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Abstract. Based on a 10-yr simulation with the global air Nifia-years respectively with the strong and weak transport
quality modeling system GEM-AQ/EC, the northern hemi- of the mid-latitude westerlies and the low latitude easterlies
spheric aerosol transport with the inter-annual and seasonah the Northern Hemisphere (NH).

variability as well as the mean climate was investigated.
The intercontinental aerosol transport is predominant in the

zonal direction from west to east with the ranges of inter-

annual variability between 14 % and 63 %, and is 0.5-2 or-1 Introduction

ders of magnitude weaker in the meridional direction but

with larger inter-annual variability. The aerosol transport is Intercontinental transport of air pollution has been identified
found to fluctuate seasonally with a factor of 5-8 betweenPy @ wealth of evidence observed from the ground, aircraft
the maximum in late winter and spring and the minimum and satellites (HTAP, 2010). There is a growing international
in late summer and fall. Three meteorological factors con-concern on the problem of long-range air pollutant trans-
trolling the intercontinental aerosol transport and its inter- Port. Although a lot of studies have revealed the transpa-
annual variations are identified from the modeling results: (1)cific transport of Asian pollution to North America (Jaffe
Anomalies in the mid-latitude westerlies in the troposphere €t al., 1999; Wilkening et al., 2000; VanCuren, 2003), the
(2) Variations of precipitation over the intercontinental trans- transatlantic transport of North American pollution to Europe
port pathways and (3) Changes of meteorological conditiondLi et al., 2002; Parrish et al., 1993) and the transeurasian
within the boundary layer. Changed only by the meteorol-transport of European pollution to Asia (Huang et al., 2007;
ogy, the aerosol column loadings in the free troposphere ovefehin et al., 2007) in the NH, the magnitude and variability
the source regions of Europe, North America, South andof intercontinental air pollution transport in air quality con-
East Asia vary inter-annually with the highest magnitudestr()' strategies are still an issue for exploration. To obtain a
of 30-37 % in January and December and the lowest magbetter understanding of hemispheric transport of air pollu-
nitudes of 16—20 % in August and September, and the interfants in the NH and provide estimates of source-receptor (S-
annual aerosol variability within the boundary layer influenc- R) relationships for intercontinental air pollution, the Task
ing the surface concentrations with the magnitudes from 6 94-0rce on Hemispheric Transport of Air Pollution (TF HTAP)
to 20 % is more region-dependent. As the strongest climatidttP:www.htap.ory was established under the United Na-
signal, the El Nfio-Southern Oscillation (ENSO) can lead the tions Economic Commission for Europe (UNECE) Conven-

anomalies in the intercontinental aerosols in Hitdiand La  fion on Long Range Transboundary Air Pollution (LRTAP).
Aerosol, also known as particulate matter (PM) in the air
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quality research community, is one of major air pollutants Table 1. Definition of four regions in the Northern Hemisphere for
determining ambient air quality. In addition, the impacts of the HTAP-study ittp://www.htap.ory
aerosols on climate, ecosystem and biogeochemical cycles

have been well recognized (IPCC, 2007). Region Longitude Latitude
The S-R re_lationship desgribes the impacts of emiss_ions SA: South Asia 50E—95 E 5 N—35° N
from an upwind source region to pollutant concentrations ga: gast Asia 98E-160E 15 N-50° N
or deposition at a downwind receptor location (Seibert and Eu: Europe + North Africa  10W-50° E 25° N—65° N
Frank, 2004). Intercontinental transport of S-R air pollu- NA: North America 128 W-60° W  15°N-55°N

tion is complicated by several factors. Generally, the factors
controlling the S-R relationships for intercontinental aerosol
transport could be separated into two types: emission and
meteorology (Voulgarakis et al., 2010; Gong et al., 2010).nificant control on pollutant transport to the Arctic. The NAO
The emission factor includes the source emission strengthexhibits a less influence on the interannual variability of mid-
chemical transformation and production; the meteorologicallatitude/Arctic transport (Gong et al., 2010) and in transpa-
factor determines the transport pathway from the source taific transport (Liu et al., 2005). Under the framework of
receptor regions, exchanges between boundary layer and freé¢TAP, the multiple model experiments were set up to exam-
troposphere, the removal processes occurring over the sourdee the S-R relationships among four HTAP regions, roughly
and receptor regions as well as along the transport pathwaysepresenting Europe (EU), North America (NA), East Asia
The emissions of air pollutants in many source regions of(EA) and South Asia (SA) (Table 1). A set of emission per-
the NH have changed during the last few decades. For exturbation experiments with year 2001 meteorology was per-
ample, in East Asia, an increase of anthropogenic aerosolormed with the multiple models in the TF HTAP assess-
has accompanied the rapid industrial development and higiment (HTAP, 2010) to estimate how emission changes in one
population density (Zhang et al., 2008). In West Europe andHTAP region impact air quality in other HTAP-regions. A
North America, a generally reducing trend of aerosol emis-description of the multi-model experiments and key findings
sions from industry and transport sectors has been caused kare published in the interim report from HTAP (2010) and a
the environmental protection strategies (van der Werf et al.series of published papers based on the HTAP-dataset (Liu
2006; Gong et al., 2010). In South Asia, anthropogenic ancet al., 2009; Shindell et al., 2008; Wu et al., 2009; Fiore
biomass burnings are one of the important sources of “at2009; Sanderson et al., 2008; Anenberg et al., 2009). How-
mospheric brown cloud” (Ramanathan and Crutzen, 2003)ever, air pollution in the four HTAP regions and the inter-
Governed by atmospheric circulations, air pollutants couldcontinental transport exhibits strong variations from year to
be transported from the source to receptor regions in a hemiyear, which is resulted from a combination of changing emis-
spheric or global scale. Due to significant anomalies of thesions and meteorological conditions. The inter-annual vari-
atmospheric circulations and other meteorological variablesability at receptor sites is controlled by not only the tempo-
from year to year, the importance of meteorological factorspatial changes of emission sources but also the variations
can be investigated by driving the observed inter-annual vari-of atmospheric circulations or weather and climate patterns
ability in the S-R relationships influencing the ambient air over the S-R regions and the transport pathways. This com-
quality. plicated feature is difficult to characterize from observations.
The S-R relationships on intercontinental scale for To quantify the overall importance of hemispheric transport
transpacific transport of air pollutions from East Asia to for aerosols, a single year simulation cannot evaluate the in-
North America (Jaffe et al., 2003; Liu et al., 2005; Liu et al., fluence of inter-annual variability in meteorology on the S-
2008; Zhao et al., 2008), transatlantic transport from NorthR relationships via changes in the intercontinental transport
America to Europe (Creilson et al., 2003; Stohl and Eck- pathways for the HTAP. Characterizing this inter-annual vari-
hardt, 2004; Stohl et al., 2002b) and from African desertsability is still a major challenge in an assessment of the S-R
to North America (Schepanski et al., 2009; Prospero et al.relationships for the HTAP.
2002) have been intensively assessed for specific air pol- Based on a 10-yr simulation of global aerosols from both
lutants during a certain period or some emission episodesnatural and anthropogenic sources including as principal
For mid-latitude/Arctic transport, Eckhardt et al. (2003) pre- components of sulfate, organic carbon, black (elemental)
dicted that during positive phases of the North Atlantic Os-carbon, soil dust and sea salt, the intercontinental aerosol
cillation (NAO) surface concentrations of tracers in the Arc- transport was characterized in respect of the seasonal vari-
tic winter were elevated by about 70 % relative to negativeations, the inter-annual variability and the mean climate for
phases of the NAO. Consistent with that prediction, Sharmahe HTAP (in Sect. 3). The anthropogenic aerosols were sim-
et al. (2006) found that observed BC at Alert in the Canadianulated with the constant emissions of global anthropogenic
High Arctic was 40 % higher during the positive phase of the aerosols without any inter-annual changes during 1995-
NAO. However, a recent study (Osborn, 2006) found no sig-2004, and the inter-annual variability in the simulations was
nificant trends in NAO from 1981 to 2005, which exerts a sig- caused only by meteorological variations. Therefore, the
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meteorological influences on the inter-annual variability in
aerosol transport could be investigated by using the anthro- |
pogenic aerosol simulation results (in Sect. 4). Additionally, [ >
the basic model features, aerosol emissions and experiment
set-up are briefly described in Sect. 2, and this aerosol modef™ f
study for the hemispheric aerosol transport is summarized
and discussed in Sect. 5.

EQ |

308 |

2 Methodology

60S |

Full details of the development and evaluation of GEM- = . ‘ ‘ ‘ :
AQ/EC are given by Gong et al. (2012). This section briefly 120w sow 0 o0E 1208 80

reviews the key.componerllts of the modell!ng system. TheFig. 1. Annual net mass (Tgdh) of aerosols transported through
host meteorological model is the Global Environmental Mul- ye porders of four HTAP regions with the transport directions fol-

tiscale (GEM) model developed by the Meteorological Ser-|owing the arrows, the mean values and the standard deviations over
vice of Canada (MSC) for operational weather prediction the 10-yr of 1995-2004.
(Coté et al., 1998). The model system GEM-AQ/EC is an in-
tegration of a gas phase chemistry module (ADOM) (Venka- _ _
tram et al., 1988) and an aerosol module (CAM) (Gong et10-yr modeling data. The aerosol transport is based on the
al., 2003a) into the GEM. The aerosol module CAM con- analyses of aerosol transport flux and mass. The transport
siders all of the atmospheric aerosol processes: productiorflux is calculated by multiplying aerosol concentrations with
transport, growth, coagulation, dry and wet deposition forthe zonal and meridional Wl_nd veI(_)cr[y comppnents, and the
five mixed aerosols of soil dust, sulphate, sea-salt, organiéransport mass of aerosols is obtained by an integral of trans-
and black carbon in 12 aerosol size (diameter) bins from 0.07ort flux over the areas of vertical cross section and the time
to 40.96 um, and an explicit microphysical cloud module to tep length in the model. Positive and negative components
treat aerosol-cloud interactions only with wet deposition in of aerosol transport flux or mass indicate respectively east-
clouds and below clouds but without effects of aerosols onward and westward transport in zonal direction or northward
precipitation. The chemical and aerosol modules are couand southward transport in meridional direction depending
pled in the host meteorological model “online”. The GEM- on the directions of wind velocity components. As a vector
AQ/EC is designed to provide a consistent framework be-variable, transport flux and mass are also used to estimate the
tween the meteorological and air quality aspects of the atmoamount and direction of aerosol transport for the HTAP in the
spheric system. following sections.

For the GEM-AQ/EC modeling, the emissions of soil dust
and sea salt are on-line calculated with their emission pa-

rameterizations on basis of the current understanding on thé:3 Mean climate of hemispheric aerosol transport

physical processes involved in the wind forced movement 0fp 450 are one of major air pollutants determining ambient
sea salt and soll dgst_partlc_les (G_ong etal., 1997, 2003b). The;, quality and engaging in the HTAP. To more comprehen-
global sulphur emissions, including 3MMS and particu-  gjyely present the mean climate of aerosol transport, we an-
late sulphat.e., are based op _the data of Global Emissions Iné\lyzed the transport flux and mass for all simulated aerosols
ventory Activity (GEIA) (Olivier et al., 1996). The monthly ¢ o itate, soil dust and sea salt as well as organic carbon and

emission-data of organic and black carbon are separated infQ, i carbon from both natural and anthropogenic emission
the natural and anthropogenic sources. The natural emissiong) ;rces in the model in this section. A mean climate with

by boreal and temperate fires are changed from year o yeafyq saagonal and inter-annual variability of the aerosol trans-
while the monthly anthropogenic emissions by fossil fuel andport as well as the hemispheric transport patterns in the NH

biomass burning of tropical forest fires, savannah fires arg, o< constructed based on the 10-yr GEM-AQ/EC modeling
constant without any inter-annual changes over 1995-2004 ¢ ¢4 iows.

(Gong et al., 2012).

The model evaluations prove the GEM-AQ provided sat-3.1  Inter-annual variability
isfactory simulations of spatial and temporal distributions of
global aerosols for a modeled climatology of aerosol trans-Figure 1 shows the mean annual net mass of aerosols trans-
port. In this paper, the focus of study is placed on characported through the vertical sections at all borders of HTAP
terizing a mean climate of intercontinental aerosol transportregions from surface up to the model top of 30 km with the
in the NH and identifying the meteorological influence on transport directions following the arrows, the mean and the
inter-annual variability in the aerosol transport by using thestandard deviations over the 10yr. Since the EA-, NA- and
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Table 2. The coefficients (%) of variations in annual transport mass of total aerosols across the borders of four HTAP-regions over 1995—

2004.

EA-Region NA-Region EU-Region SA-Region

Western Border 31 45 63 32
Eastern Border 28 37 48 14
Southern Border 433 1750 32 120
Northern Border 42 60 375 100

EU- regions are mostly located in the mid-latitudes, it could —~ 120 4

be expected that the intercontinental transport over the EA-,® —— NAW
NA- and EU- regions is dominated in the eastward direction E, 003 e . -~ EAW
along the mid-latitude westerly belt for the whole year. It 2 o Eﬁw
is shown from the annual net aerosol transport mass in the 3 803 AN N e NAE
10-yr mean (Fig. 1) that for all the EA-, NA- and EU- re- '; od ./ - EAE
gions, the zonal aerosol transport through the western and § S r~—\ Y\ | e
eastern borders is 0.5-2 orders of magnitude stronger thang 40 % \/:

the meridional transport from the northern and southern bor- =
ders, and the aerosol exports across their eastern borderg
of these sources provide the largest transport mass to theg

. . =
downwind receptor regions. Although the large part of SA- S

region is situated in the tropics and subtropics, the South Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Asian monsoon wind flows and the effects of Tibetan Plateau
on the tropospheric circulation result in a strong eastward
transport across the SA-region with the weak southward andrig. 2. Monthly variations of zonal aerosol transport fluxes
northward aerosol exports in the annual mean. Comparing téug m-2s~1) averaged in the vertical sections at the western and
three mid-latitude EA, NA and EU_regionS’ the zonal trans- eastern borders of HTAP-regionS over 1995-2004. NAW (NAE),
boundary transport across the SA-region is 2-4 times weakefEAW (EAE), EUW (EUE) and SAW (SAE) respectively stand for
and aerosol could be also exported through the southerf[1® Western (easter) borders of NA, EA, EU and SA regions.
SA-border into the Indian Ocean for a long range trans-
port (Lelieveld, 2001). Based on the annual net transport
masses shown in Fig. 1, EU is the only “exporting” region of regionally averaged variability and the S-R relationships over
aerosols, and its export mass at the eastern boundary is mofée HTAP-regions. Resulted from the inter-annual variability
than two times greater compared to that of EA, and morein both factors of emission and meteorology, the zonal trans-
than 2.5 times greater than that of NA. There could be twoPort across the EA-, NA- and EU-regions exhibits the sig-
reasons for this: i.e. aerosol emissions and meteorology. A8ificant inter-annual variability with a CV-range from 14 %
described in Gong et al. (2012), the global sulphur emissiong0 63 %, and the meridional transport experiences the larger
are based on the data of Global Emissions Inventory Activityinter-annual variability with the CV from 32% to 1750 %,
(GEIA), and climatological emissions representative of the@lthough the meridional aerosol transport strengths are much
end of 1980's were considered for the tropical forest fires andveaker than the zonal transport, as shown with the mean
savannah fires in the modeling study. The EU-boundaries o¥alues in Fig. 1. The higher CV-values in aerosol transport
25° N to 65 N are mostly located in the mid-latitudes com- mass at the northern and southern borders of HTAP-regions
pared to the EA- and NA- boundaries (Table 1). As shown inare caused by large interannul anomalies in meridional wind
Fig. 7a and b, the mid-latitude westerlies prevail in the east-Over those borders due to the interactions of atmospheric cir-
ern EU boundary from summer to winter with the Strongestculations between the mid-latitudes and the Arctic region or
aerosol export, while aerosols are imported by the easterlieBetween the mid- and low latitudes. This may also be linked
in the low-latitudes of EA- and NA- boundaries with reduc- to the larger eddy transport of the meridional circulation.
ing the aerosol export mass at the EA- and NA- boundaries.
The coefficients of variations (CV) in aerosol transport 3.2 Seasonal variations
across four HTAP-regions in Table 2 are defined as the ratio
of the standard deviation to its mean in Fig. 1. The CV-valuesDue to the dominant transport components in the zonal direc-
in Table 2 reflect the relative magnitudes of inter-annual vari-tion for the hemispheric aerosol transport as shown in Fig. 1,
ability in the hemispheric transport of aerosols for the HTAP- we present monthly changes of the zonal aerosol transport
fluxes averaged in the vertical section at the western and

Month
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eastern borders of HTAP-regions in Fig. 2 for the seasonal a) Western NA-Border
variations in the aerosol transport. The intercontinental trans-
port of aerosols across the NA-, EA-, SA- and EU-regions is
found to vary seasonally with a factor of 5-8 between the
maximum in late winter and spring (particularly in March
and April) and the minimum in late summer and fall (partic- E .
ularly in July and September) (Fig. 2). As presented in Gong ‘g’
etal. (2012), the natural and anthropogenic aerosol emissionsz
have a pronounced seasonality. The natural aerosol emission&
seasonally vary with the seasonal cycles in meteorology and
other eco-environments, and the variations of anthropogenic
aerosol emissions rely on the seasonal changes of human ac-
tivity. It is also confirmed from a 4-yr satellite-based assess-
ment of transpacific transport of pollution aerosol that the
pollution fluxes are largest in spring and smallest in sum-
mer(Yu et al., 2008). The strong seasonality of aerosol trans-
port is caused from a combination of seasonal variations in
atmospheric circulations and aerosol emissions in the HTAP-
regions. Additionally, a second maximal import of aerosol
through the western border of SA-region in June (Fig. 2,
SAW) is driven by the southwest jet of South Asian summer
monsoon (Ding, 1994). Even though the seasonal variations
in the aerosol transport are appreciable, the monthly trans-
boundary aerosol transport across the western and eastern
borders of HTAP-regions persists in the eastward direction
during all seasons but for the eastern border of NA-region in =~ ——j00 50 30 10 > 10 20 40 o
July. At the eastern border of NA-region, the positive trans-
port fluxes drop to a negative transport flux in July (Fig. 2). It
means that North American aerosol transport reverses fro
a net outflow into the Atlantic to a net aerosol inflow into the
NA-region in July, which is resulted from the strong west-
ward transatlantic transport of Saharan dust aerosol into the

NA-region by the easterly jet in summer (Jones et al., 2003).

To further illustrate the seasonal variations of transbound-border in July in Fig. 2 is related with the active transatlantic
ary aerosol transport across four HTAP-regions, the aerosdiransport of summertime dust aerosol from Saharan. Over
transport fluxes were seasonally averaged for winter (Dethe EU—region covering Europe and North Africa (Table 1),
cember, January and February) and summer (June, July arat the western border south of38, the vertical heights of
August) over 10yr of 1995-2004. Figures 3—6 present theaerosol export flows (negative transport fluxes) into the At-
vertical cross sections of the winter and summer averagedantic Ocean raise from 3 km in winter to 7km in summer
transport fluxes at the western and eastern borders of foufFig. 4a). The higher layers of summertime aerosol export in
HTAP-regions. @er the NA-region,the aerosol import (ex- the tropospheric easterly belt favour a transatlantic transport
port) flows at the western (eastern) border prevail in the mid-contributing to North African aerosols. For the aerosol im-
latitude troposphere with the maximal centers at a height ofport at the western EU-border, the entering centers keep al-
about 10 km shifting from 40N in winter to 50 N in sum- most stationary in the layers of 3—-5 km betweef8635° N
mer (Fig. 3a and b). Associated with the seasonal changes dfom winter to summer (Fig. 4a). At the eastern EU-border,
easterly jet in the low-latitudes (15-3R), the aerosol ex- the wintertime aerosols are exported through the nearly en-
port from the NA-region across the western border into Pa-tire area of vertical section with two centers at the height
cific (Fig. 3a) and the aerosol import at the eastern bordeof 2—5 km respectively south of 30 and between 38\—
from Atlantic into the NA-region (Fig. 3b) vary from weak 48° N, providing strong aerosol outflows from the EU-region
flows through a small section within the lower troposphere infor transeurasian transport in winter (Fig. 4b). At the east-
winter to strong flows through a big section high to the up- ern EU-border, the summertime aerosol export in the free
per troposphere in summer (Fig. 3a and b). The area of théroposphere with a center at 8-11 km betweefi 5and
strong aerosol import at the eastern border of NA-region ex45° N is accompanied by the aerosol outflows af R5
tends northwards to more than°39 in summer, confirming  30° N and the inflows at 3ON-45° N within the boundary
that a net aerosol inflow into the NA-region from the easternlayer below 3 km (Fig. 4b). Over the EA-region, it is most

Altitude[km]

Fig. 3. Vertical sections of aerosol transport fluxes (pgas—1)

t(a) the western an¢b) eastern borders of NA- region seasonally
averaged in winter (filled contours) and summer (contour lines) over
1995-2004.
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a) Western EA-Border

1

a) Western EU-Border

------ —30 4

Altitude[km]
Altitude[km]

Altitude[km]
Altitude[km]

 — —
S0 50 —S0 -fo 0 10 30 50 100 — T T e
Fig. 4. Same as in Fig. 3, but for the EU-region. Fig. 5. Same as in Fig. 3, but for the EA-region.

notable with the eastward transboundary aerosol transpoi®.3 Aerosol transport patterns in the NH

occurring in the free troposphere. The import at the west-

ern EA-border (95E) and the export at the eastern EA- The S-R relationships across the four HTAP-regions are con-
border (160E) exhibit a south-north shift from winter to trolled by the intercontinental aerosol transport patterns in
summer, especially with a very strong outflow at the easterrthe NH. Using a 15-yr simulation of dispersion of carbon
EA-border in winter for the transpacific transport of aerosolsmonoxide over 8-10 day periods, the primary intercontinen-
(Fig. 5a and b). Controlled by the seasonal changes of Asiamal transport pathways in the NH for the HTAP are illustrated
monsoon circulations, the aerosol transport directions in thenear ground level € 3km) and in the atmosphere 3 km

mid- and upper troposphere at both EA-borders south of TF_.HTAP, 2007; Eckhardt et al., 2003). It is also identified
30° N reverse between winter and summer (Fig. 5a and b)by a 44-yr simulated climatology of Asian dust aerosol that
Finally, over the SA-regionat the western border south of the regional transport of Asian dust aerosol over Asian sub-
20° N and at the eastern border south of b5 the seasonal continents was entrained to an elevation<o8 km, and the
changes of aerosol transport follow the Asian winter (west-transpacific transport peaks between 3 and 10 km in the tro-
ward) and summer (eastward) monsoon winds in the loweposphere (Zhao et al., 2006). Based on this model study on
troposphere, especially for strong transport flows within thethe hemispheric aerosol transport (Figs. 3—6), the great ma-
boundary layer from surface to 3km (Fig. 6a and b). Con-jority of aerosol transport is found to occur within the tro-
trolled by winter-summer evolution of westerly and easterly posphere, and aerosol transport fluxes averaged from surface
belts across the western and eastern SA-borders, a strorig 3 km for the boundary layer transport and between 3 and
eastward transport center in winter is built betweefil?4 10 km for the free tropospheric transport could be used to fur-
and 30 N in the mid-troposphere, and the westward trans-ther describe the aerosol transport patterns in the NH (Fig. 7).
port flows in the upper troposphere extend northwards to Closely associated with the general circulation in the at-
30° N in summer (Fig. 6a and b). The 10-yr averaged HTAP- mosphere, especially in the NH troposphere, the hemispheric
transport patterns in Figs. 3—6 for winter and summer couldaerosol transport patterns are built up. Atmospheric circu-
vary year to year depending on the inter-annual variability inlations in the NH troposphere could be divided into three
meteorology and aerosol emissions. regimes: the low latitudes including tropics and subtropics,

Atmos. Chem. Phys., 12, 7609624 2012 www.atmos-chem-phys.net/12/7609/2012/
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s a) Western SA-Border

Altitude[km]

Altitude[km]

© =~ N U bh U N D

-30 -20 -10 -5 0 10 30 50 100

Fig. 6. Same as in Fig. 3, but for the SA-region.

the mid-latitudes (3ON-6C N) and the Polar Regions. The
low latitudes are dominated by easterly jet and the trade
wind driving the long-range transport (LRT) from east to
west. In the mid-latitudes, prevailing westerlies govern the
aerosol transport along westerly wave from west to east in
the troposphere. The Arctic pattern in the troposphere over
the Polar Regions consists of the closed circulation systems
of cyclones, anticyclones and the polar vortex, forcing the
strong aerosol transport in both zonal and meridional direc-
tions. Additionally, the Asian monsoons constitute a major
circulation feature in the NH with their anomalies causing
a significant inter-annual variability in Asian aerosol emis-
sions, depositions and transport (Gong et al., 2006; Zhang et
al., 2010). The aerosol transport patterns in the NH could be
characterized from the 10-yr simulated aerosol climatology
as follows:

1. It is most distinct for the NH transport patterns that
the circumpolar transport routes connecting all the EA-
, SA-, NA- and EU- regions are set up by the wester-
lies along the mid-latitudes. Playing a dominant role

Northern Hemispheric patterns of aerosol transport fluxes

a) Free Tropsphere of 3-10 km in Winter

(ugm?s)

(€
2N :
s Vi
\‘4% T
AR IR 5

Northern Hemispheric patterns of aerosol transport fluxes

) Boundary Layer below 3 km in Winter

(igm?s)

in the aerosol transport (Fig. 1), these intercontinen-Fig. 7. Northern Hemispheric patterns of aerosol transport fluxes

tal transport routes in the mid-latitude troposphere are(H9 m2s

1) averaged in the free troposphere between 3 to 10 km

changed from the more meridional structures in win- (a) in winter and(b) summer as well as within the boundary layer

ter to the more zonal structures in summer following
the seasonal evolution of trough and ridge system in th

www.atmos-chem-phys.net/12/7609/2012/

below 3 km(c) in winter and(d) summer over 1995-2004. The col-
eored boxes indicate four HTAP-regions (Table 1).
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westerly wave. Corresponding with the seasonal varia- 4. The cross-Arctic transport pathways among EU-, EA-

tions of westerly belt in the NH troposphere, the aerosol
transport jets at 30-8W in winter and at 40—65N in
summer enhance (weaken) the transpacific (EA to NA),
transatlantic (NA to EU) and transeurasian (EU to EA
and EU to SA) transport of aerosols in winter (sum-
mer) (Fig. 7a and b). The high centers of the eastward
transport are located over the NA-, EU- and EA-regions
and their immediate downwind areas with the transport
fluxes decreasing along the intercontinental pathways.

and NA-regions are created through the interactions
of Arctic anticyclone, cyclone circulations, polar vor-
tex and mid-latitude circulations (Fig. 7), especially in
the winter, when the pathways for stronger cross-Arctic
transport in both the boundary layer and the free tro-
posphere is maintained by a combination of the well-
developed trough/ridge systems in the mid-latitudes and
the southwards extending circulations from the Arctic
(Fig. 7a and c).

2. During summertime, the tropical and subtropical east-Compared the aerosol transport flux distributions in the free
erlies extend northwards to 38 in the free tropo-  troposphere and within the boundary layer between Figs. 7a
sphere accompanying the northward migration of the(7b) and 7c (7d), the stronger transport fluxes with high effi-
ITCZ or Intertropical Convergence Zone and the with- ciency aerosol transport is found along the mid-latitude west-
drawal of westerly zone (Fig. 7a and b). The east-erlies in the free troposphere for the eastwards transpacific,
erly belt south of 30N in the low latitudes build the transatlantic and transeurasian aerosol transport as well as in
westward transatlantic transport routes from the Norththe boundary layer for the LRT in the low latitude easterlies
African part of EU-region to the NA-region, the North  and the regional transport within the HTAP-regions. Consid-
American aerosol transport into Pacific and the aerosolering the largest aerosol mass contributions of the eastward
transport from West Pacific to the EA-region in the transport in the mid-latitudes for the hemispheric transport
free troposphere (Fig. 7b). Differently in the boundary in Fig. 1, the aerosol transport pathways in the free tropo-
layer below 3km, the westward aerosol transport oversphere built by the mid-latitude westerlies could be regarded

the low latitude Atlantic and Pacific Ocean from the as the most efficient transport patterns determining the S-R
EU- to NA-region and from the NA- to EA-region oc- relationships for intercontinental aerosols.

curs not only in summer but also in winter in (Fig. 7c

and d). Driven by the seasonal variations of subtropi-

cal easterlies, the westwards transatlantic (EU to NA)4 Meteorological controls in the inter-annual aerosol
and transpacific (NA to EA) transport pathways in the  Variability

low latitude boundary layer shift southwards with weak ] ) ) )
transport currents in winter and northwards with strong Ve €stablished the mean climate of hemispheric aerosol
transport jets in summer (Fig. 7c and d). transport by using the simulation data of all aerosols from

both the natural and anthropogenic sources. The inter-annual
3. Governed by winter and summer monsoons in Southvariability discussed for the aerosol transport in Sect. 3 is
and East Asia, the aerosol transport between the SAcomplicated by the tempo-spatial changes of emissions and
and EA-regions in the boundary layer reverses with thethe variations of meteorology over the S-R regions and the
northeast flows from EA- to SA-region in winter and transport pathways. The influence of meteorological factors
the southwest flows from SA- to EA-region in summer is difficult to distinguish from simulations and observations.
(Fig. 7c and d). Along these transport pathways in theHowever, for the anthropogenic aerosols, the monthly emis-
northeast and southwest flows, aerosols from EA- andsions of sulphur, anthropogenic black and organic carbon
SA-monsoon regions could reach into the low latitude aerosols are unchanged inter-annually in the 10-yr GEM-
Indian Ocean for the LRT to the Southern hemisphere inAQ simulation over 1995-2004 (Gong et al., 2012), which
winter (Fig. 7c¢) and into the high latitude Pacific Ocean provides a way to isolate the meteorological contributions to
for the LRT to the Arctic region in summer (Fig. 7d). In the inter-annual variability in the intercontinental transport
the free troposphere of 3—10km, the aerosol transporbf S-R air pollution through an analysis of the 10-yr anthro-
patterns over the SA-region are featured by an anticy-pogenic aerosol modeling in this section.
clonic current shear in winter and a cyclone circulation
in summer (Fig. 7a and b). In winter, the SA-aerosols 4.1

north of the current shear join the strong intercontinen- _
tal transport in the mid-latitude westerlies, while south N Fig- 8, the CV-values are used to analyse the monthly

of that shear, the easterly aerosol transport currents pasd12nges of HTAP-regionally averaged aerosols for the rel-
the SA-region (Fig. 7a). The summertime cyclone cir- ative magnitudes of inter-annual variability over the HTAP-

culation of aerosol transport isolates the exports of SA-T€gions. Figure 8 presents the interannual variability mag-
aerosols for the LRT but with an enhanced import from nitudes of anthropogenic aerosol surface concentrations

the EU-region in the free troposphere (Fig. 7b). anc! column loading regionally averaged over each HTAP-
region with the monthly CV-changes. Driven only by

Inter-annual aerosol transport variability
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meteorological changes with the constant monthly emis-
sions, the column loadings in the free troposphere over the
HTAP regions vary from year to year with the highest mag-
nitudes of 30—37 % in January and December and the lowest
magnitudes of 16—20 % in August and September (Fig. 8a).
Maintained by the mid-latitude westerly belt in the NH, the
mid-latitude pathways of intercontinental aerosol transport
in the free troposphere dominate the intercontinental trans-
port, which result in the inter-annual aerosol variability in the
free troposphere and within the boundary layer with the sim-
ilar patterns of monthly CV-changes over four HTAP-regions
(Fig. 8a—c). The monthly CV-values of surface aerosol con-
centrations and column loading in the boundary layer ranged
from 6 % to 20 %, which are about 30—70 % of the monthly
CV-changes in the free tropospheric aerosols. Caused by the
low efficiency of aerosol transport within the boundary layer
and the exchange process between the boundary layer and
the free troposphere controlled by the local meteorology, the
influence of meteorology on inter-annual aerosol variabil-
ity is weaker within the boundary layer and more region-
dependent over the HTAP-regions with the stronger controls
of emission sources (Fig. 8b-c). The nearly same patterns
of monthly CV-values in the boundary layer and surface in
Fig. 8b—c could also be interpreted by a decisive impact of
the boundary layer aerosols on the surface PM-levels in the
receptor regions and a dominant role of the aerosol emissions
in the boundary layer aerosols over the source regions.

An aerosol cycle for the S-R relationships can be com-
posed of three parts: (1) emissions at the surface and con-
sequently mixing within the boundary layer in the source
regions, (2) lifting from the boundary layer to the free tro-
posphere and subject to LRT and (3) descending into the
boundary layer and contributing to the surface pollution lev-
els at the receptor places (Colette et al., 2008). The domes-
tic aerosols emitted from any HTAP-region primarily af-
fect the surface aerosol concentrations as well as the col-
umn loading within the boundary layer and in the free tro-
posphere over that region. However, due to the aerosol trans-
port, each HTAP region can be a source as well as a recep-
tor of aerosols. The monthly CV-values in Fig. 8 without the
inter-annual emission variability could mostly be brought by
the transported foreign aerosols from the aerosol sources.
The monthly contributions of foreign aerosols engaging in
the intercontinental transport from the upwind sources could
approximately lead a range of 16—-37 % aerosol mass vari-
ations in the free troposphere over the downwind HTAP-
regions based on the CV-values (Fig. 8a). Compared to the
contributions of foreign aerosols in the free troposphere,
about 30-70 % of foreign aerosols reach into the boundary
layer influencing the surface concentration variations in the
HTAP regions (Fig. 8b—c). A 1-yr simulation of the trans-
port of six passive tracers estimates that the domestic tracers
dominate total tracer columns over all continents in the NH
with 20 % mass contributed from foreign tracers (Stohl et al.,
2002a). This 10-yr aerosol simulation could not only confirm
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a dominance of domestic aerosols from the sources over th&ble 3. The inter-annual variations in dry and wet aerosol depo-
S-R relationships and also quantify an importance of inter-sitions with the standard deviations (tonsk®) averaged during
continental aerosol transport driven by meteorology over thel995-2004 over four HTAP-regions.

NH at a more fundamental level.

It should be emphasized that the inter-annual aerosol vari- EA-Region NA-Region EU-Region ~SA-Region
ability presented in Fig. 8 results from the anthropogenic Dry Deposition  0.062 0.049 0.051 0.064
aerosol variations determined only by meteorological factors ‘VetPeposition  0.191 0.103 0.137 0.140

with excluding the inter-annual emission changes. The me-

teorological factors can also exert a considerable influence

on the aerosol emission variations (Gong et al., 2006, 2012)large transport flux centers over the four HTAP-regions and
As an important meteorological factor, surface winds forceimmediate downwind areas are closely associated with the
the natural aerosols of soil dust and sea salt to inject intaaerosol uplifts from the emission sources within the bound-
the atmosphere (Gong et al., 1997, 2003). Considering thary layer into the free troposphere. The aerosol uplifts de-
meteorological influences on aerosol emissions and the yegrend on the local meteorology (mixing layer depth, convec-
to year changes of natural aerosol emissions, the CV-valueson, frontal passages et al.) in the HTAP-regions and im-
in the Table 2 are based on the integration of inter-annuamediate downwind areas. The inter-annual variability in the
variability of natural and anthropogenic aerosols. The meteboundary layer aerosol transport fluxes is distributed with the
orological factors controlling the inter-annual variability of similar patterns to those in the free troposphere, especially
anthropogenic aerosols in Fig. 8 are further discussed in thén the mid-latitudes (Fig. 9b). But the inter-annual changes

next section. of the mid-latitude aerosol transport rates in the free tropo-

sphere are 2—4 times higher than in the boundary layer, while

4.2 Meteorological factors driving the inter-annual the aerosol transport in the low latitude easterly belt over the
variability Atlantic Ocean and the NA-region varies from year to year

more strongly in the boundary layer than in the free tropo-

Changes in meteorology can affect the S-R relationships fosphere (Fig. 9a—b).
intercontinental aerosol by perturbing transport rates (wind As the impact of these aerosol sources on the receptor
speed, mixing and convection), precipitation scavenging andegions is alleviated with weakening transport fluxes along
dry deposition. As designed in the model setup (Sect. 2)the intercontinental pathways, aerosol removal processes in
the monthly anthropogenic emissions in the simulation arethe atmosphere influence the S-R relationships for intercon-
constant without any inter-annual changes over 1995-2004tinental air pollution. Deposition is a major removal pro-
Meteorological factors explaining the year to year variationscess for aerosols. In the aerosol module CAM (Gong et
of aerosol transport could be identified from the 10-yr an-al., 2003a) implemented in the model GEM-AQ/EC, depo-
thropogenic aerosol modeling results without considering thesition processes include particle dry and wet depositions. For
inter-annual changes in anthropogenic aerosol emissions. wet deposition with below-cloud and in-cloud washout pro-

As the measurement of variability, the standard deviationscesses, the precipitation process scavenging can efficiently
of annual transport fluxes are used to express the inter-annuaémove aerosols from the atmosphere. Dry depositions are
variations of anthropogenic aerosol transport in the NH overalso determined by surface wind, moisture and other mete-
1995-2004 in Fig. 9. The distributions of standard devia-orological conditions in the boundary layer. Resulted from
tions in Figs. 9 and 10 display the spatial patterns of inter-the inter-annual variability in precipitation and the meteo-
annual aerosol variability with the absolute magnitudes ofrological conditions in the boundary layer, dry and wet de-
transport fluxes, dry and wet depositions in the NH. As dis-positions of aerosols fluctuate from year to year. Figure 10a
cussed in Sect. 3, the circumpolar aerosol transport routeand b present the distribution of inter-annul variability in an-
connecting all the EA-, SA-, NA- and EU-regions are set up nual aerosol mass removed by dry and wet depositions in the
by the mid-latitude westerlies in the free troposphere with aNH with the standard deviations over 1995-2004. The re-
dominant role in the aerosol transport. Along these eastwardjional averaged variations in dry and wet depositions over
transport routes in the mid-latitudes, a zone of large inter-the HTAP-regions of EA, NA, EU and SA are shown in Ta-
annual aerosol transport variability with the high standard de-ble 3. The inter-annual variability in wet deposition is larger
viations of transport fluxes in the free troposphere circulatedby a factor of 2-10 than in dry deposition over the source re-
with the maximums over the four HTAP-regions and imme- gions and particularly along the transport pathways. The pat-
diate downwind areas (Fig. 9a). The year to year variationgerns of wet deposition variability follow the transport path-
in aerosol transport rates in the free troposphere are conway patterns in the free troposphere, especially along the ma-
trolled by the inter-annual changes in the mid-latitude circu-jor pathways in the mid-latitude westerly zone and in the low
lation of westerlies. The anomalies in the mid-latitude circu- latitude easterly belt (Fig. 10a), while inter-annual variabil-
lation patterns of westerlies in the troposphere modulate théty in dry deposition is distributed in correspondence with the
inter-annual variability in the intercontinental aerosol. The aerosol transport patterns in the boundary layer (Figs. 9b and

Atmos. Chem. Phys., 12, 7609624 2012 www.atmos-chem-phys.net/12/7609/2012/



T. L. Zhao et al.: Hemispheric transport and influence of meteorology 7619
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Fig. 9. Interannual variability of anthropogenic aerosol transport
fluxes in the standard deviations (ugfs 1) over 1995-2004a)

in free troposphere of 3-10 km arfd) in boundary layer below ) o ]
3km. Fig. 10.Interannual variability ofa) wet and(b) dry anthropogenic

aerosol depositions in the standard deviations (torisRraveraged
over 1995-2004. The shaded boxes indicate four HTAP-regions

(Table 1).
10b). The variations of precipitation over the intercontinental

aerosol transport pathways as well as the changes of meteo-

rological conditions in the boundary layer are two important to EA-region as well as over two aerosol outflow areas from

meteorological factors influencing the inter-annual variabil- Egst Asia to Northwest Pacific and from North America to

ity in the S-R relationships for the intercontinental aerosol Northwest Atlantic (Fig. 10a). Over these three center areas,

transport. the high variations of wet deposition from year to year are
Based on a 44-yr simulated climatology of Asian dust related with the inter-annual anomalies in precipitation of

aerosol and its trans-Pacific transport, it is found out that dryasian monsoon and storm tracks over the extratropical re-

deposition is the major removal process for dust aerosol ovegions from East Asia to North Pacific and between North

the Asian deserts, while wet deposition as function of precip-America and North Atlantic (Zhang et al., 2007; Ding, 1994).

itation is the dominant process of dust aerosol removal ovepry deposition is an important aerosol sink for the aerosol

the transpacific transport pathways (Zhao et al., 2006). Untransport, especially over the aerosol source regions and in

like dust aerosol, the anthropogenic aerosols of sulphate, ofthe easterly belt with the dominant aerosol transport within

ganic and elemental carbon in this model are mostly presenthe boundary layer in the NH (Fig. 10b).

as fine particles less than 2.5 um (PM. The finer aerosols

are more efficiently scavenged by precipitation processes4.3 Connections to El Niio-Southern Oscillation

Wet deposition is a main atmospheric sink of aerosolsonthe  (ENSO)

intercontinental transport pathways in the mid-latitude west-

erlies even over the NA-, EU-, EA-and SA-regions. Threelt is well known that the El Nio-Southern Oscillation

high centers of wet aerosol deposition variations are situatedENSO) exhibits the greatest impact on the inter-annual

respectively on the aerosol transport pathway from the SA~variability of the global climate. El Nio and La Nina are
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a) Free Toposphere from 3 to 10 km in El Nifio Years b) Free Troposphere from 3 to 10 km in La Nifa Years
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Fig. 11. Anthropogenic aerosol transport fluxes (ug?rsrl; streamlines) averaged in three ERiyears (1995, 1997 and 2003) and three
La Nifia years (1996, 1999 and 2000) and their anomalies (contours) relative to the 10-yr mean over 1995-2004 in the free troposphere from
3 to 10 km and within the boundary layer below 3 km.

opposite phases of ENSO-cycle. As the strongest climatidions with the ENSO index were found for all the HTAP-
signal, ENSO can lead the anomalies in atmospheric circuregional aerosol concentrations and loadings as well as the
lations, cloud and precipitation. These factors, as discussedet transport fluxes, wet and dry depositions, which could
in Sects. 3.3 and 4.2, are all closely related with the interconbe determined by the HTAP-region positions and areas (Ta-
tinental aerosol transport for the S-R relationships in the NH.ble 1). Based on the 10yr GEM-AQ/EC modeling, a com-
The ENSO exerts a remarkable impact on Asian dust producposite analysis of aerosol transport fluxes is performed for
tion, deposition, regional and transpacific transport (Gong ethree typical El Nfio years (1995, 1997, and 2003) and three
al., 2006). A strengthening and southward shift of westerlyLa Nifia years (1996, 1999 and 2000) to examine the influ-
jet over North Pacific is evident during El hb winter. The  ence of ENSO on the hemispheric aerosol transport in the
strongest ENSO influence on the transport of Asian tracerdNH scale. The intercontinental transport of aerosols in the
to North America is in winter over the subtropical eastern NH varies seasonally with a factor of 5-8 between the maxi-
Pacific (Liu et al., 2005). mum in late winter and spring the minimum in late summer
Similarly to the inter-annual variations in aerosol concen-and fall (Fig. 2). Figure 11 shows the aerosol transport flux
trations and loadings shown in Fig. 8, the regional net transpatterns averaged over three Efidiyears and three La R
port fluxes, wet and dry depositions of aerosols have beelyears from January to May with the streamlines and their
analysed over four HTAP-regions. The insignificant correla-anomalies of the transport flux values to the 10 yr mean with

Atmos. Chem. Phys., 12, 7609624 2012 www.atmos-chem-phys.net/12/7609/2012/



T. L. Zhao et al.: Hemispheric transport and influence of meteorology 7621

the filled contours. It could be distinguished the interconti- port, the North American aerosol transport into Pacific and
nental aerosol transport from EIf\d to La Nifa years with  the aerosol transport from West Pacific to East Asia. These
warm and cold colours for the positive and negative anomatransport pathways move southwards with weak transport
lies in the transport flux values and the aerosol transport dicurrents in winter and northwards with strong transport jets
rections following the streamline arrows. In the free tropo- in summer. (3) The transport pathways driven by the Asian
sphere, the most significant differences between BbNind  monsoons with the northeast flows from EA- to SA-region
La Nifla years appear along the mid-latitude transport pathin winter and the southwest flows from SA- to EA-region
ways connecting all four HTAP-regions by the westerly jet. in summer. (4) The cross-Arctic transport pathways among
Positive and negative anomalies of the aerosol transport ifU-, EA- and NA-regions, especially in winter.
El Nifio and La Niia years are found over all the circumpo-  The overall importance of hemispheric transport for
lar intercontinental routes for transpacific, transatlantic andaerosols for a specific region was not the purpose of this
transeurasian transport of aerosols in the NH scale (Fig. 11astudy as this has been done through a series of sensitivity
b). Itis also revealed that a strengthening and southward shifstudies of emission reductions organized by HTAP (HTAP,
of westerly jet not only over the North Pacific but also in the 2010). This paper is to characterize the importance of mete-
entire mid-latitude westerly ozone is evident for the intercon-orology in the inter-annual variations of hemispheric aerosol
tinental aerosol transport during Eld winter and spring.  transports by using a fixed emission but multiple-yr simu-
In the boundary layer, the more regional anomalies with alations. In a sense, this paper extends and supplements the
strong and a weak aerosol transport respectively in BbNi  HTAP study, which only used the results of one year simula-
and La Nfia-years occurs in the subtropical NA-region, over tion.
the pathways linking the EU-, SA- to EA-region and the other Driven only by meteorological variations, the column
mid-latitude regions, especially in the low latitude easterly loadings in the free troposphere over the HTAP-regions inter-
belt over the Indian Ocean and between the Atlantic Ocearannually change with the highest magnitudes of 30-37 % in
and North America (Fig. 11c—d). These anomalies in theJanuary and December and the lowest magnitudes of 16—
aerosol transport largely reflect the influence of ENSO on20 % in August and September. Caused by the lower trans-
the inter-annual variability in intercontinental aerosol trans- port efficiency within the boundary layer and the exchange
port in the NH. process between the boundary layer and the free troposphere
controlled by the local meteorology, the variations in the sur-
face aerosol concentrations and column loading in the bound-
5 Summary and discussion ary layer are 30-70% of the aerosol variability in the free
troposphere, which could reflect the overall importance of
Based on a 10-yr model simulation, a mean climate of hemi-meteorology for the hemispheric aerosol transport.
spheric aerosol transport with the seasonal variations and Three meteorological factors controlling the inter-annual
inter-annual variability in the NH was studied, and the mete-variations in the intercontinental aerosol transport are iden-
orological influence on the year to year variations of aerosolified by modeling results as follows: (1) Anomalies in
transport was identified in a more comprehensive underthe mid-latitude circulation patterns of westerlies in the
standing of the intercontinental transport of S-R air pollu- free troposphere. The mid-latitude transport routes in the
tants. mid-latitude westerly zone climatologically play a dominant
The intercontinental aerosol transport is dominant in therole in the hemispheric aerosol transport. The inter-annual
eastward direction for all the EA-, NA-, EU- and SA-regions, changes of the mid-latitude transport in the free troposphere
and the transport in the meridional direction is 0.5-2 or-are 2—3 time higher than in the boundary layer. (2) Variations
ders of magnitude weaker but with more significant inter- of precipitation over the intercontinental transport pathways.
annual variability. The eastward transport across the lowThe precipitation scavenging can efficiently remove aerosols
latitude SA-region is 2—4 times less compared to the mid-from the atmosphere. The inter-annual variability is stronger
latitude EA-, NA- and EU-regions. The intercontinental in wet deposition by a factor of 2—10 than in dry deposition.
aerosol transport is found to vary seasonally with a factorThe patterns of wet deposition variability follow the major
of 5-8 between the peak in late winter and spring (particu-transport pathways in the free troposphere and (3) Changes
larly in March and April) and the low in late summer and fall of meteorological conditions in the boundary layer. Dry de-
(particularly in July and September). positions are determined by surface wind, moisture and me-
The intercontinental transport pathways are built by the at-teorological conditions in boundary layer.
mospheric circulations in the NH with the four patterns: (1) The ENSO, as a well-known source of interannual meteo-
the circumpolar transport routes connecting all the EA-, SA-,rological variability in the global scale, is found to be closely
NA- and EU- regions by the mid-latitude westerly zone with associated with the strong and weak mid-latitude S-R trans-
the transport jets at 30—58l in winter and at 40—65N in port of aerosols respectively in El fib- and La Niia-years.
summer. (2) The westward transport pathways in the low-In the free troposphere, a strengthening and southward shift
latitude easterly belt with the westward transatlantic trans-of westerly jet not only over the North Pacific but also in the
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