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Abstract

Two 3-dimensional global atmospheric transport models for persistent organic pollu-
tants (POPs) have been employed to investigate the association between the large-
scale atmospheric motions and poleward transports of persistent semi-volatile organic
chemicals (SVOCs). We examine the modeled daily air concentration of a- and y-
hexachlorocyclohexane (HCH) over a period from 1997—-1999 during which a number
of episodic atmospheric transport events were detected in this modeling study. These
events provide modeling evidence for improving the interpretation on the cold conden-
sation effect and poleward atmospheric transport of SVOCs at the mid-troposphere.
Two episodic transport events of y-HCH (lindane) to the high Arctic (80—90° N), one
from Asian and another from Eurasian sources, are reported in this paper. The
both events suggest that the episodic atmospheric transports occurring at the mid-
troposphere (e.g. from 3000-5500 m height) are driven by atmospheric horizontal and
vertical motions. The association of the transport events with atmospheric circula-
tion is briefly discussed. Strong southerly winds, forced by the evolution of two semi-
permanent high pressure systems over mid-high latitudes in the Northern Hemisphere,
play an important role in the long-range transport (LRT) of HCHs to the high latitudes
from its sources. Being consistent with the cold condensation effect and poleward at-
mospheric transport in a mean meridional atmospheric circulation simulated by a 2-D
atmospheric transport model, as reported by the first part of this study, this modeling
study indicates that cold condensation is likely occurring more intensively at the mid-
troposphere where rapid declining air temperature results in condensed phase of the
chemical over and near its source regions and where stronger winds convey the chemi-
cal more rapidly to the polar region during the episodic poleward atmospheric transport
events.

26238

ACPD
9, 2623726264, 2009

Part 2: 3-D modeling
of episodic
atmospheric
transport

Lisheng Zhang et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

1 Introduction

In the accompanying paper (Ma, 2009), we examined the global distillation/cold con-
densation process and atmospheric transport of semi-volatile pollutants to the Arctic
in a mean meridional atmospheric circulation. In that study, a steady state analytic
solution and a non-steady steady numerical solution to a two-dimensional atmospheric
transport equation model were derived to assess the occurrence of the global distilla-
tion/cold condensation effect at higher atmospheric elevations. We summarized that
cold condensation may occur at the mid-troposphere over source regions of persistent
semi-volatile organic chemicals (SVOCs) in lower and temperate latitudes. Before the
chemicals meet cold temperatures and are condensed over high latitudes, frequent
atmospheric convection and ascending motion in the source regions carry the chem-
icals to the mid-troposphere where rapid decreasing air temperature and clouds help
to condense/partition the chemicals from their gas-phase to the particle and aqueous
phases (aerosols, cloud water droplets and ice particles) and where stronger winds
deliver more efficiently the condensed chemicals to the polar region. The continuous
descending motion over the high Arctic and the scavenging due to precipitation move
subsequently the condensed chemicals to the surface of the Arctic ecosystem. These
statements were deduced from the numerical assessments based on the well-known
three cells mean atmospheric meridional circulation (Holton, 2004).

In addition to the transport of a pollutant in a mean atmosphere, more realistic at-
mospheric LRT occur on a daily or weekly basis, e.g., trans-Pacific transport of air
pollutants (Jaffe et al., 2003; Holzer et al., 2003; Yienger et al., 2004). This kind of
transports is referred to as the episodic atmospheric transport. Up to the late 1980s,
the atmospheric level of SVOCs measured over the Arctic was thought to be little influ-
enced by the episodic atmospheric transport (Pacyna and Oehme, 1988), which was
deduced based on a little seasonal variation of those SVOCs in the polar region. To
date, much longer measured time series of SVOCs in the Arctic have shown apparent
seasonal variation with a peak during spring (Macdonald et al., 2000). The episodic
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long-range atmospheric transports of SVOCs on continental- and intercontinental-scale
have been reported by recent modeling studies (Ma et al., 2005; Zhang et al., 2008),
which occur most often in the spring season, e.g., trans-Pacific transport and the at-
mospheric transport to the Arctic. These studies have demonstrated that the episodic
atmospheric transport is a major pathway of SVOCs. Given that the wind at a higher
atmospheric level is much stronger than that near the surface, where the momentum of
the wind is considerably dissipated by the surface friction and drag, thereby diminish-
ing the atmospheric transport of pollutants, the most long-range episodic atmospheric
transports take place at the free (mid-high) troposphere (Ma et al., 2005; Zhang et al.,
2008). On the other hand, the free atmosphere is proven to the most efficient pathway
for the LRT of a substance (Ma, 2009).

Since higher altitudes of the atmosphere exhibit the lower air temperature, clouds,
and stronger winds that favor the cold condensation and poleward atmospheric trans-
port, in the accompanying paper (Ma, 2009) we have raised a question: in what manner
will a chemical be migrated to the polar region? A key finding reported in the accompa-
nying paper was that the atmospheric LRT of a persistent SVOC to the Arctic, elevated
by a large-scale ascending motion from its sources in tropical latitudes, occurred at
3000-5000 m height of the mean meridional atmospheric circulation, characterized by
the three meridional atmospheric cells (Holton, 2004). In the second part of the study,
we extend the investigation to the atmospheric transport of SVOC to the Arctic on a
daily basis from its sources in the Northern Hemisphere. The objective of this second
part investigation is to provide further insight into global distillation/cold condensation
process and poleward LRT of the chemical occurring at the mid-troposphere.

Two 3-D atmospheric transport models for persistent toxic substances were em-
ployed to identify the atmospheric LRT events for the period from 1997-1999, and
to provide numerical modeling evidence to our new interpretation on the occurrence
of the cold condensation effect at the mid-trposphere. This investigation is also aimed
at providing futher understanding to the atmospheric dynamics and mechanisms that
contribute to the LRT of SVOCs to the high Arctic via the mid-troposphere.
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2 Model and data inputs
2.1 Models

A global three-dimension atmospheric tracer exchange and transport model,
Multicompartment Environmental Dlagnosis and Assessment (MEDIA) model (Koziol
and Pudykiewicz, 2001), coupled with other modules for explicitly calculating the fate
of persistent toxic substances in multi-compartments (such as hydrosphere, soil and
cryosphere etc.) for persistent toxic substances has been applied in this numerical
investigation. The atmosphere transport model of the MEDIA was developed on a
spherical Gal-Chen coordinate system with 11 vertical layers from the surface to 15 km
and a horizontal resolution of 2° x 2° latitude/longitude. The present version of the ME-
DIA has been extended to 1° x 1° horizontal spacing and a significant improvement in
solving the atmospheric tracer transport equation was made by a state-of-science nu-
merical algorithm (Zhang et al., 2008). The 1-D Jury’s model to compute transport,
degradation and diffusion processes of a persistent chemical in water, soils, snow and
ice (Jury et al., 1983; Koziol and Pudykiewicz, 2001) has been coupled with the at-
mospheric transport model of the MEDIA. Other details for the model can be found
in Koziol and Pudykiewicz (2001). MEDIA has been successfully employed in nu-
merical assessment of intercontinental atmospheric transports of POPs (Koziol and
Pudykiewicz, 2001; Zhang et al., 2008).

The MEDIA was implemented for the period of 1 December 1996 to 31 Decem-
ber 1999. During this period, a pair of the strongest El Nino and La Nina events for the
last half of the 20th century occurred, which have a vigorous influence on interannual
variation of POPs (Ma et al., 2004). The MEDIA was performed initially in this period
for attempting to assess the response of the atmospheric LRT of SVOCs to the high
Arctic to the ENSO (EI Nino — Southern Oscillation) events (results will be presented in
elsewhere).
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The global-scale CanMETOP (Canadian Model for Environmental Transport of
Organochlorine Pesticides) (Ma et al., 2003; Zhang et al., 2008) was also used in
modeling episodic atmospheric transport events to verify the model results. While both
CanMETOP and MEDIA are based on the well-known atmospheric advection-diffusion
(dispersion) equation, they use different algorithms to discretize the partial differen-
tial (advection-diffusion) equation. Another major difference between the MEDIA and
CanMETORP is that the CanMETOP is coupled with a Level IV fugacity-based, mass
balance soil/air exchange model to compute transport, degradation and diffusion pro-
cesses of pesticides in soils whereas the MEDIA uses one-dimensional Jury’s model to
simulate transport in soils. The purpose for application of the two models in this study
was primarily to ascertain that the episodic atmospheric transport events can be more
faithfully captured and modeled. If the two models, starting with the same governing
equation for the atmospheric transport but solved with different computational schemes
and parameterizations, can duplicate mutual results, the modeled transport events are
more closed to a realistic reproduction of the actual transport events (Pielke, 2002).

a- and y-hexachlorocyclohexane (HCH) are selected in the present modeling study
with the focus on y-HCH (lindane). The meteorological data driving the model wind
(m 3_1), air temperature (K), pressure (hPa), precipitation, (mm h~! converted to m 3_1,
etc.) at every 30-min time step is interpolated from the 6-hourly objectively analyzed
data from the National Centers for Environmental Prediction (NCEP) reanalysis (Kalnay
et al., 1996) at the standard atmospheric pressure levels. The data were then interpo-
lated to the model grids at 1° x 1° latitude/longitude and the vertical levels of the MEDIA
and CanMETOP. The model input physical/chemical properties of lindane are from Ma
et al. (2003). Because this study has been focusing on the atmospheric LRT to the
Arctic, the contributions from oceans and rivers input to the Arctic are not taken into
account.
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2.2 Emissions

The newly updated global lindane emission inventory has been applied and verified
in the recent modeling study of the global fate and atmospheric transport of the sub-
stance (Zhang et al., 2008). Global lindane soil residues at 1° x 1° latitude/longitude,
input as initial conditions of the model integrations, were obtained from a recently up-
dated lindane emission inventory (Zhang et al., 2008) based on global application and
accumulation in soils of lindane in and before 1997. The global total soil residues were
13804 tons in 1997. The spatial pattern of the global lindane soil residues is similar to
that in 2005 presented by Zhang et al. (2008). The major sources of lindane across the
globe can be easily identified in the Canadian Prairies, France, China and India. High
soil residues are also found in Western Africa, Southeast Asia, central Europe and
Great Lake regions. Relatively low soil residue of lindane is seen in central US, South
America and Australia. The model integration is initiated from the soil residue concen-
tration and the chemical is introduced initially into the air only by lindane volatilization
simulated by the air/soil exchange (Jury’s) model.

Global a-HCH soil residues at the spatial resolution of 1° x 1° latitude/longitude in
1997, developed by Li et al. (2000), were also applied in this modeling investigation.

2.3 Model evaluation

Both the CanMETOP and MEDIA have been evaluated extensively by comparing mod-
eled air concentration of toxic substances with those measured (Ma et al., 2003, 2005;
Koziol and Pudykiewicz, 2001; Zhang et al., 2008). To further establish the level of
confidence in the present models’ results, further efforts are made to evaluate and
verify the models in predicting the daily variation of the pollutant against those mea-
sured, especially the episodic atmospheric transport events which last from several
days to about a week. The first dataset used in the evaluation of modeled lindane air
concentrations was collected at Zeppelin Mountain (78°54’' N, 11°53' E), Spitsbergen,
Norway, an Arctic monitoring site (Berg et al., 2004). Gas phase and aerosol phase
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SVOCs were sampled once per week at this site. Figure 1 shows measured lindane
concentration in the atmosphere (pg m's) and modeled averaging air concentration by
the MEDIA and CanMETOP for 1997 at the Zeppelin site. Compared with measured
lindane air concentration, the both models predicted the lower atmospheric level of the
compound near the ground surface at almost one order of magnitude. However, except
for the early 1997, both models predicted well the weekly fluctuations of lindane air con-
centrations. The average of the CanMETOP and MEDIA modeled air concentrations
correlate with the measurements at r=0.70 (p =8 x 10'8).

Under the Canadian-operated Northern Contaminants Program (NCP), air samples
of HCHs using a high volume air sampler, have been collected at Alert, (82°30"N,
62°20' W), Canada. The Alert data provides another high frequency measurement of
HCHs on a weekly basis in the Arctic (Hung et al., 2002). Compared with the mea-
surements, both models underestimate, again, lindane level in the atmosphere and ap-
pear not to capture well the high concentrations in the late autumn (figure not shown).
Though the predicted values are lower than the measurements, the two models cap-
ture the weekly changes in the air concentration of the compound during the spring and
summertime, especially for the springtime when the poleward long-range atmospheric
transport of SVOCs is most prominent, as demonstrated in this study. The modeled air
concentrations by the two models associate nicely with the measurement during the
spring of 1997 at the correlation of 0.77 for the CanMETOP and 0.56 for the MEDIA,
respectively.

It is not fully clear why both models underestimated atmospheric concentrations of
HCHs across the Arctic. In the present simulations the initial air concentrations in the
Arctic were assumed to be zero and no background air concentrations due to histori-
cal atmospheric and ocean transport and accumulation in the Arctic were implemented
into the two models. The modeled atmospheric level in the Arctic was primarily resulted
from the atmospheric transport of HCHs initiated from their sources in low — mid lati-
tudes (Li et al., 2000; Zhang et al., 2008). Given the lack of accurate parameterization
in the estimate of water/air, snow (ice)/air exchange processes and sparse monitoring
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data for the level of HCHs in Arctic ecosystem (e.g., water, ice, snow, vegetation...),
the real status and evolution of SVOCs in the Arctic environments were also not yet
well understood. Increasing our knowledge and understanding in these aspects may
improve considerably atmospheric transport modeling of SVOCs. Nevertheless, given
that the weekly changes in lindane concentration in the Arctic atmosphere are associ-
ated largely with the LRT, the good correlations between the modeled and measured air
concentrations demonstrate that both models could capture well poleward atmospheric
transport events.

3 Transport events at mid-troposphere

MEDIA modeled daily air concentration of lindane (pg m‘s) at the first model level (sur-
face) from 1 January 1997 to 31 December 1999, averaged over the high Arctic (80—
90°N, 1-360°E), is illustrated in Fig. 2. Over the three years period the higher air
concentration occurred in the springtime, agreeing with the measurements at a high
Arctic site (Hung et al., 2002). Autumn is another season with high air concentration of
HCHSs (Hung et al., 2002). The MEDIA did simulate the second higher air concentration
during the autumn seasons following the spring season, but the magnitude of the mean
air concentration in autumns was lower substantially than that in springs. So the focus
of this modeling study will be on atmospheric LRT events during the spring seasons. In
fact, the poleward LRT of SVOCs occurs most often in the spring season, the transition
season between winter and summer. The atmospheric long waves are perturbed fre-
quently by strong meridional exchanges of cold and warm air masses between low and
high latitudes during the springtime, thus providing a vehicle for meridional transport of
pollutants (Ma et al., 2005; Zhang et al., 2008).

Two prominent peaks of the mean air concentration of lindane over the high Arctic
are found in March 1997 and April 1999, respectively (Fig. 2). The mean daily air
concentration of lindane in the high Arctic for the spring of 1998 is relatively low due
to stronger than normal atmospheric westerly flow across the Northern Hemisphere
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associated with the strong El Nino event, which weakened considerably the meridional
air mass exchange (Ma et al., 2004). In contrast, the highest mean air concentration
occurred in the spring of 1999 as the strong La Nina event took place which intensified
the meridional atmospheric exchange. Our overall modeling study for the three years
period manifests that Eurasia made major contribution to the lindane level in the Arctic
air. This result coincides with our previous modeling outcomes which indicated that the
European sources made a major contribution to the air concentration of lindane over
the high Arctic in 2005, and the contribution from North American sources could be
ignored (Zhang et al., 2008).

We examined the two peak events of lindane air concentration occurring in the
springs of 1997 and 1999 (Fig. 2) on a daily basis, in order to trace their occurrences,
transport routes, and vertical profiles.

3.1 April 1997 event

Figure 3 shows superimposed snapshots of the MEDIA modeled mean daily lindane
air concentration at the height of 5200 m once every two days during the period of the
event from 30 March to 10 April 1997, overlaid by the mean winds averaged over the
same period and at the same height. The higher mean air concentration over the high
Arctic can be clearly traced back to the Asian sources during this event. Asia has been
recognized as an important source region of organochlorine pesticides contributing to
their contamination in the western Canadian Arctic and the west coast of Canada by
previous atmospheric measurements and numerical modeling studies (Bailey et al.,
2000; Koziol and Pudykiewicz, 2001; Harner et al., 2005; Zhang et al.,2008). The
soil residue of lindane in Asia (10-60° N, 70-150° E) accounts for approximately 23%
of the global total residue. Of the total Asian soil residues, 60% was from East Asia.
Pursuing the transport route from Fig. 3 shows that on 30 March the maximum lindane
air concentration was located at the east coast of China (30-50° N, 110-140° E). The air
parcel of lindane headed rapidly to the North Pacific Ocean on 2 April under the strong
westerly and southwesterly wind regimes. This lindane-laden air, while moving to the
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International Dateline at 60° N, was blocked by a ridge of the high pressure, known as
the North Pacific high pressure (NPHP) system, centered near Bering Sea and Alaska
region (not shown) till 4 April. The NPHP is a semi-permanent high pressure in the
North Pacific Ocean. It becomes strongest in the Northern Hemispheric summer and
is displaced towards the equator during the winter. When it becomes stronger during
the springtime as compared with that in winter and moves to the east, it opens the
Arctic directly to Asian pollutants. Given that the atmospheric high pressure circulates
the air mass clockwise, the southerly winds on the west of the NPHP then turned the
lindane-laden air to the north (5 April). During this period of time, the plume of lindane
appeared not to be evidently dispersed, likely attributable to the strong westerly wind
and dry atmospheric condition. On 8 April, the intensification and eastward shift of
the NPHP towards Alaska forced the lindane-laden air to move further northward to
Chukchi Sea. This lindane-laden air was finally delivered to the high Arctic by the
southwesterly wind on the west flank of the NPHP system.

Although the chemical was emitted from contaminated soils, the model simulations
show the presence of high air concentrations of this insecticide at relatively high level of
the atmosphere throughout the event. In the accompanying paper (Ma, 2009) we have
shown that an ascending motion in the mean atmosphere first lifts a chemical to the
mid-troposphere, where the chemical is condensed or partitioned under the lower air
temperature. The chemical is then transported to the polar region by stronger winds.
This process can be also expected to take place during an episodic event. To gain
more insight into the cold condensation process at the mid-troposphere during the
episodic event, in Fig. 4 we plot the vertical profiles of the modeled daily air concen-
tration crossing 30° N-90° N for 1—10 April 1997 from the surface to 5200 m, averaged
over 110° E to 140° W which covers the major East Asia source region, North Pacific
Ocean, and a large portion of the Arctic. The figure is overlaid by the vector winds,
generated by the MEDIA input meridional wind and the vertical velocity (Pa 3'1). As
seen, on 1 April, a strong ascending motion took place over the Asian source region
(35-50° N) which carried the lindane-laden air to the mid-troposphere (~3000-5000 m,
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Fig. 4). For the next several days, the ascending motion zoneshifted to 50-65° N. Dur-
ing the northward progress of the upward motion the rising lindane plume remained
above the 3000 m height and moved gradually to the polar region by the southerly
winds, a reflection of the southerly flow on the west of the NPHP system. The plume
arrived at 65° N on 4 April, 70° N on 8 April. With the intensification and eastward shift
of the NPHP system since 8 April, the plume speeded up and moved all the way to the
high Arctic on 9 and 10 April, which can be also identified in Fig. 3. It should be noted
that a non-linear color scale was used to scale the air concentration in Fig. 4, in order
to detect the signal of the atmospheric transport of the chemical to the Arctic at the
mid-troposphere. On the other hand, no notable atmospheric transports are able to be
identified at the lower atmospheric level, especially near the surface from our modeling
results.

The vertical profile of the zonal-mean air temperature, averaged over 110° E-140°W
and over 1-10 April 1997, and the vapor pressure of lindane computed from the zonal-
mean air temperature are plotted in Fig. 5. The reduction of the vapor pressure to
one order of magnitude from 0.01-0.001 Pa occurred over a spatial range from 44° N—
70° N, whereas the same reduction of the vapor pressure in 30° N took place merely
from 2500-5500 m (~750-500 hPa), as shown in Fig. 5. For a given relatively strong
southerly wind speed of 5ms”', the declining of lindane vapor pressure from 0.01—
0.001 Pa in the horizontal needs about 7 days. With a typical ascending motion at a
vertical velocity of 0.001 m s™', the reduction of the vapor pressure from 0.01-0.001 Pa
in the vertical only takes about 2 days over warm latitudes. This indicates that a SVOC
tends to be more quickly condensed in the vertical atmosphere above their sources in
the warm latitude.

Another insight into episodic atmospheric transport of persistent SVOCs to the Arc-
tic at the mid-troposphere can be gained from numerical assessment of a-HCH for
1997-1999. The global soil residue inventory of a-HCH (Li et al., 2000) showed that
its major source regions were in Asia. The seasonal variation of the MEDIA modeled
mean daily air concentrations of a-HCH averaged over the high Arctic (north of 80° N)
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for 1997—-1999 exhibits the similar patterns as that of lindane, showing higher level of
concentration in the atmosphere during springs. While the lowest mean air concen-
tration of a-HCH in springs in the high Arctic was found in 1998, its highest mean
air concentration over the high Arctic appeared in the spring of 1997, rather than the
spring of 1999 during which the highest mean air concentration of lindane was mod-
eled. Given that the soil residue accumulated from the past use of @-HCH in Europe
was substantially lower than that of lindane, most major poleward atmospheric trans-
port events of a-HCH would initiate from its major sources in Asia. This has been
demonstrated by poleward atmospheric transport events of a-HCH for 1997. During
this year, the strongest transport event took place, again, in the early April, as shown
by Figs. 3 and 4 for lindane, due primarily to the source proximity of two HCH isomers
in Asia and under the same meteorological conditions. The vertical profile of MEDIA
modeled zonal-averaged daily air concentration of @-HCH over 110° E-140° W is plot-
ted in Fig. 6. The profile exhibits the similar temporal and spatial patterns as that for
lindane, showing daily progress of a-HCH to the Arctic at the mid-troposphere.

3.2 March 1999 event

Differing from the April 1997 event, this event for the poleward episodic atmospheric
transport of lindane, characterized by the highest mean air concentration over the
high Arctic (Fig. 2), occurred over Eurasia spanning from 0°N-90°N (East Asia not
included). The soil residue of lindane in this region accounts for more than 40% of the
global total residue. Compared to the East Asian major sources, the European sources
lay in higher latitudes (40-55° N). The event was originated from Western Europe in the
late February 1997. Lindane-laden air was driven by a strong middle-latitude south-
westerly flow to the common borders between European and Asian continents (50—
60° E) where the local sources also made a contribution to the plume in the beginning of
March. To illustrate the atmospheric pathway of lindane from Eurasia to the Arctic, we
present selected daily air concentration modeled by the MEDIA during the late phase
of the transport event from 27 February to 8 March. Figure 7 plots the snapshots of
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the selected daily lindane air concentration at about 5200 m model level, overlaid by the
mean horizontal vector winds, averaged over the same period, at the same level, show-
ing the footprints of the lindane-laden air during the period of the event. The plume,
originated from West Europe, stretched by a southwesterly wind extending from West
Europe to Mid Asia, northward between Black Sea and Caspian Sea on 27 February.
Along with the westward shift of the Siberia high pressure (another semi-permanent
high pressure system in the Northern Hemisphere), the southerly flow on the west of
the high pressure pushed the lindane-laden air over Barents Sea via western Russia
on 2 March, which then spread out over the Arctic Ocean on 5 March. The plume
eventually moved to the high Arctic on 8 March but somewhat dissipated.

While the source of the chemical was in the contaminated soil, enormous amount of
the chemical was found at the mid-troposphere (~5000 m) during the event. Because
the northward moving warm air climbed over the cold West Siberia air, it is expected
that this forced large-scale ascending motion would lift the chemical to a higher atmo-
spheric altitude. Figure 8 illustrates the vertical cross-section of the zonal-averaged
(1-90° E) lindane air concentration from 1-8 March, simulated by MEDIA and super-
imposed by the zonal-averaged vector winds which are composed of the meridional
wind and the vertical velocity averaged over the same region (1-90° E). As shown, an
upward motion remained in the north (50—60° N) of the West European source region,
centered near 45-50° N until 7 March, which elevated the lindane-laden air to an atmo-
spheric height at about 3000 m. Above this level, a southerly wind, as a signature of
the southerly flow on the west side of the Siberia high pressure, delivered the chemical
all the way to the Arctic.

We again used a non-linear color scale in Fig. 8 to distinguish the signal of the at-
mospheric transport of the chemical to the Arctic at the high atmospheric altitude. On
the other hand, notable atmospheric transport of the chemical at the lower atmospheric
level was almost invisible during this event. Given that the large-scale southerly wind
regime plays a very important role in the upward and northward transport of the chem-
ical, Fig. 9 presents the measured daily mean meridional wind component (the wind
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speed greater than zero denotes southerly wind and vise versa) from 30°~90° N during
the event at 5500 m height averaged over Eurasia region, extending from 1°~90° E. The
southerly wind regime started to build up near 55° N on 1 March and extended north-
ward to the Arctic. As seen, the wind regime intensified towards the Arctic, suggesting
that the journey of the lindane-laden air to the Arctic would speed up after it moved
over the Arctic Ocean.

Similar to Fig. 5 for the April 1997 Asian transport event, both the air temperature and
vapor pressure of lindane declined with the increasing height and latitude during this
event. While the chemical was likely condensed from vapor to particle phase in north of
50° N subject to lower air temperatures, it may be condensed even more quickly in the
vertical over its source region via the large-scale ascending motion (figure not shown).

3.3 CanMETOP modeling of April 1997 transport event

To verify the MEDIA modeling results presented above, the global-scale CanMETOP
(Ma et al., 2003; Zhang et al., 2008) was also implemented for the same period (1 De-
cember 1996 to 31 December 1999). Figure 10 shows CanMETOP modeled vertical
profile of zonal-averaged daily air concentration of lindane over 110° E-140° W for 1—
10 April 1997, depicting the Asia transport event. Although the CanMETOP uses a
different vertical coordinate and hence has a different vertical structure from MEDIA,
the modeled vertical profile during the event captured the similar pattern as that sim-
ulated by MEDIA (Fig. 4), showing the strong transport of lindane to the Arctic via
the mid-troposphere (3000-5000m). This reinforces our confidence in the modeled
episodic transport events.
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4 Conclusions

In addition to the atmospheric transport of persistent, semi-volatile chemicals to the
Arctic in a mean meridional atmospheric circulation as presented in the accompany-
ing paper (Ma, 2009), the present work illustrates that the episodic poleward atmo-
spheric transport and cold condensation process under daily atmospheric activities
also occurred mostly at the mid-troposphere over the source regions of the chemicals
or warm and temperate regions. The large-scale ascending motions associated with
the two events reported here moved HCHs-laden air to the mid-troposphere once the
pollutants started their journey to the Arctic. Given that the warm air in lower and tem-
perate latitudes always climbs over the cold air in northern latitudes, such large-scale
ascending motions would always take place either in the mean atmosphere (Ma, 2009)
or in the daily atmospheric motion as described in this paper. It should be emphasized
that the present study focused largely on the major atmospheric pathways associated
with cold condensation and the poleward atmospheric transport but paid less attention
to the thermodynamic and chemical/physical properties of the chemicals. The later has
been extensively studied (e.g., Wania and Mackay, 1993) elsewhere and depicted in
the accompanying paper (Ma, 2009). Aiming at improving the interpretation on global
distillation/cold condensation, this study reveals that rapid decline of air temperature
with height, raised by the frequent occurring upward motions in warm latitudes, leads
to rapid condensation/partition of vapour phase chemicals. Stronger (southerly) winds
at the mid-troposphere delivered more efficiently the condensed chemicals to the polar
regions.
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nental Atmospheric Transport of Anthropogenic Pollutants to the Arctic.

26252

ACPD
9, 2623726264, 2009

Part 2: 3-D modeling
of episodic
atmospheric
transport

Lisheng Zhang et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

References

Bailey, R., Barrie, L. A., Halsall, G. J., and Muir, D. C. G.: Atmospheric organochlorine pesti-
cides in the western Canadian Arctic: Evidence of trans-Pacific transport, J. Geophys. Res.,
105, 11805-11811, 2000.

Berg, T., Kallenborn, R., and Mang, S.: Temporal trends in atmospheric heavy metal and
organochlorine concentrations at Zeppelin, Svalbard, Arct. Antarct. Alp. Res. 36, 284—291,
2004.

Harner, T., Shoeib, M., Kozama, M., and Li, S. M.: Hexachlorocyclohexanes and endosulfans
in urban, rural, and high altitude air samples in the Fraser Valley, British Columbia: Evidence
for trans-Pacific transport, Environ. Sci. Technol., 39, 724-731, 2005.

Holton, J. R.: An Introduction to Dynamic Meteorology, Elsevier Academic Press, MA, USA,
2004.

Holzer, M., McKendry, I. G., and Jaffe, D. A.: Springtime trans-Pacific atmospheric transport
from East Asia: A transit-time probability density function approach, J. Geophys. Res., 108,
4708, doi:10.1029/2003JD003558, 2003.

Hung, H., Halsall, C. J., Blanchard, P, Li, H. H., Fellin, P, Stern, G., and Rosenberg, B.:
Temporal trends of organochlorine pesticides in the Canadian Arctic atmosphere, Environ.
Sci. Technol., 36, 862—868, 2002.

Jaffe, D. A., McKendry, I. G., Anderson, T., and Price, H.: Six “new” episodes of trans-Pacific
transport of air pollutants, Atmos. Environ., 37, 391-404, 2003.

Jury, W. A., Spencer, W. F., and Farmer, W. J.: Behavior assessment model for trace organics
in soil: 1. Model description, J. Environ. Qual., 12, 558-564, 1983.

Kalnay, E., Kanamitsu, M., Kistley, R., et al.. The NCEP/NCAR reanalysis project, Bull. Am.
Meteorol. Soc., 77, 437-471, 1996.

Koziol, A. S. and Pudykiewicz, J. A.: Global-scale environmental transport of persistent organic
pollutants, Chemosphere, 45, 1181-1200, 2001.

Li, Y. F, Scholdz, M. T., and van Heyst, B. J.: Global gridded emission inventory of a-
hexachlorocyclohexane, J. Geophys. Res., 105(D5), 6621-6632, 2000.

Ma, J., Daggupaty, S. M., Harner, T., and Li, Y. F.: Impacts of lindane usage in the Cana-
dian prairies on the Great Lakes ecosystems1: Coupled atmospheric transport model and
modeled concentrations in air and soil, Environ. Sci. Technol., 37, 3774-3781, 2003.

Ma, J., Hung, H., and Blanchard, P.:. How do climate fluctuations affect persistent organic

26253

ACPD
9, 2623726264, 2009

Part 2: 3-D modeling
of episodic
atmospheric
transport

Lisheng Zhang et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

pollutant distribution in North America? Evidence from a decade of air monitoring, Environ.
Sci. Technol., 38, 2538-2543, 2004.

Ma, J., Venkatesh, S., Li, Y., Cao, Z., and Daggupaty, S.: Tracking toxaphene in the North
American Great Lakes basin — 2. A strong episodic long-range transport event, Environ. Sci.
Technol., 39, 8123-8131, 2005.

Ma, J.: Atmospheric transport of persistent semi-volatile organic pollutants to the Arctic and
cold condensation at the mid-troposphere — Part 1: 2-D modeling in mean atmosphere,
Atmos. Chem. Phys. Discuss., submitted, 2009.

Macdonald, R. W., Barrie, L. A., Bidleman, T. F,, Diamond, M. L., Gregor, D. J., Semkin, R. G.,
Strachan, W. M. J., Li, Y. F,, Wania, F., Alaee, M., Alexeeva, L. B., Backus, S. M., Bailey, R.,
Bewers, J. M., Gobeil, C., Halsall, C. J., Harner, T., Hoff, J. T., Jantunen, L. M. M., Lockhart,
W. L., Mackay, D., Muir, D. C. G., Pudykiewicz, J., Reimer, K. J., Smith, J. N., Stern, G. A,,
Schroeder, W. H., Wagemann, R., and Yunker, M. B.: Sources, occurrence and pathways of
contaminants in the Canadian Arctic, a review, Sci. Total Environ., 254, 93—236, 2000.

Pacyna, J. M. and Oehme, M.: Long-range transport of some organic compounds to the Nor-
wegina Arctic, Atmos. Environ., 22, 243-257, 1988.

Pielke, R. A.: Mesoscale meteorological modeling, Academic Press, 704 pp., 2002.

Wania, F. and Mackay, D.: Gilobal fractionation and cold condensation of low volatility
organochlorine compounds in Polar Regions, Ambio., Stockholm [AMBIO.], 22(1), 10-18,
1993.

Yienger, J. J., Galanter, M., Holloway, T. A., Phadnis, M. J., Guttikunda, S. K., Carmichael, G.
R., Moxim, W. J., and Levy Il, H.: The episodic nature of air pollution transport from Asia to
North America, J. Geophys. Res., 105, 26931-26945, 2000.

Zhang, L., Ma, J., Venkatesh, S., Li, Y. F, and Cheung, P.: Modeling evidence of episodic inter-
continental long-range transport of lindane, Environ. Sci. Technol., 42, 8791-8797, 2008.

26254

ACPD
9, 2623726264, 2009

Part 2: 3-D modeling
of episodic
atmospheric
transport

Lisheng Zhang et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26237/2009/acpd-9-26237-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

120 25

—e—Measured concentration
——Modeled concentration

100

80 1

60 T

Measure

40

20 T

R
0 4 Y

NN N R R I N NN GP P E RS RSO DD
RN SR RN N I e i TR Ny A

Fig. 1. Daily time series of measured and modeled air concentration (pg m'3) of lindane at
Zeppelin Mountain (78°54' N, 11°53' E) for 1997. The modeled air concentrations are averaged
concentrations predicted by the MEDIA and CanMETOP.
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Fig. 2. MEDIA modeled mean daily air concentration (pg m'S) of lindane at the first model level
(30m) averaged over the high Arctic (1-360° E, 80-90° N) from 1 January 1997 to 31 Decem-

ber 1999.
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Meridional wind (m/s)

Fig. 9. Zonal-mean daily meridional wind v (m s'1) at 500 hPa (~5500 m), averaged over longi-
tude 1-90° E during 1-8 March 1999. v >0 denotes southerly wind and <0 denotes northerly

wind.
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Fig. 10. Vertical cross section of CanMETOP modeled zonal-mean daily lindane air concen-
tration (pg m™~2) from the surface to 7000 m height for 1-10 April 1997 (from top to bottom),
averaged over longitude 110° E-140 °W.
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