+113 28 (17-33) 57+24 10 (4-27)
Mumbai, India 14545.2 18 (13-24) 27.6+£132 20 (12-30) A47+£17 15 (14-29
Delhi, India 1894+10.6 8 (2—-35 2494183 25 (7-32 6.6+£3.3 4 (2-32
Kolkata, India 13648.0 19 (11-35 36.8+206 13 (3-22 48+26 14 (8-34)
Dhaka, Bangladesh 138.1 20 (12-34) 3924196 12 (2-19 45+23 16 (12-31)
Eastern Asia

Szechuan Basin, China .&E:2.6 31 (28-36) 3944181 10 (2-17) 1.3+£0.3 31 (28-33
Beijing, China 1%8+7.3 6 (6—24) 243+107 26 (17-30) 5.9+22 8 (3-24
Tianjin, China 186471 9 (8-26) 25.6+134 24 (12-28) 6.1+£2.5 6 (3-27)
Shanghai, China 1846.3 13 (10-22) 327+147 18 (9-24) 6.0+£1.9 7 (4-16)
Seoul, Korea 16+3.6 15 (2-198) 27.1+6.6 21 (17-34) 42+10 20 (2-23)
Tokyo, Japan 15426 24 (11-24) 365499 14 (12-22) 22408 26 (11-27)
Osaka, Japan 12+2.0 21 (8-22 33.9+6.8 17 (13-28) 3.2+0.7 23 (8-23
Hong Kong / PRD, China 19465 22 (19-34) 3934193 11 (3-20 45+19 17 (15-3)
Southeast Asia

Manila, Philippines BL3.7 32 (22-34) 6224129 2 (2-10 19412 29 (17-3)
Bangkok, Thailand ®+3.7 27 (25-36) 54.8420.0 4 (1-12 2.0+1.0 28 (25-36)
Jakarta, Indonesia .2+0.9 36 (23-36) 66.7+5.6 11-1) 1.3+0.3 32 (25-33
Australia

Sydney, Australia 18440 25 (4-27) 34.5+6.3 16 (8—29) 25409 25 (6-28)
North America

Chicago, USA 1%8+6.8 7 (5—-19 2394130 27 (13-30) 5.8+£2.0 9 (2-19
New York, USA 160+2.3 16 (5-20) 264464 23 (21-32) 41407 21 (3-21)
Los Angeles, USA 16+5.9 14 (4-20) 22.0+4.6 29 (16-29) 53+16 12 (4-19
Atlanta, USA 122+49 23 (19-31) 3554157 15 (7-21) 42+16 19 (13-30)
Mexico City, Mexico 55+1.2 33 (27-34) 456+5.3 7 (5-19 1.2+0.3 33 (30-35)
South America

Bogota, Colombia 3+18 35 (2635 504+8.8 6 (5—-16) 0.4+0.2 36 (35-36)
Lima, Peru 1045.7 26 (1-31) 31.2+£100 19 (5-35 3.0£1.2 24 (4-29
Rio de Janeiro, Brazil 6+3.9 30 (12-35 54.44+16.6 5 (2-26) 1.84+0.9 30 (9-33
Sao Paulo, Brazil B1+36 34 (14-36) 5534156 3 (2-29 2.0+£09 27 (11-31)

Buenos Aires, Argentina 14+3.9 17 (3—25) 26.5+5.7 22 (10-36) 41+15 22 (2-24)
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@syrface Density (1022 kg/m?) Tau=1d How do the results c_hgnge if we makg different choices

: S g el et 1 for the outflow depth, minimum outflow distance, and tracer

P lifetimes? For the outflow depth, we also examined the val-

ues for outflow restricted to only the near-surface layer below
100 m. This results in much smaller exported mass fractions,
with E L R10omaveraging 1.5%, close to the factor of 10 dif-
ference in the outflow volumes, but the rankings are nearly
identical to those listed in Tabk (r2=0.99, rms=1.0). For
the dependence on the outflow distances, we can compare
the results for outflow beyond either 500 km or 2000 km,
and find again that the rankings compared to outflow beyond
1000 km do not change significantly?=0.98, rms=1.5, and
r2=0.91, rms=3.2, respectively).

There are more notable differences for the rankings of the
t=1d andr=100d tracers compared to the-10d tracers
(r?=0.55, rms=7.5, and®=0.69, rms=6.1, respectively). To
give a better indication of the overall similarity and differ-
ences in the outflow depending on the tracer lifetime, the
surface layer outflow for the tracers with the three different
lifetimes are plotted in Fig2. Since the total global masses
of the tracers are proportional to their lifetimes, the contour
intervals are also chosen scaled by the lifetimes (e.gx, 10
larger fort=10d than forr=1d). While ther=1d tracers
tend to remain relatively concentrated near their source lo-
cations, ther=10d tracers disperse readily over continental
scales, though they still show substantial peaks in the densi-
ties over large regions near their sources. Much of the mass
of the=100d tracers, on the other hand, is spread out over
the Northern Hemisphere, in the lowest contour interval, and
the peak densities at the sources are much less pronounced.
More specific differences related to tracer lifetime are dis-
cussed in the following section.

100 200 500 1000
Tau =100d

50 100 200 500 1000 2000 5000 10000 .
3.1.2 Specific MPC features

Fig. 2.  The annual mean sum of the surface layer densities . . T
(10-2kg/m?) of all of the MPC tracers fofa) =1 d, (b) t=10d, AIth_ough there is a general regional cIaSS|f|9at|on in the be-
and(c) t=100d; note that the data in panel (b) is the same as inhawor of the tracers from the MPCS' a_s dlscu.ssed aboye,
Fig. 1b, except with different contour intervals for better compari- there are also several notable intra-regional differences in
son to the other panels. ELR1xm between MPCs in specific regions. One example
is northeastern North America, where frontal disturbances
along the east coast of the USA result in tracers being readily
An important characteristic in terms of the impact of emis- lofted by warm conveyor belt$fohl 2007), reducing the re-
sions on health and agriculture is how much of the long-rangdention of pollutants near the surface, and thus their potential
export remains over land, and how much is over the oceandor long-range low-level export. This results in a less effec-
Since most MPCs are near coasts, the mBé&mR1 km lim- tive export for New York (rank 16) versus nearby Chicago
ited to only land regions is 6.4%, slightly less than half of (rank 7), as depicted in Fi@ (we also examined additional
the meanE L R1km over both surfaces. The values and rankstracers for Montreal and Toronto, which h&d. R1 ym values
of the individual tracers for outflow over land versus outflow very similar to Chicago).
over both land and sea are well correlated (the correlation be- Another notable difference is in southern Asia, where the
tween the rankings i€°=0.88, with a root mean square (rms) Asian summer monsoon convection is much stronger towards
deviation of 3.6). Interestingly, this makes the distinction southern and eastern India and neighboring countries com-
of MPCs at the extreme ends even stronger: for land-exporpared to its western side (see F#). This results in the
only, the values o L R1xm range from 28.5% for Moscow northern and western cities of Delhi (rank 8) and Karachi
(a land-locked city) down to 0.5% for Jakarta (on an island). (rank 12) being considerably more efficient low-level ex-
porters than Mumbai (18), Kolkata (19) and Dhaka (20). In
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generally high, there is nevertheless nearly a factor of two A S 7, . /55,/,22
spread between Teheran and Moscow, and a very good anti- 22 TSIN /, 174 fé'/'{ 114555
correlation (?=0.94) betweerE L Ry km and Eyr, indicating 077 T p s

the importance of convective lifting in determining the export
efficiency. South America and southern North America areFig. 5. January mean surface layer winds for the Asian region;
similarly influenced by intraregional differences in convec- the markings indicate the locations of four selected MPCs: SZ —
tive activity, where Buenos Aires (17) and Lima (26) retain Szechuan Basin, H—Hong Kong, T — Tianjin, S — Seoul.
greater amounts of pollution in the boundary layer and are
thus more efficient exporters than the rest of the South Amer-
ican MPCs plus Mexico City (30—-35). Likewise, Melbourne, cal circulation on the Szechuan and Hong Kong tracers are
Australia (one of the additional MPCs not selected for Ta-shown in Fig.6. In this case, the differences in the tracers
ble 4), in the less convective southern region of Australia, are not due to the transport out of the BL into the UT, which
has a value of L R1 xym=20.0%, nearly twice that of Sydney is nearly the same for the two tracers, and strong in both
(ELR1km=11.4%). cases, withEyt=39.3% for Hong Kong andEyt=39.4%
Beyond the differences in vertical lofting due to deep con- for the Szechuan Basin tracer. Instead, the tracer mass which
vection and warm conveyor belts, gradients in horizontalis left behind in the BL near the Szechuan Basin tends to re-
winds can also lead to large intraregional differences. Anmain near its source due to the low-level convergence and
example of this is the Szechuan Basin tracer versus the Honggcirculation in this region, while in the BL off the coast
Kong and Pearl River Delta tracers (and to an extent othepf Hong Kong the tracer is transported rapidly away by the
eastern Asian MPCs). The mean surface layer winds forstrong monsoon winds. This results in a valuerdt R km
January, 1995, for this region are depicted in Fgother ~ for Hong Kong (12.9%) which is over twice as large as for
months show a similar contrast between the coastal and inthe Szechuan Basin (5.8%).
land regions, though less extreme due to the seasonal rever- There is a pronounced seasonality for several MPCs, espe-
sal of the mean wind direction in coastal eastern Asia dur-cially those in southern and eastern Asia, which are affected
ing the summer monsoon. The contrasting effects of the lo-by the seasonal reversal of the monsoon winds and associated
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aerosols. However, we additionally find that the effective-

ness per kg of emissions from Moscow in contributing to the
imoo Arctic haze is nearly an order of magnitude greater than that
500 o :
500 of emissions from Paris or London, and furthermore that the
100 seasonal variability of those two western European cities is
=50 much less than that of Moscow.
120 Finally, there are several interesting cases where the re-
[;0 gional meteorology results in tracers of one lifetime having
5 a notably higher rank (i.e., relatively more effective export
1y beyond 1000 km) than the other two lifetime tracers from the
~+ same MPC. Various processes can contribute to this. One
such scenario is when regional export tends to occur first in
the BL, or in an overlying residual layer above the marine
i;ggo boundary layer, spreading over several thousand km at low
500 altitudes before finally encountering a region of strong mix-
100 ing out of the BL, such as the ITCZ. This results in a rela-
=50 tively much more efficient export for the=10 d tracers than
20 for either ther=1d ort=100d, which is found for several
[;O cities, including Delhi, Mumbai, Kolkata, Karachi, Beijing,
o Tianjin, and Cairo. For Delhi, the most extreme case, the
Ly annual mean=10d tracer has a rank of 8, while the-1d

— and t=100d tracers have ranks of 25 and 19, respectively.
For real tracers this implies that those with intermediate life-
times, especially aerosols, will be most important to focus

Fig. 6. The annual mean surface layer densities @kg/m3) of ~ on in terms of controlling downwind pollution from these

ther=10d tracers fofa) the Szechuan Basin arfk) Hong Kong; cities. The secondary convective entrainment downwind can

the black circles depict a 1000 km radius around the source locabe seen for several MPCs in the electronic supplement, espe-

tions. cially well for Kolkata. This type of coherent outflow over
the time-scale of about a week has been studied in various
field campaigns, in particular for the Asian winter monsoon

changes in deep convection. An example of this is shown induring the Indian Ocean Experiment (INDOEX)efieveld

Fig. 7 for Delhi. In December, Delhi has rank 2 fB1Z. R1 km. et al, 2001, Ramanathan et al2002, for which MATCH

In summer, on the other hand, when the intertropical converwas shown to accurately simulate the sharp transition be-

gence zone (ITCZ) over India causes effective lifting in the tween polluted Northern Hemisphere and cleaner Southern

monsoon convection, Delhi actually becomes one of the leasHemisphere surface-layer airmasses at the ITGAvtence

effective MPCs for low-level pollution export, with a rank of et al, 20033.

35. The electronic supplement shows that in most other re- The outflow can also encounter regions of strong lofting

gions the main geographical dispersion patterns (i.e., outflowout of the BL much sooner after leaving the MPC source

directions) tend to be more similar for the MPCs throughoutlocations, which results in a relatively more efficient export
the year, though with a few exceptions. One of the most nofor the t=1d tracers; Manila and Hong Kong are examples
table exceptions is Moscow (Fif), which has a strong out- where this occurs (Hong Kong has ranks 5, 22 and 29 for
flow into the Arctic during the winter and spring, but primar- t=1d, 10d, and 100d, respectively). At the other extreme,
ily towards the south during summer. Istanbul, about45 for a few MPCs, including the Po Valley, Buenos Aires, Rio
and 10 W of Moscow, has a similar seasonal variability in de Janeiro, and Johannesburg, tk€100d tracer is much
the geographic patterns of the outflow, but much less outflonmore effectively exported relative to the shorter lifetimes
reaching the far northern high latitudes. This contribution tracers. The Po Valley is the most extreme case for this (with
of Eurasian cities to the so-called “Arctic haze” is similar ranks 22, 10 and 4 for=1d, 10d, and 100d, respectively).
to what has been noted in previous studies (8tghl et al, In this case, the shorter-lived tracers are effectively retained

2002, which have indicated that generally Eurasian pollu- in the basin region, and along with the stronger convective

tion should contribute more strongly to the Arctic haze thanlofting, this makes the Po Valley less effective for low-level

North American or eastern Asian emissions. Here we con-export than the nearby Eurasian MPCs (Moscow, London,

firm this to be the case (see the electronic supplement foParis and Istanbul). The longer-lived=£100 d) tracers, how-

the full set of comparative figures), and show that the ex-ever, can more readily leave the basin region and be exported

tent of pollution is substantial for a 10-day lifetime tracer, so into the BL of the surrounding regions, making it more sim-
that this will apply to important real pollutants likes@nd ilar to the other Eurasian tracers (Moscow, London, Paris

Atmos. Chem. Phys., 7, 3963987, 2007 www.atmos-chem-phys.net/7/3969/2007/
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Fig. 7. Seasonal mean surface layer density (ikg/m?) of thet=10d tracer for Delhi.

and Istanbul are ranked 1, 2, 3, and 5, respectively, for thdor soluble tracers with Henry’s Law coefficients 010",

7=100d tracers). and 1¢ M/atm, the transport to the UT will be about 15%,
50% and 85% as efficient, respectively, as the transport of an

3.2 \Vertical export to the UT insoluble tracer. We plan a more detailed analysis of the fate
of soluble tracers in a follow-up study.

3.2.1 General results Figure 1c shows the column density above 5km for all

the t=10d MPC tracers, and Tablk lists the fractional
Transport of certain pollutants from MPCs to the upper tro- masses of the MPC tracers which reside above 5Kptv].
posphere (UT) can be important for various global pollu- The variability in Eyt between the MPCs is substantial,
tion and climate-related issues: for instance, cirrus clouds imainly reflecting the global variability in convective activ-
the UT contribute significantly to the global long- and short- ity, with values ranging from 9.6% for Moscow to 66.7% for
wave radiation budget, and may be affected by the upwarddakarta. This broad range of values makgs a good met-
transport of pollutants which influence the availability of ice ric for separating the MPCs. The variability is greater for the
nuclei (e.g.Lohmann 2002; greenhouse gases such as O t=1d tracer, withEyt ranging from 0.4-45.7%, while for
are more effective in the UT due to the colder temperatures =100 d tracer the range is reduced to 34.0-57.7%. Never-
(Lacis et al, 1990); the lifetimes of many gases and aerosols theless, despite the differences in absolute values, the ranks
tend to be much longer in the UT than near the surface; andre generally similar (more so than fB1 Ry km), with cor-
the UT serves as the gateway to the stratosphere, for instanaelations and deviations between the rankings ofthd d
for halogenated gases which can affect the stratospheric Oand r=10d tracers 0f-2=0.88, rms=3.6, and between the
layer WMO, 2002. It is important to recall that the tracers t=10d andr=100d tracers of>=0.72, rms=5.7. It is worth
considered here are all insoluble tracers; washout of solunoting that an even greater spread in the values than com-
ble tracers will substantially reduce their transport to the UT.puted here would be expected for any trace gases or aerosols
A rough rule of thumbCrutzen and Lawren¢@000 is that  with lifetimes that increase with altitude, since this would
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Fig. 8. Seasonal mean surface layer density i#kg/m3) of ther=10d tracer for Moscow.

result in a greater global mass for the tracers with more eftions with >50% of the tracer mass in the UT, all in either
ficient export to the UT (whereas using the current setupSoutheast Asia or tropical South America: Jakarta, Manila,
provides a lower limit to the variability, since all tracers of Bangkok, Sao Paulo, Rio de Janeiro, and Bogota. Even for
a given lifetime, 