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Abstract. Major population centers (MPCs), or megacities, the relative local pollution build-up. We further use aerosol
represent the largest of growing urban agglomerations withdeposition fields to estimate regions with high deposition,
major societal and environmental implications. In terms of that is more than 1% or more than 5% of the correspond-
air quality, they are seen as localized but strong emissioning tracer emission deposited in this region. In doing so, we
sources of aerosols and trace gases which in turn affeciind that the high deposition areas are larger for aerosols with
air pollution levels in the city or in downwind regions. In diameters of 10.0 um, and these differ less between the MPCs
the state-of-the-art atmospheric chemistry general circulatiorihan for aerosols with diameters smaller than 2.5 pm due to
model EMAC, generic aerosol and gas-phase tracers witliaster deposition. Furthermore, cities in regions with high
equal emission source strengths at 46 MPC locations arrecipitation rates or unfavorable geographic locations, e.g.,
used to study the balance between local pollution build-upin a basin, suffer most of this high deposition. Most of the
and pollution export, either vertically into the upper tropo- high deposition occurs over land, although about 50 % of the
sphere or horizontally in the lower troposphere. The insolu-MPCs are located along coastlines. By folding the aerosol
ble gas-phase tracers with fixed lifetimes are transported witldeposition fields with geographical distributions of cropland,
the atmospheric circulation, while the aerosol tracers also unpasture, and forest, the impact on different land ecosystems
dergo gravitational sedimentation as well as dry and wet deis assessed. In general, forest is exposed most to deposition
position processes. The strength of low-level tracer exporfrom MPCs while pastureland is least affected. Moreover, the
depends on the location of the emission source and prevailimpact on humans, measured with a threshold exceedance of
ing meteorology, in particular on atmospheric stability and pollutant surface mixing ratios, is more dependent on pop-
the height of the boundary layer and the mixing out of this ulation densities than on the size of the area with a certain
layer. In contrast, vertical transport of tracer mass dependsnixing ratio.

on the tracer’s solubility: the more soluble a tracer is, the
less mass reaches altitudes above five kilometers. Hence, the
mass of insoluble gas-phase tracer above five kilometers can
be up to ten times higher than the hydrophilic aerosol mass
from the same source. In the case of aerosol tracers, pollutio
build-up around the source is determined by meteorologica

factors which have only indirect effects on tracer lifetime, h lation i X b ) th th
like surface wind, boundary layer height, and turbulent mix- uman population lives In urban regions, with the p.rospect
that the trend of human inflow into urban areas will con-

ing, as well as those which affect the lifetime of the tracerst, th hout thi ¢ The I t of th |
such as precipitation. The longer a tracer stays in the atmot"U€ throughout this century. The fargest of these agglom-
erations, so-called megacities or major population centers

sphere, the lower is the relative importance of the location PCS). have two f Thev often devel h faster th
of the source to the atmospheric mass, and thus the lower i S). ave twotaces. They often develop much faster than
the country in which they are located in and promote human

Introduction

E)ne of the big challenges of the future is the sustainable
growth of urban agglomerations. Since 2008 the majority of
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development as well as generation of knowledge, technoltermine the balance between pollutant build-up around the
ogy, and wealthKraas 2007). Furthermore, they can offer source and pollutant export.
a significant chance for climate mitigation strategies, as the In Kunkel et al.(2012 the same set of MPCs was used
per capita emission is smaller when many people live closé¢o determine the remote aerosol deposition potential, i.e.,
together Parrish et al.2009. However, these human ag- the deposition beyond various distances. In particular, it was
glomerations are very heterogeneous with respect to possibl®und that on average about half of the emitted mass of small
lifestyle of different groups, and consequently manifest dif- (d < 2.5um) aerosol tracers is deposited beyond 1000 km.
ferent awareness in the handling of energy, water, and wasteSeveral other studies investigated trace gas or aerosol trans-
Moreover, both increased residential housing as well as theort from various, mostly larger sources such as countries or
clustering of industry in these metropolitan areas lead to thesven continents on continental scales (€bgirncan and Bey
strong localized release of air pollutants, which substantially2004 Park et al.2005 Wagstrom and Pandi2010 or trans-
contributes to a decrease in air quality for local dwellers ascontinental scales (e.@Bgetzer et al.1988 Jaffe et al. 1999
well as in regions downwindolina and Molina2004). The  Wild and Akimotg 2001, Stohl et al, 2002 2003 Liu and
urban growth occurs on less than 3% of the land surface buMauzerall 2007 Liu et al, 2009. More studies concerning
with global consequence&(imm et al, 2009. The endur-  pollutant dispersion from smaller emission points have been
ing urbanization leads to major changes in land cover andublished for the regional scale, commonly focusing on one
land use with subsequent changes in surface mean temperaeurce point either for different meteorological conditions or
tures Kalnay and Cgi2003. with changed emission scenarios (edg, Foy et al. 2006
There has been considerable research on these impac®reets et al 2007 Wang et al.201Q Song et al.2010. In
on local to regional (e.g.Parrish et al.2009 2011) and  this study, as well as for LOButler et al.(2008, andKunkel
global (e.g.,Lawrence et aJ.2007 Butler and Lawrence etal.(2012), the focus is directly on the comparison between
2009 Butler et al, 2012 scales, as well as several large MPCs all over the world.
megacity projects (e.gBaklanov et al.201Q Molina et al, We structured the paper to first provide a description of the
2010. Lawrence et al(2007, later referred to as L07) studied EMAC model system, the metrics to characterize the outflow,
the outflow characteristics of generic gas-phase tracers witland further data on population and agricultural distributions.
three different lifetimes (1, 10, 100 days) from 36 MPCs to In Sect.3 we briefly compare EMAC results with results
obtain insight into the balance between local pollution build- from LO7 to assess the robustness of their analysis before the
up and long-range transport. They found that low-level ex-aerosol dispersion is discussed in SdcT he aerosol tracers
port is strongest in middle and high latitudes, while export are then compared to generic gas-phase tracers in55aod
into the free troposphere is dominant in the tropics. More-finally in Sect.6 the aerosol deposition and surface densities
over, vertical mixing is most responsible for reducing the are used to assess the impact of MPCs on agriculture and
surface pollution. They provide detailed insight in the out- population. The key conclusions and further open questions
flow characteristics of the gas-phase tracers, but with a lim-are summarized in the last section.
ited range of tracer properties. This study picks up where LO7
left off and answers the following questions:

2 Model and analysis data
1. How robust are the results of LO7, or do they depend 4

strongly on the selected model? 2.1 Model and major population centers

2. To what degree do outflow characteristics depend on thel_hiS study uses the same setukamkel et al.(2012 with

I|'fet|me of the tracer', egpeually Ifit varies in space and 46 major population centers distributed around the world,
time, and how does it differ for gaseous and aerosol sub-_ " . : . ! :
stances? as listed in Table 1. Not all of them strictly fulfill the cri-

teria to be called a megacity, for which, depending on the

3. What more can be learned from tracer distributions andd€efinition, either more than five or ten million inhabitants
from tracer deposition fields when they are convolved @€ neededUNFPA, 2007). However, we use several ad-

with geographical population or agricultural distribu- ditional cities, e.g., Johannesburg, Sydney, Melbourne, At-
tions? lanta, Kinshasa, Khartoum, and Nairobi, due to their out-

standing importance in their region or because they are ex-
To investigate these aspects we use the global 3-D statgected to become megacities in the near future. Furthermore,
of-the-art atmospheric chemistry general circulation modelwe include three areas, i.e., the Rhine—Ruhr area, the Po Val-
(AC-GCM) EMAC (ECHAM5-MESSy Atmospheric Chem- ley, and the Szechuan Basin, which are agglomerations of
istry, Jockel et al, 2006 with generic aerosol tracers of vari- many cities and important industrial sites. Moreover, Hong
ous sizes and different solubility as well as generic gas-phas&ong includes also the Pearl River Delta (PRD), and Kin-
tracers equal to those used by LO7. 46 cities around the worldhasa in the Democratic Republic of the Congo is a represen-
(see Table 1) have been chosen as emission hotspots to ditive for for agglomeration together with Brazzaville in the
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Table 1. Name, location, and climate class of all MPCs used Table 1.Continued.
as urban point sources. Longitude and latitude correspond to the
model grid box with tracer emissions. DRC = Democratic Repub- MPC Long. Lat. Climate class
lic of the Congo, RC=Republic of the Congo, PRC =People’s Oceania
Republic of China, ROK=Republic of Korea. Climate classes
from Peel et al.(2007): Am=tropical, monsoon; Aw = tropical, Melbourne, Australia 145.00 —38.00 Cfb
savannah; BWh=arid, desert, hot; BSk=arid, steppe, cold; _ SYdney Australia 151.20 —3387 Cfa
Csa=temperate, dry, hot summer; Csb =temperate, dry, warm sum-  North America
mer; _Cwa:temperate, dry winter, hot summer; Cwhb =temperate, Los Angeles, USA 11828 3405 BSK
dry winter, warm summer; Cfa =temperate, no dry season, hot sum- Chicago, USA _8767 42.00 Dfa
mer; Cfb =temperate, no dry season, warm summer; Dfa=cold, N0 Hoyston, USA _9530 29.75 Cia
dry season, hot summer; Dfb =cold, no dry season, warm summer;  Atlanta, USA —84.50 33.00 Cfa
and Dwa = cold, dry winter, hot summer. New York,USA —74.02 40.72 Cfa
Mexico City, Mexico —99.02 19.43 Cwb
MPC Long. Lat. Climate class South America
Europe Lima, Peru —-7703 -1203 BWk
LOﬂdOI"l, UK —0.08 51.50 Cfb BOgOé, Columbia —74.20 4.40 Cfb
Paris, France 2.33 48.83 Cfb Santiago, Chile —70.67 —3350 Csb
Rhine-Ruhr, Germany 7.00 51.50 Cib Buenos Aires, A.rgentina —5833 —34.58 Cfa
Moscow, Russia 37.62 55.75 Dfb Sao Paulo, Brazil —-46.62 —2363 Cfa
Po VaIIey, Italy 11.00 45.00 Cfa Rio de Janeiro, Brazil —4320 —-2292 Aw
Rome, Italy 12.30 41.50 Csa
Athens, Greece 23.40 37.60 Csa
Istanbul, Turkey 29.00 41.00 Csa _ o
Africa Republic of the Congo. All MPCs are taken as large emission
point sources for generic tracers to study the dispersion in the
Cairo, Egypt 31.25  30.03 Bwh atmosphere, and in the case of aerosol tracers subsequent de-
Egﬁggméﬁ;’:m 3?;3%5?)0 _1.1257‘50 C\SQN h position onto the surface. For this we apply the AC-GCM
Kinshasa, DRC, Brazzaville, RC 15.30 —4.33 AW EMAC (JOCkel et al,. 200@ with ECHAMS5 (VerSion 5301,
Lagos, Nigeria 3.45 6.42 Aw Roeckner et a]2006 as a base model to calculate the meteo-
Johannesburg, South Africa 28.93-26.52 Cwb rology. The base model is coupled to the Modular Earth Sub-
West Asia model System (MESSy, version 1.®ckel et al, 2005 and
Baghdad, Irag 1470 3333 EWh httpf//WWW.messy—lnterface.o)',g/\(hlch allows thg inclusion
Teheran. Iran 5142 3568 BWh of different sub-models for physical and chemical processes
. in the atmosphere and interactions between the atmosphere
South Asia . . .
and biosphere. The model provides a good representation
Karachi, Pakistan 67.07  24.85 Bwh of gas-phase tracers (e.dackel et al, 2006 Pozzer et aJ.
Mumbai, India 72.90  18.92 Aw 201Q Tost et al, 2007 as well as aerosols (e.@ringle et al,
Dehli, India 77.20 28.63 Cwa .
Kolkata, India 88.40 2257 AW 201Q Pozzer et a).2019. Generic aerosol tracers have been
Dhaka, Bangladesh 90.43 23.72 AW used byBurrows et al.(2009 to study the transport of bio-
East Asia genic aerosol particles between different ecosystems and by
' Lelieveld et al.(2012 to determine the global exposure risk
Szechuan Basin, PRC 105.00 30.00 Cwa after nuclear accidents.
Hong Kong, PRC 114.20 22.20 Cwa
Beijing, PRC 116.40  39.92 Dwa .
Tianjin, PRC 117.15  39.15 Dwa 2.1.1 Meteorological setup
Shanghai, PRC 121.48  34.25 Cfa
Seoul, ROK 12710  37.52 Cwa The model resolution was chosen to be T106L31, that is a
?jf‘;a'f;p;” 113385-7455 33546675 CCf;a triangular truncation at wave number 106 for the spectral
yo. Jap ‘ ' core of ECHAMS5 (T106), and with 31 hybrid sigma-pressure
South East Asia levels in the vertical (L31), mainly distributed in the tropo-
Bangkok, Thailand 10050  13.70 AW sphere from the surface up to 10 hPa. The chosen spectral
Manila, Philippines 12150  14.50 Aw resolution corresponds to a quadratic Gaussian grid of about
Jakarta, Indonesia 106.83 —6.20 Am

www.atmos-chem-phys.net/13/4203/2013/

1125 x 1.12%, or ~ 100 kmx 100 km in longitude and lat-
itude, respectively. This is a relatively high spatial resolution
for global model simulations, but still a low resolution com-
pared to what would be needed to simulate individual megac-
ities. Therefore, the details of megacities or the concentration
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fields within the megacities are not considered here; ratheret al, 20063, SCAV (Tost et al, 2006 2007, and PTRAC
the megacities represent large point sources for examiningJockel et al, 2008.
the long-range transport. In this study monomodal aerosol tracers represent aerosols
The model simulations were initialized in July 2004 and with ambient diameters of 0.1, 0.5, 1.0, 2.5, and 10.0 um with
ended in January 2006, with the first half a year used as fixed standard deviation of 1.0. Instead of using a complex,
model spin-up time. Meteorological variables, namely tem-computationally expensive aerosol module to explicitly treat
perature, vorticity, divergence, and the logarithm of surfaceaerosol micro-physics, we use two different aerosol solubil-
pressure are weakly nudged towards analysis data from thity states which differ in the treatment of scavenging by nu-
ECMWF ERA-Interim reanalysis projecbge et al. 2011). cleation: in one case all aerosols can undergo this process
The year 2005 was chosen as analysis time period as it showurther denoted as Ng) which is tracer size dependent,
no strong annual modes in ENSO or NAO and coincides withand in the other case this process is completely inhibited
the main analysis year of the MEGAPOLI projeBaklanov ~ and the aerosol tracers are considered to be insoluble (fur-
etal, 2010. ther denoted as Nfcy), which is summarized in Tabl2.
These two aerosol states are considered as extrema with re-
spect to aerosol solubility, representing an upper and lower
estimate of results with the range in between being repre-
sentative for most of the real atmospheric aerosol particles
The present model study comprises the following physicaland consequently their chemical composition and reactivity.
processes: emission, atmospheric transport, and wet and diyhus, ten aerosol tracers are released at each emission source
deposition of generic aerosol tracers and emission, atmopoint, one for each size and solubility state, all with the same
spheric transport, and a radioactive-like decay of generic gassource strength. This allows us to use the various aerosol
phase tracers equal to those used in LO7. For each of th&acer properties to obtain information on various parts of
46 emission points, an independent set of tracers was rethe aerosol size distribution. In total, we use a set of 460
leased at a constant, prescribed emission rate of 1kgs aerosol tracers (46 source point$ aerosol sizes 2 aerosol
The emission was placed in the middle of the lowest modelsolubility states) which do not interact with each other and
layer in all grid boxes hosting an MPC. These boxes have éhave no feedbacks on clouds or the radiative balance. In-
mean depth of about 60 m in the vertical and approximatelyterpretation of the sizes is the same as that described in
100 km in the horizontalPozzer et al(2009 found that the  Kunkel et al.(2012.
emission height affects tropospheric chemistry close to the Figurel shows the different annual atmospheric residence
source if the emissions are within the planetary boundarytimes of the tracers, ordered by the longest lifetime of the
layer; the overall effect on the chemical composition is ratherNSjpact 1 um aerosol tracers. The aerosol residence time is
low. However, potential transport distances might increasecalculated with a steady state approach by dividing the an-
with injections into the free troposphere, e.g., from industrial nual mean aerosol load by the total annual emiss&®in-
stacks. Thus, by using surface emissions, we obtain a consefeld and Pandis2006. We obtain residence times for each
vative estimate for results regarding long-range transport. MPC with an upper limit provided by Nt and a lower
Tracer transport is split into transport by large-scale ad-limit by NSyct aerosol tracers. As the latter are more suscep-
vection (in and Rood 1996, which is to a large extent re- tible to wet deposition, they have shorter atmospheric resi-
solved in the global model, and by sub-grid-scale convec-dence times. 80 to 95% of the mass of fine aerosols is wet
tion (Tiedtke 1989 Nordeng 1994 Lawrence and Ras¢h deposited, which is the main sink of fine aerosols in nature
2005 Tost et al, 2010, vertical diffusion by turbulent mix- and in the modelNlonks et al, 2009 Kunkel et al, 2012.
ing (Roeckner et 82006, and in the case of aerosols grav- All aerosol tracers with diametet < 2.5um are defined as
itational settling Kerkweg et al. 20063, neglecting chem- fine aerosols, similar to the definition of BM| which is the
ical reactions and micro-physical changes. The atmospherimass of aerosols with an ambient diameter less than 2.5 pym.
residence time of the aerosol tracers is determined only byFor larger aerosols the difference in residence time with re-
four independent removal processes: (1) aerosol sedimentapect to aerosol solubility becomes smaller as dry and wet
tion onto the surface, (2) dry deposition by contact with the deposition contribute almost equally to the sink processes
surface based on its roughness and the boundary layer mixKunkel et al, 2012. Furthermore, the effect of nucleation
ing (Kerkweg et al.20063, and scavenging by (3) impaction scavenging is smaller for larger particles as they are removed
and (4) nucleation in large-scale and convective cloddst(  very efficiently by impaction scavengingdst et al, 2009.
et al, 2006 2010. We refer to (1) and (2) as dry deposi- In the following chapters we will refer to aerosol tracers with
tion processes and to (3) and (4) as wet deposition processe8.1, 0.5, and 1.0 um diameters as small aerosol tracers, and
MESSy sub-models in use for this study are CLOWUBckel to those with 10.0 um diameters as coarse aerosol tracers.
et al, 2006, CONVECT and CVTRANSTost et al, 2010,
RAD4ALL (Jockel et al, 200§, ONLEM (Kerkweg et al.
20061, DRYDEP (Kerkweg et al. 20063, SEDI Kerkweg

2.1.2 MESSy setup
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Table 2. Brief description of symbols used in this study.

Symbol Description
NSact Aerosol tracers which can be scavenged by nucleation
NSinact Aerosol tracers which cannot be scavenged by nucleation

RCLgoskm Fraction of total tracer mass retained in a circular volume of height 0.5 km and a radius of 500 km
ELR; okm Fraction of total tracer mass exported beyond 1000 km and below an altitude of 1.0 km

EyTt Fraction of total tracer mass above 5 km altitude

Ay Total surface area (in £&m?) of model grid cells with a tracer mass larger thas 10 ngnt3

DEPaccu Annual mean deposition mass flux in kgﬁ’sfl

EMiotal Annual global mean emission flux in kgrAs—1

Dx Emission normalized deposition fraction, i.e., the fraction of tracer 2 each grid cell which is
larger thanX per cent of the corresponding B¢k, whereX =1 or 5%

A Tropical climate class

B Arid climate class

Cs Temperate, dry summer climate class

Cw Temperate, dry winter climate class

Cf Temperate, no dry season climate class

D Cold climate class

v 11 s
- . 0.1 pm
- 10+ & o
ps £ o 0.5 pm
£ 0 & o 1.0 um
£ 8 *_ 4+ F e 2.5 um
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R *
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Fig. 1. Aerosol residence times for all MPCs and all aerosol tracers. The upper value is determined by, {pgrd&ers, the lower value by
the NSt tracers.

2.2 Metrics RCLo5km is the mass fraction retained in the first 500 km
from the emission source points and below 0.5 km altitude.
. ) L The first two metrics describe the outflow of an MPC, either

We use similar metrics to LO7 to distinguish between pol- yaically (£,1) or quasi-horizontally (ELRer), the third

Ibutlon at Ilow Ilevecljs and in thI(Ie 9pp?r troposphere, and _alsgone (RClg 5km) the pollution build-up around the source. To
etween local and remote pollution from MPCs (summarize calculate RC skm and ELR xm, a set of equidistant points

in Table2). The equal emission rate for all tracers and MPCs ., 4 each emission source have to be determined. On a
provides the potential to compare the pollution from urban e they are located on a circle with the emission source
_cednters ((j)nly by the||r Io_ca'qon anﬂ prevailing meter(])rqlogy,las center point; on a graticule (latitude—longitude grid) this
indepen ent_ of real emissions. The upper ”OPOSP €rc POlhacomes an ellipsoid. The corresponding distances from the
lution p9te”“a' is characterized by thg mass frqctpn at_’ovecenter points are based on the radii of the WGS84 ellipsoid
5km altitude Eyt). The low-level pollution potential is split (National Imagery and Mapping Agenciitp://earth-info.

into a Iong-range (ELB!(”‘) and a city-sca_le (RG5km) nga.mil/GandG/publications/tr8350.2/wgs84fin, 2500 or
fraction with ELRikm being the mass fraction below 1km oo LO7). In addition, the local pollution build-up can be

altitude and at least 1000 km away from the source, while

www.atmos-chem-phys.net/13/4203/2013/ Atmos. Chem. Phys., 13, 42222 2013
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assessed by adding up the area, or other properties in thigable 3. Differences between EMAC and MATCH-MPIC annual
area, in which the tracer density exceeds a given threshvalues and corresponding ranks for EL4&,, EyT, andAqq for the
old Ay, with Y a threshold value in ngn¥ (tracer mixing 36 MPCs.x, mean differencetq, corresponding mean absolute de-
ratios are provided in molmol and can be converted to Viation; with & = £ x; /N, xg = = j|x/|/N, andx] = x; — 1,
ngg’l with molar masses for the tracers, here chosen to pavherex; is the metric value of an MPC ani is the total number
1gmolL, and the molar mass of air 28.97 gmdithe sur-  °F MPCs.

face air density, approximately 1 kgt is then used to con-
vert the mass mixing ratio in the lowest layer to a concentra-
tion in ngnT3).

We further focus on the concentrated deposition patterns, *  —2.32 0 1.05 0 —-0.91 0
i.e., high relative deposition. We calculate the emission nor- *d ~ 2.88 489 641 3.94 0.99  4.06
malized deposition fractio®x (in %), i.e., the annual mean
deposition flux DERccy (in kgm=2s71) in each model grid
box divided by the annual global mean emission flux;&M
(in kgm~2s~1) from the corresponding source point:

ELR1 km Eut A10
% Rank % Rank x10°km? Rank

rivers, etc.), which have been merged into one forest class

for this study.
DEPsccy All these data sets have been regridded to the model res-
Dy = —— x100% Q) . . ;
EMiotal olution, and together with the metrid3y and Ay are used

to assess the human exposure, cropland deposition exposure,

This fraction together with a threshold valug(in %) can  pasture deposition exposure, and forest deposition exposure.
be used to characterize the impact of an MPC on different

ecosystems. We foly with surface properties, namely to-

tal surface area, water or land area, cropland, pasture, or fod Model comparison of outflow characteristics from

est. Similarly, we usedy to assess the population number major population centers

being exposed to a certain surface mixing ratio. Depending

on the property, we speak of a cropland, pasture, or forestWe first summarize the results of the model comparison

deposition or human exposure in the following sections. between the EMAC model and the MATCH-MPIC model,
Finally, it is noted that for seasonal analyses, metric resultsa semi-offline, three-dimensional chemical transport model

for urban centers from the Southern Hemisphere have bee(e.g.,Rasch et a).1997 Lawrence et a).1999 Kuhlmann

shifted by six months to match the seasons in the Northerret al, 2003 which was used by LO7. A more detailed anal-

Hemisphere. ysis is given in the electronic Supplement. We use the same
_ . 36 major population centers as LO7 to test the reproducibil-
2.3 Agricultural and population data ity of their results. Total and upper tropospheric column and

surface densities agree well between the two simulations and

Gridded population numbers for the year 2005 are used t0 deysq the resulting metrics give comparable numbers with high
termine the impact of aerosols on humans (see also Fig. S1 ipyefficients of determinationk®) of about 0.75. In gen-

the Supplement). Data are based on gridded population daigry| the low-level export is stronger when simulated with
of more than 300 000 national and sub-national administran;aTCH-MPIC. as well as the area with a mass threshold
tive units to assign population values to grid ceBEDAC,  exceedance of 10 ngmd, while the upper tropospheric pol-
2003. _ _ lution is stronger in EMAC (see TabR).

Moreover, the fractions of three different land ecosystems, The main results from LO7 are well reproduced when us-
cropland, pasture, and forest, are used to determine the iMpg EMAC, which underlines the robustness of the results.
pact on land ecosystems (see Fig. S1 in the Supplementhiscrepancies in the metrics mainly result from the different
Cropland and pasture data are compiled using satelliteynqerlying meteorological fields (from NCEP for MATCH-
derived land-cover data and agricultural inventory d&a-( n1pic and from ECMWE for EMAC) and different advective

mankutty et al. 2008 for the year 2000. Data is originally  4nq convective transport schemes which introduce the largest
available at about 10 km horizontal resolutidritp://www. uncertainties in such calculations.

geog.mcgill.ca/landuse/pub/Datals of 8 June 2012). The

forest data is based on US Geological Survey Global For-

est Resource Assessment (FRA 2000) and is based on imt  Atmospheric dispersion of aerosols from urban

ages from the Advanced Very High Resolution Radiometer  emission hotspots

(AVHRR) satellite at a resolution of about one kilometer

(http://edc2.usgs.gov/glcc/fao/index.plag of 8 June 2012). In the following section we focus on aerosol transport with
The data set originally comprised five classes, closed foressubsequent deposition which leads to different atmospheric
(40-100% canopy cover), open or fragmented forest (10+esidence times of single tracers. Aerosols are removed
40 % canopy cover), other wooded land, and water (lakespy dry and wet deposition processes, thus, aerosol weight,
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surface properties as well as meteorological conditions de-
termine the distance an aerosol particle can travel in the at-
mosphere before being deposited to the ground. We utilize
RCLg.5kmto characterize the local low-level pollution build-
up, ELRy km for the remote low-level pollution, andAyT for
upper tropospheric pollution.

4.1 Local pollution build-up

In Fig. 2, the top panel shows annual averages of R&im.
The gray shaded area which is bounded by the solid and
dashed black lines represents the MPC averages fgadNS
and NS aerosol tracers. The light gray shaded areas con-
tiguous to this area denote the standard deviation, each plot-
ted one-sided for the upper and lower bound. The overall an-
nual mean values range between 10 to 14 % for small trac-
ers and 15 to 19 % for large tracers. Six climate classes are
used equal to those KKunkel et al.(2012, to provide more
information about regional differences. As our results are
mainly dependent on the prevailing meteorology, the MPCs
are grouped by their 8ppen—Geiger climate classification
(Peel et al.2007), which depends on temperature and precip-
itation (see also Tablg&): tropical, A (red); arid, B (brown);
temperate, no dry season, Cf (light green); temperate, dry
winter, Cw (light blue); temperate, dry summer, Cs (dark
green); and cold, D (blue) (see Talde

For small N$act aerosol tracers, minimum retention of
tracer mass occurs in urban centers in arid (B) and temperate
dry summer (Cs) regions with R@lskm of about 7 %, and
the maximum for MPCs in tropical (A) and cold (D) regions
with values of about 11 to 12 %. The same regions show the
minima for NS¢t aerosol tracers of about 9 %, while trop-
ical and temperate no dry season (Cf) means are the max-
ima, with values of about 17 %. Large aerosol tracers from
urban centers in arid regions reveal minimum values of 9%
(NSinacy) and 10 % (Ngcy), respectively, while the maximum

4209
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Temperate winter dry (Cw)
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values are found for both solubility states in cold regions
and also in the soluble case for temperate no dry season re-
gions, with climate class means of 20 % (hNg) and 22 %
(NSacp). Further, almost all mean values for arid and tem-
perate dry summer regions show, independent of solubility
state, smaller mean values than all other climate class means,
which can also be seen in almost every season of the year (see
Fig. S4 in the Supplement). Only in temperate dry winter re- r . . .
gions do low RClg 5 km values appear during winter months 0 A°'5 Id'm 23
(DJF). Thus, the relative pollution build-up in these two re- erosoldlameterin um
gions is smaller than in all other climate classes. Further-ig. 2. Annual averages of RG5 km (upper panel), ELRym (mid-
more, the pollution build-up in two contrary climate regions, dle panel), andZyt (bottom panel). Dark gray shaded areas repre-
tropical and cold, is highest, although meteorological condi-sent the area between the total means (black lines) aéf{&shed)
tions lead to different atmospheric dispersion (see Ket.  and NSact (solid) MPC tracers. Light gray shaded areas show one
The retention of tracer mass is controlled by two mecha-Standard deviation, plotted single sided fordy&nd NShact mean
nisms. On the one hand, REkxm anti-correlates with the values. Color.ed lines repres.ent the mean values for different climate
atmospheric residence time of the tracers. As mentioned beql_asses: tropical (red, A); arid (brown, B); temperate, no dry season
fore, the residence time is mainly governed by wet removal,(Ilght green, Cf); temperate, dry summer (dark green, Cs); temper-

. . ? . 'ate, dry winter (light blue, Cw); and cold (blue, D).
and thus aerosol tracers with short residence times often orig- v (g ) ( )

in %

www.atmos-chem-phys.net/13/4203/2013/ Atmos. Chem. Phys., 13, 42222 2013



4210 D. Kunkel et al.: Aerosol pollution potential from major population centers

inate in regions with high precipitation rates, i.e., tropical re- regions. In general, the highest downwind pollution potential
gions. In contrast, for tracers from arid regions the residences found during winter months (DJF) with overall means be-
time is relatively long due to missing precipitation. Thus, the tween 21 and 25 %, and the least during summer (JJA) with
relative contribution of the emission to the global burden of overall means of about 10 to 12 %.
a tracer is larger for those with short lifetimes, since a large In winter, atmospheric low-level inversions occur more
fraction of the burden is generally closer to the source withfrequently, and aerosol tracer mass is kept more efficiently
higher RCly 5km values. This accounts for about 50 % of the within the boundary layer, which is commonly shallower dur-
variance in the overall RGJ.s km results. On the other hand, ing this time of the year. Together with less convective activ-
meteorological conditions that change the distribution of theity, the ELR, kmy Seems to be dominated by the atmospheric
tracer mass in the atmosphere, though not directly their resistability. Higher stability leads to greater remote low-level
dence time, are responsible for the missing variance. For extransport.
ample, surface winds, turbulent mixing, or the depth of the Similar to LO7 we analyzed the response of a change in the
boundary layer height can alter Rgxm values without af-  depth of the near-surface layer and consider a metric height
fecting the aerosol lifetime. of 500 m. LO7 found that the remote low-level export de-
The influence of precipitation also plays a major role in creased almost linearly with the volume, i.e., only a tenth
the seasonal variations in Rgbkkm The minimum climate  of the ELR, x,, numbers are found in a layer which is 100 m
means stay almost constant throughout the year since thdeep. For aerosols, on annual average we find that about 50 %
minima are given by mean values from regions which areof the ELR, kmy mass is present in a volume half as deep as
weakly affected by precipitation. In contrast, the maxima our original volume, thus the same relationship is found for
vary with the season, with the difference between REikn aerosols as for gases in LO7. We see a small seasonal vari-
minima and maxima being largest in summer (JJA) whenation in this number with a maximum in winter (on aver-
precipitation rates are generally larger and consequently thage 53%) and a minimum in summer (on average 47 %) due

aerosol residence times shorter. to the same reason as for the seasonal variation imghR
Additionally, the ratio is slightly dependent on aerosol solu-
4.2 Outflow of pollution from urban centers bility, with higher ratios for soluble aerosol tracers but with

almost no dependence on aerosol size.
4.2.1 Remote low-level outflow
4.2.2 Outflow into the upper troposphere

In contrast to local pollution build-up, the emissions from ur-
ban centers also undergo transport which can either be horiAerosol mass can also be lofted out of the source region into
zontal or vertical. We first assess the horizontal transport fothe upper troposphere, commonly by convective or frontal
cusing on the mass which is transported near the surface difting depending on location and time of year (bottom panel
which was first lifted and subsequently descended again t@f Fig. 2). Overall annual means dyt are between 3 and
lower altitudes, e.g., in a dry intrusion or simply by aerosol 4% for small aerosol tracers and 2.5 and 3.5% for large
sedimentation. Overall annual means of BEKR vary be- aerosol tracers, and thus much smaller than for the other two
tween 16 and 20% for small tracers and 12 and 15% fometrics and especially much smaller thgr values for gas
large tracers, with larger values now given by;N§aerosol  tracers reported by LO7. The order of the climate means is
tracers (see middle panel in Fig). Including climate class reversed compared to the order found for EkR now with
means, the diversity increases with values ranging from 1Imaximum pollution for aerosol tracers from temperate dry
to 27 % for small and from 8 to 19 % for large aerosol diam- winter and tropical regions and minimum pollution for those
eters. Aerosol tracers from cold regions possess the large$tom cold regions.
remote low-level mass fraction with more than 25% of their  These findings rely on several facts which need to be dis-
total mass (averaged over N5t and NSt tracers) located  cussed. First, the difference betweenf&and NS¢t means
in the near-surface layer downwind of the source. In contrasstrongly varies between climate classes. For tropical regions
to the local build-up, aerosols from temperate dry summerwhich are heavily and regularly affected by convection, the
regions show a large downwind pollution potential. The leastdifferent treatment of nucleation scavenging leads to strong
export occurs in temperate dry winter and tropical regions aglifferences in the upper tropospheric pollution with JuS
upper-level export is favored in these regions (see followingmeans accounting for only about 60 % of the;N§ means.
Sect4.2.2. In contrast, for aerosols from cold regions this ratio is about

Similarly, the smallest seasonal means appear for aeros®0 %, and thus the difference is almost negligible, caused by
tracers from tropical regions, except during winter when an inefficient nucleation scavenging of snow and ice crys-
those from temperate dry winter regions show the leastals according to the model formulation. Second, in LO7 the
downwind pollution potential due to relatively enhanced strongest vertical tracer displacement occurred in tropical re-
transport into the upper troposphere. BR means peak gions, contrary to our results with maximum vertical aerosol
for aerosol tracers from either cold or temperate dry summetransport in temperate dry winter regions, especially in the
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Table 4. Pearson correlation coefficients for correlations betwggh, ELR; km, and RClg 5km, Climate class resolved and for all MPCs
(row All) for small (1.0 um) and large (10.0 um) aerosol tracers.

EyT: ELR1 km: EyT: EyT: ELR1 km: EyT:

ELRikm RCloskm RCLoskm ELRikm RCloskm RCloskm
1.0 ym NShact NSact
A 0.00 —0.26 —0.04 0.43 —-0.31 —0.30
B —-0.97 0.43 —-0.43 —-0.76 —-0.12 —0.36
Cf —-0.75 -0.38 -0.18 —-0.61 —-0.43 —-0.31
Cs —0.90 0.72 —0.88 —0.96 0.73 —-0.84
Cw -0.84 0.13 —0.60 —0.58 0.02 —-0.70
D —0.98 —-0.92 0.84 —0.98 —-0.95 0.86
All -0.77 -0.19 —-0.27 —-0.51 —0.28 —-0.49
10.0pm  N$act NSact
A 0.05 -0.31 —0.05 0.15 —-0.38 -0.21
B —0.92 0.39 —-0.64 —-0.59 -0.17 —0.63
Cf —-0.75 0.08 —0.53 —0.66 —0.09 —0.52
Cs —0.96 0.89 —0.95 —-0.97 0.90 —0.95
Cw —-0.70 0.22 —-0.75 —-0.49 0.09 —-0.78
D —-0.97 0.45 —0.66 —0.92 0.01 —0.38
All -0.74 0.13 —0.58 —0.50 -0.07 —0.66

case of Ngct means. The input of mass into the upper tro- in summer and smallest in winter. This is again attributed
posphere occurs in most cases by convective or conveyadio the convective activity, which is stronger in summer, but
belt lifting. Both processes are commonly associated withalso shows strong differences between different regions of
cloud formation and subsequent precipitation, which boththe world and thus also between different climate classes.
remove aerosol particles efficiently. Nucleation scavenging Thus, the interplay of atmospheric moisture and lifting ac-
during cloud formation is the dominant scavenging procesdivity and their effect on aerosol tracers is the determining
for aerosol particles with diameters larger than 0.2 um, whilefactor for transport to the upper troposphere, with relatively
impaction scavenging becomes important for large aerososmall aerosol mass fractions in this domain.

particles. With sufficient lifting activity the&&yt mass frac-

tion strongly depends on the liquid and/or ice water content4.3 Relation between pollution build-up and outflow

of the clouds and their extension, which in turn determine the__ o
scavenged mass. From the pure gas-phase tracer simulatiorfanally, we want to see whether there are significant corre-
we know that the upward transport is strongest in the tropicslatlons between pollution build-up and outflow for aerosols

though the moisture present there limits the upward transport"om MPCs. LO7 reported that for gas-phase tracers a sig-

of aerosols so strongly that less mass than in the temperafdficant refation was found, and that the upward transport,
dry winter regions reaches the upper troposphere. In arid ref@ther than the low-level transport, is mainly responsible for
gions precipitation hardly affects lifting processes; however,ventilating surface pollution. Moreover, they found that the
the tracer distribution is affected by the development of atr@de-off between long-range low-level export and dilution
very deep, well-mixed air layer which can reach altitudes up®f Pollutants in the region surrounding the MPCs becomes
to 5km, such as the Saharan Air Layéfafl and Peyrile more evident for regions with similar vertical transport.
2007). The aerosols emitted at the surface are already mixed '" 9eneral, we find an anti-correlation between the hor-
to altitudes of several kilometers in this layer, and consequenfZOnt@! and vertical export (see Tabk. This relationship
lifting above 5km can occur faster and is often associatedS €XPected since aerosol mass is either lifted to higher al-
with little or no precipitation. Third, the seasonal cycle is also itudes or kept at lower levels, being advected rather hori-
reversed compared to what was reported for EkR with zontally. However, the overall anti-correlation is weakened
minimum values during winter, overall mean of about 2 %, by the weak positive correlation in the tropics. In the trop-

and maximum values during summer, overall mean betweerﬁcs’ an am'biguous situation is fpund for differ.ent MPC;. Folr
4.5 and 6.5% (see Fig. S4 in the Supplement). FurthermordnStance, in Jakarta and Manila the opposing relationship
the variability, indicated by the standard deviation and alsoP&tween the two export pathways is still assessed, while it

by the differences between various climate classes, is large&'€aks down in other MPCs, for instance in Rio de Janeiro,
Kolkata, and Lagos. A possible interpretation might be thatin
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the first case convective scavenging dominates the wet depavith a diameter of 1 um which have a lifetime comparable
sition, and in the second case more aerosols are scavengedtm though generally shorter than, the lifetime of the gas-
large-scale clouds. In regions with dominant convective scavphase tracers, but also include aerosol tracers with a diam-
enging, more aerosol mass is effectively lifted to higher alti- eter of 10 um in parts of the discussion. In S&ae briefly
tudes but also efficiently removed by scavenging. Less masdiscussed similarities and differences in the dispersion from
is then left over to participate in any long-range transport, es;MPCs with two different model systems. Now, we compare
pecially at low levels. This could result in an opposing rela- the aerosol results discussed in Sdakith gas-phase tracer
tionship between vertical and near-surface long-range transresults from an EMAC simulation using the same configura-
port. Oppositely, more large-scale scavenging indicates thation as used for the aerosol simulation.
a larger proportion of aerosol mass has possibly undergone Figure 3 gives a qualitative overview of how the atmo-
farther transport before removal. A correlation between verti-spheric dispersion patterns change with respect to the re-
cal and near-surface long-range transport would then suggeshoval of an atmospheric tracer. The amount of various re-
that the outflow occurs at high and low levels. moval processes acting on the individual tracers decreases
Between low-level export and low-level retention, the cor- from left to right in Fig.3. In general, the gas-phase tracers in
relation coefficients show a very ambivalent behavior with the right column are wider spread from the source due to their
most values in the range ¢+0.5,0.5]. The sign varies be- longer lifetime. Close to the source points, similar values are
tween various climate classes and also between aerosol sifeund for gas-phase and aerosol tracers, but farther away the
and solubility. Only in two cases are higher correlations as-discrepancies between the various types of tracers become
sessed: a positive one in temperate dry summer regions famore apparent. The total column densities reveal higher val-
small and large aerosol tracers and a negative one for smailles in the direct outflow regions of the MPCs in the case of
aerosol tracers from cold regions. In the first region, the masshe gas-phase tracers and also in remote areas like the South
fraction is rather small for RCd.5 km but high for ELR k. Pacific with no significant tracer burden present for aerosol
The positive correlation indicates that the low-level export tracers. Tracer distributions in the surface layer vary strongly,
forms an important path to accumulate mass in the nearand the transport to higher latitudes is not the strongest for
surface region downwind. A positive correlation might be ex- the gas-phase tracers, but rather foghstracers, especially
pected for the cold regions with high EkRyn and RClg 5km in Northern Europe. In contrast, the gas-phase tracers pre-
mass fraction. However, as the vertical export is low in dominate in the northern latitude storm tracks where almost
this climate region, the strength of surface wind and turbu-no aerosol mass is simulated anymore. The largest differ-
lent mixing within the boundary layer determines whether ences between aerosol and gas-phase tracers are found for
more of the mass is retained close to the source or advectetthe column densities in the upper troposphere above 5km.
downwind. The absolute aerosol tracer peak values are about the mag-
As it is expected, the correlation coefficients between low-nitude of the background levels of the gas-phase tracers in
level retention and vertical export reveal in most cases aremote areas. Moreover, location and strength of peak values
negative sign. For small aerosol tracers the correlations ardiffer, for instance for Khartoum and Teheran, which both
rather weak; only in temperate dry summer regions do we sebave a much weaker signal in the gas phase compared to the
a strong anti-correlation and in cold regions a strong correlabackground than for the aerosol tracers. Furthermore, San-
tion. The positive correlation coefficients for cold regions re- tiago and Lima are clearly discernible in the aerosol phase
veal that if lifting takes place, it occurs close to the emissionbut not in the gas phase, and also the outflow from East Asia
source at low levels. On the other hand, an anti-correlatiorextends farther northward for the gas-phase tracers.
points more to lifting that either takes place farther away The question arises then how the pollution potentials dif-
from the source or has its origin above 500 m altitude. Forfer between gas-phase and aerosol tracers. Figsteows
most climate regions this is true for the large aerosol tracerghe three pollution potentials used to investigate the simi-
as they show stronger anti-correlations, even in cold regionslarities and differences in the local pollution build-up and
However, the sampling statistics are small and not equallypollution export: ELR km (top panel),Eyt (middle panel),
distributed over the climate classes, thus the results shouldnd A1 (bottom panel). Generally, the accordance between
only be interpreted as a first indication. aerosol and gas-phase tracers is higher when using the
NSinact aerosols. The greatest similarity in pollution poten-
tial is found for the low-level pollution potentials. Aerosols
5 Aerosol-gas-phase comparison show slightly higher ELRkm values than gas tracers, with
coefficients of determinationk?) higher than 0.9 (NSac)
Finally, to conclude the analysis of atmospheric dispersionand 0.8 (NS¢, respectively. Since th&? are a measure
from urban emission sources, we want to show similaritiesof how much of the variance in the correlation can be ex-
and differences between gas-phase tracers with a fixed atmglained by the source location, the tracer properties seem
spheric lifetime and aerosol tracers with various atmospherido be less important to determine the mass fraction found
residence times. Here, we mainly focus on aerosol tracerin the lowest layers downwind of the source. Instead, the
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Fig. 3. Total column densities (top panel), surface densities (middle panel), and upper tropospheric column densities (bottom panel) for the
sum of all 46 MPC tracer sources from the EMAC simulations. Left and central columns show;thgiEfd NSct 1.0 um aerosol tracers

and the right column the gas-phase tracers with a 10d decay lifetime. Units,_af\ﬂig.m_2 for total column densities, 1 kg m—3 for the

surface densities, and 1®kg m—2 for the upper tropospheric column densities. Please note the different color-scaling, by a factor of ten, for
the upper tropospheric column densities between the aerosol and gas-phase tracers.

location of the source along with the prevailing meteorology6 MPC impact on ecosystems and humans
account for the mass transported downwind. In contrast, the
vertical transport shows gas-phase mass fractions up to teff€rosol particles have the ability to potentially influence
times higher than aerosol mass fractions. The correlation betheir environment when they are airborne in several ways.
tween gas and aerosol tracers is still positive but weak, withFor instance, humans can breathe in small aerosol particles
an R? of about 0.4 (N$ac) and about 0.15 (N, respec- ~ deeply into the lungs, and it is certain that this affects the life
tively. The source location is in this case of minor importanceexpectancy of humans (e.@ockery et al. 1993 Pope et al.
compared to the tracer properties, especially the solubility 02009. Large particles are mainly responsible for decreasing
a tracer, which determines to a great extent the mass fracvisibility (e.g., Watson 2003, and generally particles which
tions above 5km. In the case of the area mass threshold ex¢ontain toxic constituents from anthropogenic combustion
ceedance, both the source location and tracer properties ne€é@n harm crops (e.gWiman et al, 199Q Burkhardt 2010
to be considered more equally to explain the relation betweer@nd humans (e.gRosch| 2005 Stanek et a).2011). In this
gases and aerosols as positive correlations are found witEhapter we assess the potential impact of the urban emitted
= 0.78 (NShac) andR? = 0.67 (NS for small aerosols ~ aerosol particles on the environment by using the mésic
and an averagefi? of about 0.53 for large aerosols. Hence, Which is the ratio of the totak dry and wet) deposition flux
the source location determines thgo more in the case of to the global mean emission flux (defined in S&cg) and
small aerosols, while the size of the aerosol seems to be moré@reshold values fok of 1% and 5%, and we refer to this as
important for the large aerosols. high relative deposition. Although we are aware of the dif-
In summary, the findings of Sect.are further supported ferentimpacts of dry and wet deposited particles, we discuss
by the comparison of gas-phase and aerosol tracers, espenly their sum here and leave a further investigation open
cially that the source location is most important in determin- for following studies. Furthermore, we use the mettie to
ing the low-level pollution while tracer properties have a sub-quantify the number of people that are exposed to a certain
stantial impact on the vertical transport. atmospheric mixing ratio.
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a) Remote low-level pollution potential 6.1 Impact on ecosystems

o d=1um, NSppe
o dot b o o 6.1.1 Impact on land and sea surfaces
257 & d=10 pm, NSjrae o ’
® d=10um, NS, .0 g . i i i
20 cql e ‘ First, we assess the total surface area which fulfills the crite-
° :‘ -3 rion of Dx. In Fig. 5 the total surface area is illustrated for
. 3

each MPC for two aerosol diameters, 1.0 um and 10.0 um, on
the left for D1 and on the right foiDs. The solubility states
are displayed by different gray shadings with the light gray
bar representing the additional area between the two solubil-
ity states. In contrast to the atmospheric metrics, the smaller
area, indicated by the dark gray bar, is not always determined
by the same solubility state for each MPC, but most com-
; ' ' ' ' ! monly by the NQacttracers. If only a dark gray bar is drawn,

Aerosol

0 5 10 15 20 25 X , X
Gas phase then there is no difference between the two states, while a
single light gray bar indicates that no area is covered at all
b) Upper tropospheric pollution potential for one state. By definition, areas which are covered with at

3 doum N least 5% of the emissions are also covered with at least 1%.
d=10 pm, NSinec In the case ofD1, each MPC covers at least a small area,
¢ Toum N independent of aerosol size, which is not the caselfr
Aerosol tracers from MPCs which are known to undergo sub-
stantial long-range transport, e.g., Baghdad, Teheran, Cairo,
or Khartoum, are more widely spread and thus aerosol mass
.. is deposited in lower concentrations in each grid cell. How-
: ever, other MPCs, e.g., London or Tianjin, show also zero
area covered, and thus long-range transport is not the only
. limiting factor for high relative deposition. In contrast, the
ofe maximum is found for MPCs which are either influenced
— - - - - - by heavy precipitation rates, e.g., Lagos or MPCs in South
East Asia, or located in a basin with low ventilation, e.g.,
Bogot or Szechuan. On average, aerosol tracers with a di-
ameter of 10.0 um cover larger areas compared to the small
. g:ou?n.qmssa:m . aerosol tracers. The reason is that the large aerosol tracers
o d=10um, NS,y LS travel shorter distances and the subsequent deposition occurs
g on smaller total overall area. Since the total global emitted
mass is the same for each tracer, the deposition rates of the
large aerosol tracers are in turn higher in the area where de-
position occurs. Furthermore, the faster deposition rates for
the large aerosols lead to smaller differences between the ar-
eas covered by the two solubility states.

Further, we divide the total surface area into land and sea
fractions to obtain a more accurate knowledge over the lo-
A cation of high relative deposition. Generally, the low-level
= ; ; ; . outflow of aerosols is similar to the gas-phase outflow re-
0 2 4 6 8 ported by LO7, with more low-level long-range transport over

Gas phase oceans. Nevertheless, the total deposition still occurs more
Fig. 4. Comparison between gas-phase and aerosol pollution po@Ver continents with about 55 % of the small tracer emissions
tentials: ELR yxm (top panel, in%) EyT (middle panel, in %), and and 68 % of the large tracer emissions being deposited on
A1 (bottom panel, in 1®km?2). Colored dots represent different land surfaces. For the high relative deposition, we focus only
aerosol properties: black = NG¢t1.0 um, red = Ngt1.0um, gray ~ on Dj since not all of the MPCs cover a surface area in case
= NSinact 10.0 pm, and blue = N 10.0 um. These aerosol tracers of Ds. Since the land—sea fractionation is very similar for all
are considered to cover the aerosol spectrum of this study and othegerosol tracers, independent of size or solubility, we choose
tracers are neglected to keep lucidity. The solid black lines represenghe NSyt 1.0 um aerosol tracers to sha in Fig. 6. The
the bi_secting line, the col_ored dashed lines the regression lines (segark gray bars represent the land fraction which outweighs
equations in the Appendix). the sea fraction in the light gray color bars, although almost

Aerosol

Gas phase

) Area of mass threshold exceedance
T e d=1um, NS ,,.*

Aerosol
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Fig. 5. Total area covered with more than 1% (left side) and 5% (right side) of the global mean annual emission. Top panels display the
1.0um aerosol tracers, and bottom panels th@ (it aerosol tracers. The dark gray shaded bars show the minimum area covered by either
the NSyt or NSpact tracers, the light gray shaded bars on top the additional area covered by the tracers with the other nucleation scavenging
state. Display order of the MPCs is by longitude, the area shown is in unitsSanto

Land/Sea fraction 6.1.2 Impact on cropland, pasture, and forest

I M

100
80

60
land, pasture, or forest — is most exposed to deposition from

MPCs, we initially fold the sum of all annual accumulated
MPC deposition fields with the relative fractions for crop-
land, pasture, and forest (see Fig. S1 in the Supplement).

40

To answer the question which of the three ecosystem — crop-
20

LB PR eERE2ERREOE g2 2888822
25 SEe553EER3SE 5 OSEgzse -
SEESREEER005 g 2 238 a0 The differences between small aerosol tracers (L.0 um)
282 cSE o ) % . HH
g T EEs s 88 §<‘n"§ are minor as well as between the two solubility states. Thus,
S “e we focus the discussion on the NS1.0 um and 10.0 um

Fig. 6. Example for land—sea fractionation in % bf, for the NS¢t aerosol tracers, which are shown in Fig.The pure depo-

1.0 um aerosol tracers. Dark gray bars represent the land fraction$ition patterns have their maximum around the source loca-
light gray bars the sea fractions. tion (Kunkel et al, 2012. In Fig. 7 MPCs are in most cases

well detectable by the red areas in the six panels. For several
MPCs these red areas exceed the MPC size since these are
50 % of the MPCs are located at coastlines and several morsurrounded by large areas of an ecosystem, e.g., for cropland
close to the coast. In several cases the land fraction is close tilie corn-belt around Chicago, the region between Paris and
100 %, mainly for MPCs with a dominant outflow over con- east of the Rhine—Ruhr area, the region north of Lagos or
tinental regions, e.g., Moscow, Rhine—Ruhr area, Teheranlarge areas on the Indian subcontinent and in eastern China.
Delhi, and Szechuan. However, there are also some MPChk the case of pastureland, only a few hotspots are detected,
close to coastlines which do not have high relative deposifor instance the region around Bogothe Sahel region in
tion over seas, e.g., Santiago and Beijing. The highest marin@frica, and again large areas in eastern China. Forests seem
D; values appear for Athens and Rome, with about 80% se&o be widely exposed to deposition from MPCs, e.g., in the
fraction, but not surprisingly Jakarta and Manila show the USA in a belt from New England down to Atlanta, high for-
highest sea fractions in terms of absolute area since each @&fst deposition exposure is simulated, as well as in Bogotl
these cities is located on a small island in a maritime envi-in the region between Rio de Janeiro ar&b%aulo. In Cen-
ronment. tral Africa the Congo Basin with the African rainforest and

in Asia regions in eastern China and also in Japan reveal high
exposure. In Europe, the high northern latitudes are affected
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a) Cropland Deposition Exposure (mg/mz2/yr)

: 60]
180 180

Forest Deposition Exposure (mg/m?2/yr)

Fig. 7. Folded maps of the sum of all MPC annual accumulated deposition fields (inThgm?) and the relative fractions of the three
ecosystems (see also Fig. S1 in the Supplement). The left side showsdkd REm aerosol tracers, the right side thegt30.0 um aerosol
tracers.

due to the vast appearance of boreal forest. For the same rea-
son the deposition of Moscow can still be detected north of
Mongolia far away from its source. ln_contraSt' one of the Table 5. Average area (in 1ﬁ<m2) covered with high relative de-
most forested areas, the Amazon Basin, seems not to be aE)'osition,Dl andDs.
fected by the deposition of the MPC tracers used in this study
because it is not located downwind of the MPCs.

Using D; and Ds, we can calculate the area of each

Cropland Pasture Forest

ecosystem which is exposed to more than 1% or 5% of Dy

the emission. Tabl& shows the averages of small and large 1.0um NSyt 20.26 12.61 33.21
aerosol tracers for each ecosystem. Generally, larger areas NSihact  16.37 10.74  31.23
are found for the soluble tracers and, as discussed before for 10.0pum NSyt 25.29 15.87 32.26
the total surface area, for larger aerosol tracers, with one ex- NSpact  24.48 1512 24.56
ception in the case of forests f@r; (NSact 1.0 um). The re- Ds

sults for the two aerosol solubility states differ by less than

25%, in most cases even less than 20%. Maximum averages ~ 1OHM NSt 2.28 151 425
are found for forests, followed by croplands with up to 40% 100pm 'I\‘\lz‘act é'gg éii Z'gi

. H . ct . . .

less and pasture with about 50% less area exposed to high NS et 4.69 560 585

relative deposition compared to forests. More detailed infor-
mation for each MPC and ecosystem is found in Fig. S5 in
the Supplement.
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Fig. 8. Sum of all MPC surface densities in 1?)kg m~3 alone (upper panels) and convolved with the geographical population distribution
(lower panels). The left side shows the N8L.0 um aerosol tracers, the right side thegi\t30.0 um aerosol tracers.

Taken together, forests which cover large areas on eackion (lower panels in Fig8). However, in addition two large
continent are most affected by the MPC deposition. In con-domains are more accentuated: India and (East) China. To-
trast, pasture areas are also widespread, though they are legsther these two countries host about one third of the global
affected by the MPC deposition than croplands, which arehuman population and thus the high population densities en-
mainly present in a few concentrated regions. However, thessure that the highest numbers in the convolved variable of
regions are nearly all close to or in the outflow regions of surface density and population distribution are found there.

MPCs. Other densely populated regions like Europe, Japan, or the
Eastern US show similar surface densities but lower con-
6.2 Population-based impact volved numbers.

] To further investigate and quantify how many people are

We now assess the impact of MPC aerosols on humans. Fo{fected by each MPC, we add up the number of people in
this, surface densities are used instead of aerosol depositiqfie area with a mass threshold exceedange).(In Fig. 9
fields, since airborne particles are potentially inhaled by hu-ihis is shown for the 1.0 pm and 10.0 um aerosol tracers and a
mans and consequently cause health issues. Small aeros$;ss threshold of 10 ngnT3. The highest values are found
are again represented by the 1.0 um aerosol tracers, and fgigependently of aerosol size or solubility in Delhi, Beijing,
comparison and as an upper limit for efficiently inhalable Tiapjin, Karachi, and Shanghai, with more than 1.3 billion
aerqsols we _show also results for 10.0pm aerosols. people being exposed to more than 10 ngrim and around

Figure 8 displays surface densities in the upper panelspgn;. For other MPCs like Sydney, Melbourne, Santiago, or
for the NS, tracers, on the left for the small aerosols (also kinshasa, the lowest population numbers are found, simply
shown in the middle panel in Fi§.with another color-scale), que to the relatively sparse population density around these
and on the right for the large aerosols. In the surface layer thgjjes.
differences between N and NShact are almost negligible, In conclusion, the areay is a measure of the distribution
especially in regions close to the MPCs, thus we focus oulsf aerosol mass in the surface layer, especially of the dense
discussion on the Ngt aerosols tracers. The small aerosol part of the outflow plume. Howevery does not seem to
tracers are commonly more widely dispersed due to the fastefietermine how many people are exposed to a certain aerosol
gravitational settling of large aerosols and sqbsequent "®mass. Instead, this is more dependent on the population in
moval out of the surface layer. MPCs are easily detectabley g around an MPC. This is also underlined when comput-

by the red dots in the figure, even when the surface densiy,g the coefficients of determination to see how much of
ties are convolved with the geographical population distribu-
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cal export (on average 2.5-4 %) is strongest in regions with
Population (10°) in Aqq high lofting potential, i.e., high instability. Furthermore, the
export to higher altitudes is dependent on the moisture in
the atmosphere and therefore cloud formation and subse-
guent wet removal processes, which leads to the strongest
export in temperate dry winter regions and not in tropical re-
gions, in contrast to insoluble gas-phase tracers. The export

at low levels is similar for aerosol and gas-phase tracers but
‘ i Hli lil__iinil..-.ii ) . gas-p ;

1000 4
d=1.0 pm
800 1

600

400

iii Tl
0 i i i-i-i-

500

substantially different for transport above 5km, with gas-
phase tracer concentrations up to ten times higher than the
aerosol tracer concentrations due to the effective removal of
aerosols in clouds. Moreover, the dispersion of generic gas-
phase tracers from MPCs has been compared for two models,
one with online calculated meteorology and one with semi-
offline calculated meteorology as well as different physical
parametrizations. These differences account for only about
25% of the variance in the results; thus a high accordance
is shown in vertical and long-range transport of the tracers
between the two models.

Aerosol deposition fields convolved with geographical dis-
tributions of agricultural data and a metric to account for re-
gions with high relative deposition are used to determine the
impact of MPCs on ecosystems. We assess the area in which

the variance of the exposed population number is explicaMore than 1% and 5% of the emissions are deposited. On
ble by the area itself. Fot1o we find only weak correlations ~ 2verage the 10.0 um aerosol tracers exceed these deposition
for small (R < 0.2) and large k2 < 0.06) aerosol tracers, fractions over larger areas with less variation between sin-
and also by changing the threshold value to 1 ngrand gle MPCs than the aerosol tracers with smaller diameters.

100 ngnT3 we ascertain no substantially higher correlations. 1 N€ areas vary more for smaller aerosols due to their longer
lifetime and thus wider dispersion. This effect is strongest

for MPCs in arid regions where aerosols have the longest
7 Summary and conclusions atmospheric residence time while regions characterized by

high precipitation or unfavorable geographic conditions re-
This study is an extension bawrence et al(2007) to under-  veal larger areas with high relative deposition. Most of this
stand and compare the dispersion and deposition of air poleeposition occurs over land regions except for some MPCs
lutants from urban centers. The primary focus is on generidike Rome, Athens, Jakarta, and Manila, with more deposi-
aerosol tracers of five different monomodal sizes betweertion onto water surfaces. We further find that forests are more
0.1pum and 10.0 um and two solubilities with various atmo- exposed to the aerosol deposition from MPCs than other land
spheric residence times. In the AC-GCM EMAC ten tracersecosystems such as cropland or pasture. Similarly, we use an
were released at each of the 46 different emission points, i.earea of mass threshold exceedance folded with population to
the major population centers considered in this study. Theassess the impact on humans and find that high population
emission source strength is set to be equal for all tracers talensities favor high human exposure, more so than the size
obtain results only depending on prevailing meteorology andof the area containing high surface mixing ratios.
tracer properties. All our results are solely based on model results and thus

We show that on average about 10-14% of the emit-dependent on model uncertainties. The EMAC model was

ted mass of aerosol tracers with diameters less than 2.5 prextensively evaluated for trace gas and aerosol distributions
(15-19 % for aerosols with diameters of 10.0 um) is retainedn many studies. A further improvement would be to rep-
around the source. This number is highest in regions where@esent the aerosol tracers better with properties, size and
pollutants have short atmospheric residence times, whiclsolubility, which can evolve in time and space and interact
are constrained by meteorological conditions, especially bywith other atmospheric constituents including clouds and at-
scavenging in and below clouds, e.g., the tropics. Exportmospheric trace gases. This will be the scope of a follow-
from the cities, either by vertical mixing or low-level long- up study which investigates the impacts of different anthro-
range transport, is determined by the stability of the atmo-pogenic emissions from MPCs on the burdens of various
sphere. High stability favors low-level export (on average aerosol types. Moreover, the coarse model resolution is a
between 12—-20 % for the range of the different aerosol trackey issue with respect to the sub-grid-scale processes like
ers) and is most dominant in cold regions, whereas the vertithe introduction of the emissions, vertical mixing, e.g., out of
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the boundary layer, convection, or scavenging as these phys- — NSactl0.0 um:y = 0.3325¢ + 0.1759
ical processes are of major importance for the distribution
of tracers in the atmosphere. Higher vertical and horizontal
resolution to better resolve small-scale circulation patterns
can be provided either by regional-scale models or by La-

. : : . Supplementary material related to this article is
grangian dispersion models. However, regional-scale mod-

els have the limitation of many simulations being necessar Available online at: hitp://www.atmos-chem-phys.net/13/

Y, 13- . i
to cover all the major population centers used in this study,4203/2013/61(:p 13-4203-2013-supplement. pdf

while Lagrangian models have the advantage of having no
numerical diffusion but lack in the representation of several
tropospheric processes necessary to determine the distribu-
tion of trace gases and aerosols, e.g., convection, cloudicknowledgementsThe authors would like to thank all EMAC
mixing, and scavenging. Nevertheless, since urban centerdevelopers and modelers for providing code and helpful discus-
will become even more important in the future by serving assions. We further thank S. Borrmann for valuable advice and
habitats for more people than at present, the research activhur MEGAPOLI partners for fruitful discussions. D. Kunkel
ties which have been accomplished so far, e.g., projects lik@cknowledges funding from the International Max Planck
MEGAPOLI (http://www.megapoli.info/ Baklanov et al. Research School. The open-source software packages Yorick
2010, CityZEN (http:/Aww.cityzen-project.edi/and MI- (http:/lyorick.sourceforge.ngtand R (R Development Core Team,

! - ’ ) ) . . 2010) have been used for the analysis and graphics.
LAGRO (http://www.eol.ucar.edu/projects/milagrdlolina
et al, 2010, should rather be seen as _flrst initiatives which 1.4 service charges for this open access publication
scratched the surface and provided initial results, but also lefhaye peen covered by the Max Planck Society.
several questions open or created new questions.

— NSacil0.0pum: y = 0.2830x + 0.1589
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