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Abstract

Based on a 10-yr simulation with the global air quality modeling system GEM-AQ/EC,
the inter-annual and seasonal variability as well as the mean climate of hemispheric
aerosol transport (HAT) was investigated. The intercontinental aerosol transport is pre-
dominant in the zonal direction from west to east with the magnitudes of inter-annual
variability between 14 % and 63 %, and are 0.5-2 orders of magnitude weaker in the
meridional direction but with larger inter-annual variability. The HAT is found to fluc-
tuate seasonally with a factor of 5-8 between the maximum in late winter and spring
and the minimum in late summer and fall. Three meteorological factors controlling the
inter-annual aerosol variations in the source-receptor (S-R) relationships are identi-
fied from the modeling results: (1) Anomalies in the mid-latitude westerlies in the tro-
posphere. (2) Variations of precipitation over the intercontinental transport pathways
and (8) Changes of meteorological conditions in the boundary layer. Changed only by
the meteorology, the aerosol column loadings in the free troposphere over the HTAP-
regions vary inter-annually with the highest magnitudes of 30-37 % in January and
December and the lowest magnitudes of 16—20 % in August and September, and the
magnitudes of inter-annual variability within the boundary layer influencing the surface
concentrations over the HTAP-regions are 30-70 % less than in the free troposphere
and more region-dependent. As the strongest climatic signal, the El Nino—Southern
Oscillation (ENSO) can lead the anomalies in the S-R relationships for intercontinental
aerosols in the Northern Hemisphere (NH) with the strong/weak transport in the mid-
latitude westerlies and the low latitude easterlies for the HAT in El Nino/ La Nina-years.

1 Introduction

Intercontinental transport of air pollution has been identified by a wealth of evidence
observed from the ground, aircraft and satellites (HTAP, 2010). There is a growing in-
ternational concern on the problem of long-range air pollutant transport. Although a lot
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of studies have revealed the transpacific transport of Asian pollution to North America
(Jaffe et al., 1999; Wilkening et al., 2000; VanCuren, 2003), the transatlantic trans-
port of North American pollution to Europe (Li et al., 2002; Parrish et al., 1993) and
the transeurasian transport of European pollution to Asia (Huang et al., 2007; Chin
et al., 2007) in the (NH), the magnitude and variability of intercontinental air pollution
transport in air quality control strategies are still an issue for exploration. To obtain
a better understanding of hemispheric transport of air pollutants in the NH and provide
estimates of S-R relationships for intercontinental air pollution, the Task Force on Hemi-
spheric Transport of Air Pollution (TF HTAP) (http://www.htap.org) was established un-
der the United Nations Economic Commission for Europe (UNECE) Convention on
Long Range Transboundary Air Pollution (LRTAP). Aerosol, also known as particulate
matter (PM) in the air quality research community, is one of major air pollutants deter-
mining ambient air quality. In addition, the impacts of aerosols on climate, ecosystem
and biogeochemical cycles have been well recognized (IPCC, 2007).

The S-R relationship describes the impacts of emissions from an upwind source re-
gion to pollutant concentrations or deposition at a downwind receptor location (Seibert
and Frank, 2004). Intercontinental transport of S-R air pollution is complicated by sev-
eral factors. Generally, the factors controlling the S-R relationships for intercontinental
aerosols could be separated into two types: emission and meteorology (Voulgarakis
et al., 2010; Gong et al., 2010). The emission factor includes the source emission
strength, chemical transformation and production; the meteorological factor determines
the transport pathway from the source to receptor regions, exchanges between bound-
ary layer and free troposphere, the removal processes occurring over the source and
receptor regions as well as along the transport pathways. The emissions of air pollu-
tants in many source regions of the NH have changed during the last few decades.
For example, in East Asia, an increase of anthropogenic aerosols has accompanied
the rapid industrial development and high population density (Zhang et al., 2008).
In West Europe and North America, a generally reduced trend of aerosol emissions
from industry and transport sectors has been caused by the environmental protection
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strategies (van der Werf et al., 2006; Gong et al., 2010). In South Asia, anthropogenic
and biomass burnings are one of the important sources of “Asian brown cloud” (Ra-
manathan and Crutzen, 2003). Governed by atmospheric circulations, air pollutants
are transported from the source to receptor regions in a hemispheric or global scale.
Due to significant anomalies of the atmospheric circulations and other meteorological
variables from year to year, the importance of meteorological factor can be investigated
by driving the observed inter-annual variability in the S-R relationships influencing the
ambient air quality.

The S-R relationships on intercontinental scale for transpacific transport of air pollu-
tions from East Asia to North America (Jaffe et al., 2003; Liu et al., 2005, 2008; Zhao
et al., 2008), transatlantic transport from North America to Europe (Creilson et al.,
2003; Stohl and Eckhardt, 2004; Stohl et al., 2002b) and from African deserts to North
America (Schepanski et al., 2009; Prospero et al., 2002) have been intensively as-
sessed for specific air pollutants during a certain period or some emission episodes.
Under the framework of HTAP, the multiple model experiments were set up to examine
the S-R relationships among four HTAP regions, roughly representing Europe (EU),
North America (NA), East Asia (EA) and South Asia (SA) (Table 1). A set of emission
perturbation experiments with year 2001 meteorology was performed with the multiple
models in the TF HTAP assessment (HTAP, 2010) to estimate how emission changes
in one HTAP region impact air quality in other HTAP-regions. A description of the multi-
model experiments and key findings are published in the interim report from HTAP
(2010) and a series of published papers based on the HTAP-dataset (Liu et al., 2009;
Shindell et al., 2008; Wu et al., 2009; Fiore 2009; Sanderson et al., 2008; Anenberg
et al., 2009). However, air pollution in the four HTAP regions and the intercontinental
transport exhibits strong variations from year to year, which is produced from a com-
bination of changing emissions and meteorological conditions. The inter-annual vari-
ability at receptor sites is controlled by not only the tempo-spatial changes of emission
sources but also the variations of atmospheric circulations or weather and climate pat-
terns over the S-R regions and the transport pathways. This complicated feature is
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difficult to characterize from observations. Only 1 yr simulation cannot evaluate the in-
fluence of inter-annual variability of meteorology on the S-R relationships via changes
in the intercontinental transport pathways for the HTAP. Characterizing this inter-annual
variability is still a major challenge in an assessment of the S-R relationships for the
HTAP.

Based on a 10-yr simulation of global aerosols from both natural and anthropogenic
sources including as principal components of sulfate, organic carbon, black (elemental)
carbon, soil dust and sea salt, the mean climate of HAT was characterized in respect of
the seasonal variations, inter-annual variability and mean climate of HAT (in Sect. 3).
The anthropogenic aerosols were simulated with the constant emissions of global an-
thropogenic aerosols without any inter-annual changes during 1995-2004, and the
inter-annual variability in the simulations was caused only by meteorological variations.
Therefore, the meteorological influences on the inter-annual variability of HAT could be
investigated by using the anthropogenic aerosol simulation results (in Sect. 4). Addi-
tionally, the basic model features, aerosol emissions and experiment set-up are briefly
described in Sect. 2, and this aerosol model study for the HAT is summarized and
discussed in Sect. 5.

2 Methodology

Full details of the development and evaluation of GEM-AQ/EC are given by Gong
et al. (2012). This section briefly reviews the key components of the modelling system.
The host meteorological model is the Global Environmental Multiscale (GEM) model
developed by the Meteorological Service of Canada (MSC) for operational weather pre-
diction (Coté et al., 1998). The model system GEM-AQ is an integration of a gas phase
chemistry module (ADOM) (Venkatram et al., 1988) and an aerosol module (CAM)
(Gong et al., 2003a) into the GEM. The aerosol module CAM considers all of the at-
mospheric aerosol processes: production, transport, growth, coagulation, dry and wet
deposition for five mixed aerosols of soil dust, sulphate, sea-salt, organic and black
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carbon in 12 aerosol size (diameter) bins from 0.01 to 40.96 um, and an explicit mi-
crophysical cloud module to treat aerosol-cloud interactions. The chemical and aerosol
modules are coupled in the host meteorological model “online”. The GEM-AQ/EC is
designed to provide a consistent framework between the meteorological and air quality
aspects of the atmospheric system.

For the GEM-AQ modeling, the emissions of soil dust and sea salt are on-line cal-
culated with their emission parameterizations on basis of the current understanding
on the physical processes involved in the wind forced movement of sea salt and soil
dust particles (Gong et al., 2003b, 1997). The standard sulphate emission dataset
used for the 10-yr simulations was compiled using EDGAR2.0 (Olivier et al., 1996).
The monthly emission-data of organic and black carbon are separated into the natural
and anthropogenic sources. The natural emissions by boreal and temperate fires are
changed from year to year, while the monthly anthropogenic emissions by fossil fuel
and biomass burning are constant without any inter-annual changes over 1995-2004
(Gong et al., 2012).

The model evaluations prove the GEM-AQ provided satisfactory simulations of spa-
tial and temporal distributions of global aerosols for a modeled climatology of HAT. In
this paper, the focus is placed on the study on the HAT in characterizing a mean cli-
mate of aerosol transport in the NH and identifying the meteorological influence on
inter-annual variability in the HAT by using the 10-yr modeling data. The aerosol trans-
port is based on the analyses of aerosol transport flux and mass. The transport flux
is calculated by multiplying aerosol concentrations with the zonal and meridional wind
velocity components, and the transport mass of aerosols is obtained by an integral of
transport flux over the areas of vertical cross section and the time step length in the
model. Positive/negative components of aerosol transport flux or mass indicate east-
ward/westward transport in zonal direction or northward/southward transport in merid-
ional direction depending on the directions of wind velocity components. As a vector
variable, transport flux and mass are also used to estimate the amount and direction
of aerosol transport for the HAT in the following sections.
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3 Mean climate of HAT

Aerosols are one of major air pollutants determining ambient air quality and engaging
in the HTAP. To more comprehensively present the mean climate of HAT, we analyzed
the transport flux and mass for all simulated aerosols of sulfate, soil dust and sea
salt as well as organic carbon and black carbon from both natural and anthropogenic
emission sources in the model in this section. A mean climate with the seasonal and
inter-annual variability of the HAT as well as the hemispheric transport patterns in the
NH was constructed based on the 10-yr GEM-AQ modeling as follows.

3.1 Inter-annual HAT variability

Figure 1 shows the mean annual net mass of aerosols transported through the vertical
sections at all borders of HTAP regions from surface up to the model top of 30 km with
the transport directions following the arrows, the mean and the standard deviations over
the 10yr. Since the EA-, NA- and EU-regions are mostly located in the mid-latitudes, it
could be expected that the intercontinental transport over the EA-, NA- and EU-regions
is dominated in the eastward direction along the mid-latitude westerly belt for the whole
year. It is shown from the annual net aerosol transport mass in the 10-yr mean (Fig. 1)
that for all the EA-, NA- and EU- regions, the zonal aerosol transport through the west-
ern and eastern borders is 0.5-2 orders of magnitude stronger than the meridional
transport from the northern and southern borders, and the aerosol exports across their
eastern borders of these sources provide the largest transport mass to the downwind
receptor regions. Although the large part of SA-region is situated in the tropics and
subtropics, the South 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 and northward aerosol exports in the annual mean. Compar-
ing to three mid-latitude EA, NA and EU-regions, the zonal transboundary transport
across the SA-region is 2—4 times weaker, and aerosol could be also exported through
the southern SA-border into the Indian Ocean for a long range transport (Lelieveld,
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2001). Based on the annual net transport masses shown in Fig. 1, EU is the only “ex-
porting” region of aerosols, and its export mass at the eastern boundary is more than
two times greater compared to that of EA, and more than 2.5 times greater than that
of NA. There could be two reasons of aerosol emissions and meteorology for that. As
described in Gong et al. (2012), the global sulphur emissions are based on the data of
Global Emissions Inventory Activity (GEIA), and climatological emissions representa-
tive of the end of 1980’s were considered for the tropical forest fires and savannah fires
in the modeling study. The EU-boundaries of 25° N to 65° N are mostly located in the
mid-latitudes compared to the EA- and NA-boundaries (Table 1).As shown in Fig. 7a,b,
the mid-latitude westerlies prevail in the Eastern EU boundary from summer to winter
with the strongest aerosol export, while aerosols are imported by the easterlies in the
low-latitudes of EA- and NA- boundaries with reducing the aerosol export mass at the
EA- and NA- boundaries.

The coefficients of variations (CV) in aerosol transport across four HTAP-regions in
Table 2 are defined as the ratio of the standard deviation to its mean in the Fig. 1. The
CV-values in Table 2 reflect the magnitudes of inter-annual variability in the hemispheric
transport of aerosols for the S-R relationship over the HTAP-regions. Resulted from the
inter-annual variability in both factors of emission and meteorology, the zonal transport
across the EA-, NA- and EU-regions exhibits the significant inter-annual variability with
a CV-range from 14 % to 63 %, and the meridional transport experiences the larger
inter-annual variability with the CV from 32 % to 1750 %, although their strengths are
much weaker than the zonal transport, as shown with the mean values in Fig. 1. The
higher CV-values in aerosol transport mass at the northern and southern borders of
HTAP-regions are caused by large interannul anomalies in meridional wind over those
borders due to the interactions of atmospheric circulations between the mid-latitudes
and the Arctic region or between the mid- and low latitudes.
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3.2 Seasonal variations of the HAT

Due to the dominant transport components in the zonal direction for the HAT as shown
in Fig. 1, we present monthly changes of the zonal aerosol transport fluxes averaged in
the vertical section at the western and eastern borders of HTAP-regions in Fig. 2 for the
seasonal variations in the aerosol transport. The intercontinental transport 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 (particularly in July and September) (Fig. 2).
As presented in Gong et al. (2012), the natural and anthropogenic aerosol emissions
have a pronounced seasonality. The natural aerosol emissions seasonally vary with the
seasonal cycle in meteorology and other eco-environments, and the variations of an-
thropogenic aerosol emissions rely on the seasonal changes of human activity. It is also
confirmed form a 4-yr satellite-based assessment of transpacific transport of pollution
aerosol that the pollution fluxes are largest in spring and smallest in summer (Yu et al.,
2008). The strong seasonality of the HAT is caused from a combination of seasonal
variations in atmospheric circulations and aerosol emissions in the HTAP-regions. Ad-
ditionally, 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 HAT are appreciable, the
monthly transboundary 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 July. At the eastern border of NA-region, the positive transport
fluxes drop to a negative transport flux in July (Fig. 2). It means that North American
aerosol transport reverses from a net outflow into the Atlantic to a net aerosol inflow into
the NA-region in July, which is controlled by the strong westward transatlantic transport
of Saharan dust aerosol into the NA-region by the easterly jet in summer (Jones et al.,
2003).
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To further illustrate the seasonal variations of transboundary aerosol transport across
four HTAP-regions, the aerosol transport fluxes were seasonally averaged for win-
ter (December—February) and summer (June—August) over 10yr of 1995-2004. Fig-
ures 3—6 present the vertical cross sections of the winter and summer averaged trans-
port fluxes at the western and eastern borders of four HTAP-regions. Over the NA-
region, the aerosol import (export) flows at the western (eastern) border prevail in the
mid-latitude troposphere with the maximal centers at a height of about 10 km shift-
ing from 40° N in winter to 50° N in summer (Fig. 3a,b). Associated with the seasonal
changes of easterly jet in the low-latitudes (15-30° N), the aerosol export from the
NA-region across the western border into Pacific (Fig. 3a) and the aerosol import at
the eastern border from Atlantic into the NA-region (Fig. 3b) vary from weak flows
through a small section within the lower troposphere in winter to strong flows through
a big section high to the upper troposphere in summer (Fig. 3a,b). The area of the
strong aerosol import at the eastern border of NA-region extends northwards to more
than 30° N in summer, confirming that a net aerosol inflow into the NA-region from the
eastern border in July in Fig. 2 is related with the active transatlantic transport of sum-
mertime dust aerosol from Saharan. Over the EU-region covering Europe and North
Africa (Table 1), at the western border south of 35° N, the vertical heights of aerosol
export flows (negative transport fluxes) into the Atlantic Ocean raise from 3 km in win-
ter to 7km in summer (Fig. 4a). The higher layers of summertime aerosol export in the
tropospheric easterly belt favour a transatlantic transport contributing to North African
aerosols. For the aerosol import at the Western EU-border, the entering centers keep
almost stationary in the layers of 3-5km between 30-35°N from winter to summer
(Fig. 4a). At the Eastern EU-border, the wintertime aerosols are exported through the
nearly entire area of vertical section with two centers at the height of 2-5km, respec-
tively south of 30° N and between 38-48° N, providing strong aerosol outflows from the
EU-region for transeurasian transport in winter (Fig.4b). At the Eastern EU-border, the
summertime aerosol export in the free troposphere with a center at 8—11 km between
35°N and 45° N is accompanied by the aerosol outflows at 25-30° N and the inflows
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at 30-45° N within the boundary layer below 3km (Fig. 4b). Over the EA-region, it is
most notable with the eastward transboundary aerosol transport occurring in the free
troposphere. The import at the Western EA-border (95° E) and the export at the East-
ern EA-border (160° E) exhibit a south-north shift from winter to summer, especially
with a very strong outflow at the Eastern EA-border in winter for the transpacific trans-
port of aerosols (Fig. 5a,b). Controlled by the seasonal changes of Asian monsoon
circulations, the aerosol transport directions in the mid- and upper troposphere at both
EA-borders south of 30° N reverse between winter and summer (Fig. 5a,b). Finally, over
the SA-region, at the western border south of 20°N and at the eastern border south
of 15° N, the seasonal changes of aerosol transport follow the Asian winter (westward)
and summer (eastward) monsoon winds in the lower troposphere, especially for strong
transport flows within the boundary layer from surface to 3 km (Fig. 6a,b). Controlled by
winter-summer evolution of westerly and easterly belts across the Western and East-
ern SA-borders, a strong eastward transport center in winter is biult between 24°N
and 30° N in the mid-troposphere, and the westward transport flows in the upper tropo-
sphere extend northwards to 30° N in summer (Fig. 6a,b).

3.3 The HAT patterns in the NH

The S-R relationships across the four HTAP-regions are controlled by the HAT-patterns
in the NH. Using a 15-yr simulation of dispersion of carbon monoxide over 8—10 day
periods, the primary intercontinental transport pathways in the NH for the HAT are
illustrated near ground level (< 3km) and in the atmosphere >3 km (TF_HTAP, 2007;
Eckhardt et al., 2003). It is also identified by a 44-yr simulated climatology of Asian
dust aerosol that the regional transport of Asian dust aerosol over Asian subcontinents
was entrained to an elevation of < 3km, and the transpacific transport peaks between
3 and 10km in the troposphere (Zhao et al., 2006). Based on this model study on the
HAT (Figs. 3-6), the great majority of HAT is found to occur within the troposphere, and
aerosol transport fluxes averaged from surface to 3 km for the boundary layer transport
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and from 3 to 10 km for the free tropospheric transport could be used to further describe
the HAT- patterns in the NH (Fig. 7).

Closely associated with the general circulation in the atmosphere, especially in the
NH troposphere, the HAT- patterns are built up. Atmospheric circulations in the NH tro-
posphere could be divided into three regimes: the low latitudes including tropics and
subtropics, the mid-latitudes (30-60° 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 LRT along
westerly wave from west to east in the troposphere. The Arctic pattern in the tropo-
sphere over the polar regions consists of the closed circulation systems of cyclones,
anticyclones and the polar vortex, forcing the strong LRT in both zonal and meridional
directions. Additionally, the Asian monsoons constitute a major circulation feature in the
NH with their anomalies causing a significant inter-annual variability in Asian aerosol
emissions, depositions and transport (Gong et al., 2006; Zhang et al., 2010). The HAT-
patterns in the NH could be characterized from the 10-yr simulated aerosol clim-atology
as follows:

1. It is clearfor the NH transport patterns that the circumpolar transport routes con-
necting all the EA-, SA-, NA- and EU-regions are set up by the westerlies along
the mid-latitudes. Playing a dominant role in the HAT (Fig. 1), these intercontinen-
tal transport routes in the mid-latitude troposphere are changed from the more
meridional structures in winter to the more zonal structures in summer following
the seasonal evolution of trough and ridge system in the westerly wave. Corre-
sponding with the seasonal variations of westerly belt in the NH troposphere, the
aerosol transport jets at 30-55° N in winter and at 40-65° N 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 (summer) (Fig. 7a,b).
The high centers of the eastward transport is located over the NA-, EU- and EA-
regions and their immediate downwind areas with the transport fluxes decreasing
along the intercontinental pathways.
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2. During summertime, the tropical and subtropical easterlies extend northwards to

30°N in the free troposphere accompanying the northward withdrawal of west-
erly zone (Fig. 7a,b). The easterly belt south of 30°N in the low latitudes build
the westward transatlantic transport routes from the North African part of EU-
region to the NA-region, the North American aerosol transport into Pacific for the
LRT and the aerosol transport from West Pacific to the EA-region in the free tro-
posphere (Fig. 7b). Differently in the boundary layer below 3 km, the westward
aerosol transport over the low latitude Atlantic and Pacific Ocean from the EU-
to NA-region and from the NA- to EA-region occurs not only in summer but also
in winter in (Fig. 7c,d). Driven by the seasonal variations of subtropical easter-
lies, the westwards transatlantic (EU to NA) and transpacific (NA to EA) transport
pathways in the low latitude boundary layer shift southwards with weak transport
currents in winter and northwards with strong transport jets in summer (Fig. 7c,d).

. Governed by winter and summer monsoons in South and East Asia, the aerosol

transport between the SA- and EA-regions in the boundary layer reverses with
the northeast flows from EA- to SA-region in winter and the southwest flows
from SA- to EA-region in summer (Fig. 7c,d). Along these transport pathways
in the northeast and southwest flows, aerosols from EA- and SA-monsoon re-
gions could reach into the low latitude Indian Ocean for the LRT to the Southern
Hemisphere in winter (Fig. 7c¢) and into the high latitude Pacific Ocean for the LRT
to the Arctic region in summer (Fig. 7d). In the free troposphere of 3—10km, the
aerosol transport patterns over the SA-region are featured by an anticyclonic cur-
rent shear in winter and a cyclone circulation in summer (Fig. 7a,b). In winter, the
SA-aerosols north of the current shear join the strong intercontinental transport in
the mid-latitude westerlies, while south of that shear, the easterly aerosol trans-
port currents pass the SA-region (Fig. 7a). The summertime cyclone circulation
of aerosol transport isolates the exports of SA-aerosols for the HAT but with an
enhanced import from the EU-region in the free troposphere (Fig. 7b).
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4. The cross-Arctic transport pathways among EU-, EA- and NA-regions are cre-
ated through the interactions of Arctic anticyclone, cyclone circulations, polar vor-
tex and mid-latitude circulations (Fig. 7), especially in the winter, when the path-
ways for stronger cross-Arctic transport in both the boundary layer and the free
troposphere 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,c).

Compared the aerosol transport flux distributions in the free troposphere and within the
boundary layer between Fig. 7a (b) and c (d), the stronger transport fluxes with high
efficiency aerosol transport is found the mid-latitude westerlies in the free troposphere
for the eastwards transpacific, transatlantic and transeurasian aerosol transport as well
as in the boundary layer for the LRT in the low latitude easterlies and the regional
transport within the HTAP-regions. Considering the largest aerosol mass contributions
of the eastward transport in the mid-latitudes for the HAT in Fig. 1, the free tropospheric
transport pathways built by the mid-latitude westerlies could be regarded as the most
efficient HAT-patterns determining the S-R relationships for intercontinental aerosols.

4 Meteorological controls in the inter-annual HAT variability

We established the mean climate of HAT by using the simulation data of all aerosols
from both the natural and anthropogenic sources. The inter-annual variability discussed
for the HAT in Sect. 3 is complicated by the tempo-spatial changes of emissions and
the variations of meteorology over the S-R regions and the transport pathways. The
influence of meteorological factors is difficult to distinguish from simulations and obser-
vations. However, the monthly emissions of anthropogenic sulphate, black and organic
carbon aerosols are unchanged inter-annually in the 10-yr GEM-AQ simulation over
1995-2004 (Gong et al., 2012), which provides a way to isolate the meteorological
contributions to the inter-annual variability in the intercontinental transport of S-R air
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pollution through an analysis of the 10-yr anthropogenic aerosol modeling in this sec-
tion.

4.1 Inter-annual variability patterns

Figure 8 presents the interannual variability magnitudes of anthropogenic aerosol sur-
face concentrations and column loading regionally averaged over each HTAP-region
with the monthly CV-changes. Driven only by meteorological changes with the con-
stant monthly emissions, the column loadings in the free troposphere over the HTAP
regions vary from year to year with the highest magnitudes 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 intercontinen-
tal transport, which result in the inter-annual aerosol variability in the free troposphere
and within the boundary layer with the similar patterns of monthly CV-changes over
four HTAP-regions (Fig. 8a—c). The monthly CV-values of surface aerosol concentra-
tions 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 LRT 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 variability is weaker within the bound-
ary 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 controlling role of the aerosol emissions in the boundary layer aerosols in the source
regions.

An aerosol cycle for the S-R relationships can be composed of three parts: 1) emis-
sions at the surface and consequently mixing in the boundary layer in the source re-
gions, 2) lifting from the boundary to the free troposphere and subject to LRT and

10195

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 10181-10221, 2012

Hemispheric
transport and
influence of
meteorology

T. L. Zhao et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/10181/2012/acpd-12-10181-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/10181/2012/acpd-12-10181-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3) descending into the boundary layer and contributing to the surface pollution levels
at the receptor places (Colette et al., 2008). The domestic aerosols emitted from any
HTAP-region primarily affect the surface aerosol concentrations as well as the column
loading within the boundary layer and in the free troposphere over that region. How-
ever, due to the intercontinental LRT, each HTAP region can be a source as well as
a receptor of aerosols. The monthly CV-values in Fig. 8 without the inter-annual emis-
sion variability could mostly be brought by the transported foreign aerosols over the
aerosol sources. The monthly contributions of foreign aerosols joining the RLT from
the upwind sources could approximately account for a range of 16—-37 % aerosol mass
in the free troposphere over the downwind HTAP-regions based on the CV-variations
(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 sur-
face concentrations in the HTAP regions (Fig. 8b,c). A 1-yr simulation of the transport 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 confirms not only a dominance of domestic
aerosols from the sources over the S-R relationships for the HAT and also an impor-
tance of intercontinental aerosol transport in the inter-annual foreign aerosol variability
controlled by meteorological factors.

It should be emphasized that the inter-annual aerosol variability presented in Fig. 8
results from the anthropogenic aerosol variations determined only by meteorological
factors with excluding the inter-annual emission changes. The meteorological factors
can also exert a considerable influence on the aerosol emission variations (Gong et al.,
2006, 2012). As an important meteorological factor, surface winds force the natural
aerosols of soil dust and sea salt to inject into the atmosphere (Gong et al., 1997,
2003). Considering the meteorological influences on aerosol emissions and the year to
year changes of natural aerosol emissions, the CV-values in the Table 2 are based
on the integration of inter-annual variability of natural and anthropogenic aerosols
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(Fig. 8). The meteorological factors controlling the inter-annual variability of anthro-
pogenic aerosols are further discussed in Sect. 4.

4.2 Meteorological factors driving the inter-annual variability of the HAT

Changes in meteorology can affect the S-R relationships for intercontinental aerosol
by perturbing transport rates (wind speed, mixing and convection), precipitation scav-
enging and dry deposition. As designed in the model setup (Sect. 2), the monthly an-
thropogenic emissions in the simulation are constant without any inter-annual changes
over 1995-2004. Meteorological factors explaining the year to year variations of HAT
could be identified from the 10-yr anthropogenic aerosol modeling results without con-
sidering the inter-annual changes in anthropogenic aerosol emissions.

As the measurement of variability, the standard deviations of annual transport fluxes
are used to express the inter-annual variations of anthropogenic aerosol transport in
the NH over 1995-2004 in Fig. 9. As discussed in Sect. 3, the circumpolar aerosol
transport routes connecting all the EA-, SA-, NA- and EU-regions are set up by the mid-
latitude westerlies in the free troposphere with a dominant role in the HAT. Along these
eastward transport routes in the mid-latitudes, a zone of large inter-annual aerosol
transport variability with the high standard deviations of transport fluxes in the free tro-
posphere circulated with the maximums over the four HTAP-regions and immediate
downwind areas (Fig. 9a). The year to year variations in aerosol transport rates in the
free troposphere are controlled by the inter-annual changes in the mid-latitude circula-
tion of westerlies. The anomalies in the mid-latitude circulation patterns of westerlies
in the troposphere modulate the inter-annual variability in the S-R relationships for the
intercontinental aerosol. The large transport flux centers over the four HTAP-regions
and immediate downwind areas are closely associated with the aerosol uplifts from
the emission sources within the boundary layer into the free troposphere. The aerosol
uplifts depend on the local meteorology (mixing layer depth, convection, frontal pas-
sages et al.) in the HTAP-regions and immediate downwind areas. The inter-annual
variability in the boundary layer aerosol transport fluxes is distributed with the similar
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patterns to those in the free troposphere, especially in the mid-latitudes (Fig. 9b). The
inter-annual changes of the mid-latitude aerosol transport rates in the free troposphere
are 2—-4times higher than in the boundary layer, but the aerosol transport in the low
latitude easterly belt over the Atlantic Ocean and the NA-region varies from year to
year more strongly in the boundary layer than in the free troposphere (Fig. 9a,b).

As the impact of these aerosol sources on the receptor regions is alleviated with
weakening transport fluxes along the intercontinental pathways, aerosol removal pro-
cesses in the atmosphere influence the S-R relationships for intercontinental air pollu-
tion. Deposition is a major removal process for aerosols. In the aerosol module CAM
(Gong et al., 2003a) implemented in the model GEM-AQ/EC, deposition processes
include particle dry and wet depositions. For wet deposition with below-cloud and in-
cloud washout processes, the precipitation process scavenging can efficiently remove
aerosols from the atmosphere. Dry depositions are also determined by surface wind,
moisture and other meteorological conditions in the boundary layer. Resulted from the
inter-annual variability in precipitation and the meteorological conditions in the bound-
ary layer, dry and wet depositions of aerosols fluctuate from year to year. Figure 10a,b
presents the distribution of interannul variability in annual aerosol mass removed by dry
and wet depositions with the standard deviations over 1995-2004. The inter-annual
variability in wet deposition is larger by a factor of 2-10 than in dry deposition. The
patterns of wet deposition variability follow the transport pathway patterns in the free
troposphere, especially along the major pathways in the mid-latitude westerly zone and
in the low latitude easterly belt (Fig. 10a), while inter-annual variability in dry deposi-
tion is distributed in correspondence with the aerosol transport patterns in the bound-
ary layer (Figs. 10b and 9b). The variations of precipitation over the intercontinental
aerosol transport pathways as well as the changes of meteorological conditions in the
boundary layer are two important meteorological factors influencing the inter-annual
variability in the S-R relationships for the intercontinental aerosol.

Based on a 44-yr simulated climatology of Asian dust aerosol and its trans-Pacific
transport, it is found out that dry deposition is the major removal process for dust
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aerosol over the Asian deserts, while wet deposition as function of precipitation is
the dominant process of dust aerosol removal over the transpacific transport path-
ways (Zhao et al., 2006). Unlike dust aerosol, the anthropogenic aerosols of sulphate,
organic and elemental carbon in this model are mostly present as fine particles less
than 2.5 ym (PM, 5). The finer aerosols are more efficiently scavenged by precipitation
processes. Wet deposition is a main atmospheric sink of aerosols on the intercontinen-
tal transport pathways in the mid-latitude westerlies even over the NA-, EU-, EA- and
SA-regions. Three high centers of wet aerosol deposition variations are situated, re-
spectively on the aerosol transport pathway from the SA- to EA-region as well as over
two aerosol outflow areas from East Asia to Northwest Pacific and from North America
to Northwest Atlantic (Fig. 10a). Over these three center areas, the high variations of
wet deposition from year to year are related with the inter-annual anomalies in precipi-
tation of Asian monsoon and storm tracks over the extratropical regions from East Asia
to North Pacific and between North America and North Atlantic (Zhang et al., 2007;
Ding, 1994). Dry deposition is an important aerosol sink for the HAT, especially over
the aerosol source regions and in the easterly belt in the NH (Fig. 10b).

4.3 Connections to El Nino—Southern Oscillation (ENSO)

It is well known that the EI Nino—Southern Oscillation (ENSO) exhibits the greatest
impact on the inter-annual variability of the global climate. El Nifo and La Nina are
opposite phases of ENSO-cycle. As the strongest climatic signal, ENSO can lead the
anomalies in atmospheric circulations, cloud and precipitation. These factors, as dis-
cussed in Sects. 3.3 and 4.2, are all closely related with the intercontinental transport
of aerosols in the NH. The ENSO exerts a remarkable impact on Asian dust produc-
tion, deposition, regional and transpacific transport (Gong et al., 2006). A strengthening
and southward shift of westerly jet over North Pacific is evident during El Nino winter.
The strongest ENSO influence on the transport of Asian tracers to North America is in
winter over the subtropical Eastern Pacific (Liu et al., 2005).
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Based on the 10 yr GEM-AQ/EC modeling, a composite analysis of aerosol transport
fluxes is performed for three typical El Nino years (1995, 1997, and 2003) and three
La Nina years (1996, 1999 and 2000) to examine the influence of ENSO on the HAT.
The intercontinental transport of aerosols in the NH varies seasonally with a factor of
5-8 between the maximum in late winter and spring the minimum in late summer and
fall (Fig. 2). Figure 11 shows the averaged aerosol transport flux streamlines for the
three El Nino and La Nina years from January to May and their anomalies to the 10
year mean with the contours. In the free troposphere, the most significant differences
between El Nino and La Nina years appear along the mid-latitude transport pathways
connecting all four HTAP-regions by the westerly jet. Positive and negative anomalies
of HAT in El Nino and La Nina years are found over all the circumpolar intercontinental
routes for transpacific, transatlantic and transeurasian transport of aerosol in the NH
scale (Fig. 11a,b). It is also revealed that a strengthening and southward shift of west-
erly jet not only over the North Pacific but also in the entire mid-latitude westerly ozone
is evident for the HAT during EI Nino winter and spring. In the boundary layer, the more
regional anomalies with a strong/weak aerosol transport in El Nino /La Nina years oc-
curs in the subtropical NA-region, over the pathways linking the EU-, SA- to EA-region
and the other mid-latitude regions, especially in the low latitude easterly belt over the
Indian Ocean and between the Atlantic Ocean and North America (Fig. 11c,d). These
anomalies in the HAT largely reflect the influence of ENSO on the inter-annual variabil-
ity in the S-R relationships for intercontinental aerosols.

5 Summary and discussion

Based on a 10-yr model simulation, a mean climate of aerosol transport for the HAT
with the seasonal variations and inter-annual variability in the NH was studied, and the
meteorological influence on the year to year HAT variations was identified in a more
comprehensive understanding of the intercontinental transport of S-R air pollutants.
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The intercontinental aerosol transport is dominant in the eastward direction for all
the EA-, NA-, EU- and SA-regions, and the transport in the meridional direction is 0.5—
2 orders of magnitude weaker but with more significant inter-annual variability. The
eastward transport across the low latitude SA-region is 2—4 times less compared to the
mid-latitude EA-, NA- and EU-regions. The intercontinental aerosol transport is found
to vary seasonally with a factor of 5-8 between the peak in late winter and spring
(particularly in March and April) and the low in late summer and fall (particularly in July
and September).

The intercontinental transport pathways are built by the atmospheric circulations in
the NH with the four patterns: (1) the circumpolar transport routes connecting all the
EA-, SA-, NA- and EU-regions by the mid-latitude westerly zone with the transport jets
at 30-55° N in winter and at 40-65 ° N in summer. (2) The westward transport pathways
in the low-latitude easterly belt with the westward transatlantic transport, the North
American aerosol transport into Pacific and the aerosol transport from West Pacific to
East Asia. These transport pathways move southwards with weak transport currents
in winter and northwards with strong transport jets in summer. (3) The transport path-
ways driven by the Asian monsoons with the northeast flows from EA- to SA-region in
winter and the southwest flows from SA- to EA-region in summer. (4) The cross-Arctic
transport pathways among EU-, EA- and NA-regions, especially in winter.

Driven only by meteorological variations, the column loadings in the free tropo-
sphere over the HTAP-regions inter-annually change with the highest magnitudes of
30-37 % in January and December and the lowest magnitudes of 16—20 % in August
and September. Caused by the lower LRT-efficiency within the boundary layer and the
exchange process between the boundary layer and the free troposphere controlled by
the local meteorology, the variations in the surface aerosol concentrations and column
loading in the boundary layer are 30-70 % of the aerosol variability in the free tro-
posphere. The annual contributions of foreign aerosols transported from the upwind
sources could be estimated with the ranges of 16—37 % and 6-20 % of aerosol mass,
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respectively in the free troposphere and the boundary layer over the downwind HTAP-
regions.

Three meteorological factors controlling the inter-annual variations in the intercon-
tinental S-R relationships are identified by modeling results as follows: (1) Anomalies
in the mid-latitude circulation patterns of westerlies in the free troposphere. The mid-
latitude transport routes in the mid-latitude westerly zone climatologically play a domi-
nant role in the HAT. The inter-annual changes of the mid-latitude transport in the free
troposphere are 2—3 time higher than in the boundary layer. (2) Variations of precipita-
tion over the intercontinental transport pathways. The precipitation scavenging can effi-
ciently remove aerosols from the atmosphere. The inter-annual variability is stronger in
wet deposition by a factor of 2—10 than in dry deposition. The patterns of wet deposition
variability follow the major transport pathways in the free troposphere and (3) Changes
of meteorological conditions in the boundary layer. Dry depositions are determined by
surface wind, moisture and meteorological conditions in boundary layer.

The ENSO, as a well-known source of interannual meteorological variability in the
global scale, is found to be closely associated with the strong/weak mid-latitude S-R
transport for the HAT in EI Nino/La Nina-years. In the free troposphere, a strengthening
and southward shift of westerly jet not only over the North Pacific but also in the entire
mid-latitude westerly ozone is evident for the HAT during El Nino winter and spring; in
the boundary layer, the anomalies with a strong/weak aerosol transport in El Nino/La
Nina years appear more regionally in the mid-latitudes and the low latitude easterly
belt. The inter-annual variability in the S-R relationships for the HAT has relation to
ENSO-influences on the intercontinental aerosol transport anomalies.

Different aerosol species have different spatial emission distribution; its transbound-
ary patterns are different. 7 aerosol species (sea salt, soil dust, sulphate, natural
and anthropogenic black/organic carbon) are simulated with the GEM-AQ/EC. In this
study focusing on the HAT and meteorological influence, we presented the natural and
anthropogenic aerosol transport patterns in the hemispheric scale. The quantitative
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estimates for each aerosol transport could be done with the aerosol budget for inter-
continental transport in further work.
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Table 1. Definition of four regions in the Northern Hemisphere for the HTAP-study (http:/www.

htap.org).

Region Longitude Latitude

SA: South Asia 50-95°E 5-35°N

EA: East Asia 95-160°E 15-50° N

EU: Europe + North Africa  10°W-50°E 25-65°N

NA: North America 125-60°W 15-55°N
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Fig. 2. Monthly variations of zonal aerosol transport fluxes (ng m~2 3‘1) averaged in the vertical
sections at the western and eastern borders of HTAP-regions over 1995-2004. NAW (NAE),
EAW (EAE), EUW (EUE) and SAW (SAE), respectively stand for the western (eastern) borders
of NA, EA, EU and SA regions.
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Vertical sections of aerosol transport fluxes
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Fig. 3. Vertical sections of aerosol transport fluxes (ug m~2 s'1) at (a) the western and (b) east-
ern borders of NA-region seasonally averaged in winter (filled contours) and summer (contour

lines) over 1995-2004.
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Vertical sections of aerosol transport fluxes
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Fig. 5. Same as in Fig. 3, but for the EA-region.
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Fig. 7. Northern Hemispheric patterns of aerosol transport fluxes (ugm™"s™ ') averaged in the
free troposphere between 3 to 10 km (a) in winter and (b) summer as well as within the bound- 2 g
ary layer below 3km (c) in winter and (d) summer over 1995-2004. The colored boxes indicate
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Fig. 8. Monthly changes of CV (coefficients of variations) in the anthropogenic aerosol loading = _I
(a) in the free troposphere of 3—-10km, (b) within the boundary layer below 3km and (c) the o
surface concentrations averaged in the SA-, NA-, EU- and EA-regions over 1995-2004. 8 g
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Standard deviations of anthropogenic aerosol transport fluxes
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Fig. 9. Interannual variability of anthropogenic aerosol transport fluxes in the standard devia- _30 _I
tions (ug m~2 3'1) over 1995-2004 (a) in free troposphere of 3-10km and (b) in boundary layer -5 g
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Fig. 10. Interannual variability of (a) wet and (b) dry anthropogenic aerosol depositions in the = _I
standard deviations (tons km‘z) averaged over 1995-2004. The colored boxes indicate four ./
HTAP-regions (Table 1). © Interactive Discussion
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Anthropogenic aerosol transport fluxes
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Fig. 11. Anthropogenic aerosol transport fluxes (ug m—2s” ; streamlines) averaged in three El
Nino years (1995, 1997 and 2003) and three La Nina years (1996, 1999 and 2000) and their
anomalies (contours) relative to the 10-yr mean over 1995-2004 in (a) the free troposphere
from 3 to 10 km and (b) within the boundary layer below 3 km.
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