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Abstract Trace gases and aerosols play an important role in Arctic chemistry and climate. As most
Arctic tracers and aerosols are transported from midlatitude source regions, long-range transport into

the Arctic is one of the key factors to understand the current and future states of Arctic climate. While
previous studies have investigated the airmass fraction and transit time distribution in the Arctic, the
actual transport pathways and their underlying dynamics and efficiencies are yet to be understood. In this
study, we implement a large ensemble of idealized tagged pulse passive tracers in the Whole Atmosphere
Community Climate Model version 5 to identify and analyze summertime transport pathways from
different Northern Hemisphere surface regions into the Arctic. Three different transport pathways are
identified as those associated with fast, intermediate and slow time scales. Midlatitude tracers can be
transported into the Arctic in the troposphere via the fast transport pathway (~8 days), which moves
tracers northward from the source region mainly through transient eddies. For the intermediate transport
pathway, which happens on 1-3 weeks’ time scales, midlatitude tracers are first zonally transported by the
jet stream, and then advected northward into the Arctic over Alaska and northern North Atlantic. Tropical
and subtropical tracers are transported into the Arctic lower stratosphere via the slow transport pathway
(1-3 months), as the tracers are lifted upward into the tropical and subtropical lower stratosphere, and
then transported into the Arctic following the isentropic surfaces.

1. Introduction

The atmospheric composition of the Arctic, including trace gases and aerosols, has a substantial impact
on Arctic climate and chemistry. Black carbon, which can be deposited onto ice and snow surfaces, or
stay in the Arctic haze layer, increases the absorption of sunlight (e.g., Quinn et al., 2007; Warren & Wis-
combe, 1980). The climate forcing due to black carbon is suggested to be twice as large as that of carbon
dioxide (Hansen & Nazarenko, 2004) in the Arctic region. Long-wave radiative transfer over the Arctic can
also be modulated by direct and indirect aerosol effects, as the microphysical properties of clouds can be af-
fected by aerosols (Coopman et al., 2018; Garrett & Zhao, 2006; Lubin & Vogelmann, 2006). The production
of tropospheric ozone in the Arctic, which acts as a greenhouse gas, is related to halocarbons originating
from midlatitudes (Atlas et al., 2003; Klonecki et al., 2003). Studies have shown that the amount of aero-
sols (including black carbon) and trace gases (e.g., 0zone precursors) in the Arctic is largely contributed by
transport from sources in the midlatitudes and the tropics (e.g., Bottenheim et al., 2004; Fisher et al., 2010;
Klonecki et al., 2003; Kupiszewski et al., 2013; Law & Stohl, 2007; Rahn and McCaffrey, 1980; Shindell,
2007; Shindell et al., 2008; Stohl, 2006). Thus, it is important to understand the long-range transport from
lower latitudes into the Arctic.

The distribution of aerosols and tracer species in the Arctic is determined by multiple factors including
emissions, chemistry, transport, and removal. The emissions, chemistry, and removal processes differ for
different species, making it difficult to understand the distribution of tracers. At the same time, under-
standing the transport processes, especially from different parts of the globe into the Arctic, can provide
useful information about the contribution to Arctic air masses from different source regions. One way to
isolate transport processes from emissions or chemistry is to implement idealized passive tracers into a
model. The idealized tracers, which have specified tracer removal time scales, are transported by the atmos-
pheric flow in a model without active chemistry involved. Therefore, these idealized tracers highlight the
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advective-diffusive transport processes in the atmosphere, which are considered to be tracer-independent
(e.g., Holzer & Hall, 2000; C. Orbe et al., 2012).

Previous studies have explored transport pathways into the Arctic using idealized tracers. C. Orbe, Newman
et al. (2015a) investigated the Arctic airmass fractions using the Goddard Earth Observing System Chem-
istry-Climate Model, in which they used tracers subject to steady concentration boundary conditions over
different regions in the planetary boundary layer (PBL) and then integrated the model to reach a statistical
equilibrium state. At equilibrium, the concentrations of the tracers, therefore, reflected the fraction of air
that last contacted the PBL in different source regions. These so-called Arctic “airmass fractions” therefore
represented the relative contribution to Arctic tracer concentrations from different source regions. In par-
ticular, they found that the airmass in the Arctic lower troposphere is dominated by air that last contacted
the PBL in the Arctic. By comparison, the air in the middle to upper troposphere of the Arctic mostly
originates from Northern Hemisphere (NH) midlatitudes, with the primary contribution coming from the
oceans during winter and from land during summer. Furthermore, they also showed that the airmass in the
Arctic upper troposphere and lower stratosphere (UTLS) mainly originates from the tropics.

Using a related but distinct approach, Orbe et al. (2016) examined the transit-time distribution (TTD), de-
rived from idealized pulse tracers, corresponding to transport from midlatitudes to the Arctic. Using the
National Aeronautics and Space Administration (NASA) Global Modeling Initiative three-dimensional
chemistry transport model, they found that during boreal summer, tracer concentrations in the Arctic upper
troposphere peak around 10 days after the tracers are released, and the peak is around 30 days in the Arctic
lower troposphere. The TTD described in Orbe et al. (2016) and the airmass fraction analysis in C. Orbe,
Newman et al. (2015a) suggest that tracers released during summer in the midlatitudes are preferentially
drawn upward across isentropic surfaces within the midlatitudes before being transported toward the Arctic
approximately along the isentropes.

In this study, we focus on the summertime transport pathways into the Arctic by analyzing a large ensem-
ble of passive pulse tracers (100 tracers), which is much larger than the four pulse tracers considered in
Orbe et al. (2016), to achieve good statistics representing the summertime transport. Other studies have
also shown the summertime transport into the Arctic and the impacts on Arctic climate using different ap-
proaches. For example, Laliberte and Kushner (2014) found that summertime midlatitude moisture, which
can be transported into the Arctic, can explain a large part of the Arctic tropospheric temperature variabil-
ity. Summertime black carbon concentrations over the Arctic, which mostly come from source regions at
lower latitudes (e.g., D. Liu et al., 2015; Xu et al., 2017), can also have large impacts on radiative balance,
which leads to increased warming in the Arctic (e.g., Bond et al., 2013; Hansen & Nazarenko, 2004). In ad-
dition, studies have also linked the Asian summer monsoon circulation to the climate and chemistry of the
Arctic. Krishnamurti et al. (2015) examined a case study and argued that the moisture outflow associated
with the Asian summer monsoon circulation caused a rapid melting of the Arctic sea ice during various
monsoon heavy rainfall events in 2006-2012. H. Liu et al. (2003) also found that variability in the monsoon
can lead to the variations in pollution transport into the Arctic. However, the role of the summer monsoon
circulation on the Arctic transport is not well established. Note that the idealized tracers in our study, which
have a spatially uniform source, are different from realistic tracer species that usually have large spatial var-
iations in terms of their source or emission. Our approach with idealized tracers is to focus on the transport
pathway, that is, how the idealized tracers are transported into the Arctic and what atmospheric circulation
processes are involved. To attribute the Arctic concentration of any realistic chemical species to different
source regions, an approach considering the spatial variation of the source distribution is required.

Several questions warrant further study in terms of summertime transport into the Arctic. First, what are
the similarities and differences in transport pathways and timescales among different regions in the mid-
latitudes and the tropics? What are the physical processes involved in transporting tracers from the tropics
and midlatitudes into the Arctic? As pointed out by Orbe et al. (2016), midlatitude tracers are preferentially
lifted upward and then transported poleward during summer. To this end, we ask here: (a) What are the
processes that lift up the tracers? By convection or large-scale rising motion? (b) What are the processes
that transport the tracers northward into the Arctic? What is the relative importance of transient eddies and
the mean atmospheric circulation? (c) How do the timescales and processes differ for different midlatitude
regions? These questions will be the focus of this study. The model experimental design and diagnostic
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methods will be introduced in Section 2. The evolution of tracer distribution in the Arctic will be discussed
in Section 3. Different transport pathways, as well as the atmospheric circulations involved, will be explored
in Section 4. Discussions and conclusions will be presented in Section 5.

2. Methods
2.1. Model Simulations

The whole atmosphere community climate model version 5 (WACCMS5) is used in this study. WACCMS is
the high-top atmospheric component of the community earth system model version 1 (Hurrell et al., 2013).
The WACCMS5 used here has 110 vertical levels with a horizontal resolution of 0.9° latitude and 1.25° longi-
tude. The model physics for WACCMS5 is the same as the community atmospheric model version 5 (CAM5)
(Neale et al., 2010), with the shallow convection scheme from S. Park and Bretherton (2009) and deep
convection scheme developed by Zhang and McFarlane (1995). We integrate the model with prescribed
historical sea surface temperatures and sea ice concentrations from January 1981 to December 1991.

The 110 vertical levels in WACCMS5 greatly improve the vertical resolution from mid-troposphere to lower
stratosphere (Garcia & Richter, 2019). The high-vertical resolution helps to better simulate the temperature,
wind and water vapor distribution in the UTLS (Wang et al., 2018). Wu et al. (2020) used a similar setup of
WACCMS5 and found that the Asian summer monsoon region is favorable for fast transport of tracers from
the surface into the UTLS. Thus, the 110-layer WACCMS5 can be beneficial for understanding the tracer
transport within the UTLS and from Asian summer monsoon region to the Arctic (e.g., Ikeda et al., 2017;
Koch & Hansen, 2005).

2.2. Idealized Tracers

The idealized tracers imposed in the model are similar to that in Wu et al., (2020). Here, we use the “bound-
ary impulse response (BIR),” or simply “pulse” tracer approach (Haine et al., 2008; Holzer et al., 2000). The
BIR can be interpreted as the time-evolving response G(r,t | Q,t’) at a location r and time ¢ to a pulse of a
conserved and passive tracer which is released in the source region Q at time ¢'. BIR is tracer-independent
as it does not involve any chemical processes or interior sources/sinks (e.g., Holzer & Hall, 2000; C. Orbe
et al., 2012). Therefore, the BIR provides a direct measure of transport properties from source regions into
the Arctic, which isolates the transport from chemistry processes. This approach has been used to examine
seasonal variations in stratospheric age spectra (F. Li et al., 2012; Ploeger & Birner, 2016), transport from the
NH midlatitude surface to different regions around the globe (Orbe et al., 2016), as well as transport from
NH surface to UTLS (Wu et al., 2020). Note that the BIR can be used to construct the TTD, which is one
approach used in previous studies (Holzer & Hall, 2000; F. Li et al., 2012; Orbe et al., 2016) to measure the
transit time at r independent of when (with respect to t’) the tracer was last at the Earth’s surface. Similar
to Wu et al. (2020), our focus here is on quantifying how the tracer distribution at time ¢ and location r is
related to tracer source Q conditioned on its release time.

Idealized pulse tracers are imposed in WACCMS5 over different NH surface regions. The regions are shown
in Figure la. There are 5 NH midlatitude regions, including Asia (ASI), Pacific (PAC), North America
(NAM), Atlantic (ATL), and Europe (EUR). The northern boundary of these regions is located at 60°N and
the southern boundaries range from 20° to 25°N, which are similar to that in C. Orb, Newman et al. (2015a).
In addition, to highlight the role of the Asian summer monsoon, we also tagged tracers that are released
over the Tibetan Plateau (TP) and North India (NI). Tracers that are released to the south of these regions in
NH are tagged as Tropics (TR). Note that although we also release tracers north of 60°N, we will not include
this case here as our focus is on long-range transport pathways into the Arctic. Tracers are released uni-
formly at each source region during the first day. The tracer concentration is set to 1 mol/mol at the surface
during the first 24 h within the source region, while outside the source region the boundary concentration
is set to 0. The tracers are transported freely in the atmosphere with no loss as long as they do not touch
the surface. The tracer concentration is set to 0 whenever they are in contact with the surface after the first
day. The transport of pulse tracers into the Arctic, which can happen on relatively short time scales, likely
have a high dependency on meteorology. Thus, large variability in the transport is expected from tracer to
tracer when they are released at different times. To achieve more robust results, a large ensemble of tracers
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Figure 1. a) Definition of the source regions for EUR, ASI, PAC, NAM, ATL, NI, TP, and TR tracers. (b-d) Temporal evolution of tracer concentration in the
Arctic (north of 70°N) at 1,000-600 hPa, 600-200 hPa, and 200-100 hPa, respectively. Each color shading represents tracers that are released in one region.
Tracer concentration is multiplied by 1,000. Unit in millimole/mole. (e-g) Temporal evolution of normalized tracer concentration in the Arctic at the same
pressure levels in (b—d). Unit in ppbv/km? The tracer concentration is divided by the area of the source region as the tracer concentration is normalized (also
see main text). The dashed black lines and dashed gray lines denote day 8 and day 20 after the tracers are released respectively in (e-f). ASI, Asia; ATL, Atlantic;
EUR, Europe; NAM, North America; NI, North India; PAC, Pacific; TR, Tropics; TP, Tibetan Plateau.
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is implemented in the model. A total of 10 tracers are released each summer, on days 3, 10, 17, 24, and 31
in July and August, and repeated for all 10 summer seasons, 1981-1990. Therefore, we have a total of 100
tracers for each source region. The choice of 100 tracers for each source region is a compromise between
maximizing the number of tracer ensembles and the computational costs of the model experiments. Model
outputs of daily means of meteorological fields, as well as tracer concentrations and budget terms, are saved
for further analysis. Compared to Orbe et al. (2016), with a much larger number of tracers (100 vs. 4) and
multiple midlatitude regions, the methods used in this study can provide information that potentially links
the Arctic tracer concentration to different NH source regions, as well as decomposes the transport into
transients and time-mean components (see Section 2.3).

2.3. Diagnostics of Tracer Transport

The daily model output is interpolated to 28 pressure levels from 1,000 to 50 hPa prior to any analysis. The
intervals among the pressure levels are 50 hPa from 1,000 to 300 hPa, 25 hPa from 300 to 100 hPa, and
10 hPa from 100 to 50 hPa. As in Wu et al. (2020), the tracer budget can be written as the contribution from
different processes:

66_1 = RD + VD + COND + CONS, €Y)
t

where y is the concentration of the pulse tracer. RD, VD, COND, and CONS are the tracer tendencies due
to transport by model’s resolved dynamics, vertical diffusion, deep convection and shallow convection, re-
spectively. The tracer concentration y, as well as the four terms on the rhs of (1) are all taken from the
direct model outputs. Wu et al. (2020) showed that Equation 1 is well-balanced by using the model outputs,
and the balance is also well maintained after the data are interpolated onto pressure levels (not shown).
The transport of the tracers by resolved dynamics RD is simply the advection of the tracers by the model’s
(resolved) circulation:

RD = -U-Vy, )

where U is the three-dimensional wind vector. In the pressure coordinates, as the divergence of the three-di-
mensional wind is zero (V - U = 0), (2) can be written as:

RD = —V(U : x) (3)

or,

rp - o) _2vz) oe-x) @
ox Oy op

where u, v, and w are zonal, meridional and vertical motion in pressure coordinates. Therefore, the tracer
tendency due to resolved dynamics equals the convergence of the three-dimensional tracer flux by the re-
solved atmospheric circulation. As daily y, u, v, and w are available, we can compute the contributions of
tracer tendency by resolved dynamics in the zonal, meridional and vertical directions explicitly. Note that
model output RD is calculated on the model grid (hybrid vertical levels) at each model time step, while we
estimate each term on the rhs of Equation 4 by using daily mean values on pressure levels. Therefore, the
estimation using the rhs of Equation 4 may contain some errors, which will be discussed in Section 4.

When computing the tracer tendency using Equations 1 and 4, we will only show the results for the en-
semble mean of tracers, as tracer to tracer variability is not the focus of this study. However, tracer to tracer
variability can provide information regarding the contributions from time-mean and transient flows. We
analyze the variability from tracer to tracer by considering the time series of the tracer concentration. Given
N number of tracers that are released at ¢’ = 1, 1,,...,t and at source region Q, the tracer concentration of

one particular tracer (n) at location r at a fixed transit time (number of days after the tracers are released)
& =t — 1 (where t is the current time when the tracer concentration is observed) can be written as:
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;((n,af,Q,r),

where n = 1,2,...,N. As ¢' is only a function of n, and time ¢ = & + ¢/, for fixed transit time &, t and » is an
injective function (one-to-one function). So, ;((n,f,Q,r) can also be written as.

2(t(né).cQr)

which can be considered as a time series. Note that the method here to consider an ensemble of pulse trac-
ers that are released at different time as a time series at fixed transit time &, is the same as the method used
in Holzer et al. (2003). This time series can be decomposed into the time mean (averaging over t) and the
deviation from time mean:

2(t(n€).6.0.r) = Z(£Qr) + 2/ (1(ng).&.2r),

here the overbar denotes the time mean, and prime denotes the deviation from the time mean. Again, for
fixed transit time &, ¢ and n is an injective function (one-to-one function), so averaging over t is equivalent
to averaging over n. Thus, the time mean f(é,Q,r) is equivalent to ensemble mean of tracers at fixed ¢&.

Similarly, the time series of circulation variables, such as the meridional wind v(t,r) can also be decom-
posed in a similar way:

v(t(n,g"),r) = V(é,r) + v'(t(n,i),r),

To match the form of tracer concentration, both the time-mean meridional wind and the deviation from
time mean also depend on transit time &. Thus we can write the time mean of the meridional flux of tracers
as

vey=vy+vy, (5)

where the first term on the rhs of Equation 5 is the transport by time-mean meridional wind (including both
zonal mean meridional circulation and stationary waves), and the second term represents the transport by
transients that includes all time scales shorter than the time mean.

Similar to Equation 5, the vertical flux of the tracer transport by resolved dynamics can be decomposed as:

w-y=0y+aoy. (6)

To evaluate the relative contribution from time-mean and transient components.

The analysis in this study will only focus on the ensemble mean of 100 tracers for each source region, which
are released during July and August in 10 years. That means we only investigate the transport pathways in
terms of climatological mean. Different transport pathways can have subseasonal, interannual, and decadal
variabilities, which are beyond the scope of this study and will be explored in the future.

3. Temporal Evolution of Tracer Concentration in the Arctic

‘We focus on the tracer concentration in the Arctic, which is defined as the region north of 70°N. When the
pulse tracers are released, sharp horizontal gradients of tracer concentration are created at the boundaries
of the tracer source regions (e.g., the northern boundary of midlatitude source regions at 60°N in Figure
1a). These sharp gradients can lead to artificially strong horizontal transport of tracers locally due to diffu-
sion or mixing (also see Section 4.2). Thus, the southern boundary of the Arctic is defined as 70°N, away
from the northern boundary of the source regions (60°N). The time evolution of tracer concentration for
lower-to-mid troposphere (1,000-600 hPa), mid-to-upper troposphere (600-200 hPa), and lower stratosphere
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(200-100 hPa) over the Arctic is shown in Figures 1b-1d, respectively. Each color denotes the contribution
from one source region. The total tracer concentration from all source regions peaks at about 10 days in the
troposphere (Figures 1b and 1c), but at around 100-120 days in the lower stratosphere (Figure 1d). In the
troposphere, most of the Arctic tracers originate from the five midlatitude regions: ASI, PAC, NAM, ATL,
and EUR on relatively short time scales. Tracers from the tropics only contribute significantly after days
20-30 from the day the tracers are released. In the lower stratosphere, most of the contribution to the Arctic
tracer concentration is from the tropics, as well as TP and NI tracers, with ASI tracers having the largest
contribution among the five midlatitude regions. The Asian summer monsoon regions (TP and NI), which
cover a relatively small area compared to the tropical region TR (Figure 1a), have significant contributions
to the tracer concentration in the Arctic lower stratosphere (Figure 1d), showing that TP and NI tracers
are transported into the Arctic lower stratosphere very efficiently. Note that, these findings are consistent
with the results in C. Orbe, Newman et al. (2015a), in that most of the tracer concentration over the Arctic
troposphere originates from the midlatitudes, whereas the tropics has the largest contribution to the tracer
concentration in the Arctic lower stratosphere. However, our results cannot be quantitatively compared
to C. Orbe, Newman et al. (2015a) as the tracers are removed when they come in contact with the surface
after day 1, whereas tracers are retagged in C. Orbe, Newman et al. (2015a) when they touch the surface. In
addition, since a large number of tracers are removed at the surface (see Section 4.2), only a small portion of
the tracers are transported into the Arctic. As tracer species and aerosols are not necessarily removed when
they touch the surface in the real atmosphere, it is not very meaningful to quantify the exact tracer fraction
that are, transported into the Arctic in our experiment.

As the areas covered by different source regions differ, to better compare the efficiency of the tracer trans-
port from different regions, we normalized the tracer concentration by the area of the source region. The
normalized tracer concentration, which is measured by the Arctic tracer concentration (ppbv) per unit area
of source region (square kilometer), is shown in Figures 1le-1g. Among the five midlatitude regions (ASI,
PAC, NAM, ATL, and EUR) that have most of the contributions to the Arctic tracer concentration in the
troposphere, ATL, EUR, and NAM tracers have sharp peaks with fast growth and decay: ATL and EUR trac-
ers peak at around 6-9 days in both lower and upper troposphere while NAM tracers at about 10 days. In
comparison, ASI and PAC tracers have flat peaks. Both ASI and PAC tracer concentration stays in high value
during day 10-20 in mid-to-upper troposphere (Figure 1f). ASI tracer concentration slowly increases during
day 10-30 in the lower troposphere, while PAC tracer concentration slowly decreases during day 10-20 (Fig-
ure le). The growth rate of the tracer concentrations in the Arctic troposphere (the slope of the normalized
concentrations in Figures 1e and 1f) is the largest during the first 6-8 days for ASI, PAC, ATL, and EUR trac-
ers, indicating that similar dynamical processes are likely at play on the short timescales in these regions.
‘We name this the fast transport pathway. From days 8-20, the tracer concentrations tend to maintain at high
values in the mid-to-upper troposphere for ASI and PAC tracers (Figures 1e and 1f). This will be referred to
as the intermediate transport pathway with a timescale of about 1-3 weeks. For NAM tracers, the peak time
is about 10 days, which is shorter than AST and PAC and longer than EUR and ATL. Later on, we will show
that this is likely due to the combination of the fast and intermediate transport pathways.

For the Arctic lower stratosphere, although TR has the largest contribution to the total concentration (Fig-
ure 1d), NI and TP tracers are more efficiently transported into the Arctic when normalized by the surface
areas, compared to other regions, with a peak time around 90-100 days (Figure 1g). The growth rate of the
NI and TP tracers becomes large at about 20 days after the tracers are released. This indicates the impor-
tant role the Asian summer monsoon plays in tracer transport into the Arctic lower stratosphere (C. Orbe,
Waugh et al., 2015). ASI and TR tracers are also transported into the Arctic on the 100-days to 150-days
time scales, while the transports from ATL, PAC, EUR, and NAM are negligible on the long time scales. It is
interesting to note that the 100-days time scale is much longer than that within the troposphere (Figures le
and 1f). This will be termed as the slow transport pathway in the rest of the study.

The three different transport pathways noted above, with fast (~1 week), intermediate (1-3 weeks) and
slow (1-3 months) time scales, are defined by analyzing the evolution of the passive tracer concentration
reaching the Arctic. In the real atmosphere, different tracer species have different lifetimes. For example,
the lifetime of butane is about 1 week, propane has a lifetime of about 2 weeks, and ethane and carbon
monoxide have averaged lifetimes of approximately 2 months. Thus, the three transport pathways may play
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different roles in transporting different tracer species. For example, the slow transport pathway may have
little contribution to short-lived species like butane and propane; while the fast transport pathway may
be relevant for tracer species of both short and long lifetimes. Note that these examples are just used to
illustrate that different pathways can be potentially important for different tracer species. However, as our
experimental design does not consider tracer loss via certain processes (e.g., wet deposition, which can hap-
pen when tracer species are rained out), as such, it cannot completely address the question of the relevance
of different transport pathways for any specific tracer species. In the following sections, we will explore the
dynamical processes contributing to each of the three transport pathways by using actual concentration of
the tracer (not normalized concentration).

4. Tracer Transport Pathways Into the Arctic

4.1. The Role of Meridional Tracer Flux

Before going into details of the different transport pathways, we first consider the budget of the tracer con-
centration integrated over all grid points in the Arctic (m arctic x) from the surface to the top of the atmos-
phere and from 70°N to the north pole. Using tracer mass conservation, one can show that the budget of the
total Arctic tracer concentration (_U [ arctic X) can be written as:

%.m actic X4V = oo - 2 + (removal of tracerat Arctic surface). (7)

Thus, the only way tracers can be transported into the Arctic from the midlatitudes or tropics is through
the poleward flux at the southern boundary, that is, 70°N. The temporal and spatial distribution of the me-
ridional flux can thus determine the evolution of the tracer concentration within the Arctic. To illustrate
this, we show the vertically (1,000-100 hPa) and zonally averaged meridional flux of the five midlatitude
regions (ASL, PAC, NAM, ATL, and EUR) in Figures 2a-2e. The strongest poleward flux at 70°N (dark green
dashed line) is within the first 8 days for all five regions. This is consistent with the largest growth rate of
tracer concentration during the first 8 days in Figures le-1f (the fast transport pathway; see Section 3), as
implied by Equation 7. The meridional flux shifts to negative (black line indicates the zero line) after about
day 7-9 for ATL and EUR tracers, corresponding to the decrease of tracer concentration after 7-9 days (Fig-
ures le and 1f); the meridional flux stays positive with a small amplitude from about day 8-20 for ASI and
PAC tracers, which is also consistent with the tracer evolution during that period of time (Figures 1e and
1f; the intermediate transport pathway). In addition, the meridional tracer flux shifts to negative at around
day 10 for NAM tracers, which coincides with the timing of the peak tracer concentration of NAM tracers
(Figures le and 1f). Therefore, the key to explain the tracer evolution within the Arctic is to understand the
spatial and temporal structure of the meridional tracer fluxes, which will be the main focus in the following
discussions about the fast and intermediate transport pathways.

4.2. The Fast Transport Pathway

As discussed above, the meridional tracer flux is large during the first 8 days after the tracers are released for
all the midlatitude source regions. We show in Figures 2f-2j, the spatial structure of the vertically integrated
meridional tracer flux (shading in Figure 2) for ASI, PAC, NAM, ATL, and EUR. The vertically integrated
tracer concentrations, denoted by the black contours, show the highest concentration located near where

Figure 2. a) Zonally and vertically (1,000-100 hPa) averaged tracer meridional flux at different latitude (15°N-90°N) and different time (1-21 days) after

the ASI tracers are released. The black contour denotes the zero line and the dashed dark green line marks the boundary of the Arctic region (70°N). The
dashed gray line denotes the northern boundary of the tracer source region. Unit of the meridional flux is in (mol / mol) . (m / s). (b-e) The same as (a), but
for PAC, NAM, ATL, and EUR tracers, respectively. (f) The shadings are vertically averaged (1,000-100 hPa) tracer meridional flux during day 1-8 for the ATL
tracers. Unit in (mol / mol) . ( m/ s). Black contour lines show the vertically averaged (1,000-100 hPa) ASI tracer concentration during day 1-8. The contour
interval is 0.01 mol/mol. Dashed purple line denotes the boundary of the Arctic region (70°N). (g—j) The same as (f), but for PAC, NAM, ATL, and EUR tracers,
respectively. In (f-j), the regions defined by the dark green line are where further analysis will be performed in Figures 3-5. The southern boundaries are at
15°N while the northern boundaries are at 90°N. The east and west boundaries are 60°E—150°E in (f), 120°E—120°W in (g), 140°W-10°W in (h), 90°W-30°E in
(i), and 30°W-90°E in (j). ASI, Asia; ATL, Atlantic; EUR, Europe; NAM, North America; NI, North India; PAC, Pacific; TR, Tropics; TP, Tibetan Plateau.
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the tracers are released. Northward flux into the Arctic is located in regions directly to the north of each
source region. This indicates that the fast transport pathway is mostly due to direct northward transport
from the source region into the Arctic by the atmospheric circulation.

To determine the vertical structure of the meridional transport, Figure 3 shows the zonally averaged tracer
concentration and meridional flux over the local area outlined by the dark green lines as in Figure 2 for each
region. These cross sections are plotted for days 1-2, 3-5, and 6-8 after the tracers are released for ASI, PAC,
NAM, ATL, and EUR tracers to better illustrate the temporal evolution.

There are some similarities among the cross sections for tracers released in different midlatitude regions.
During day 1-2 (first column in Figure 3), strong northward transport can be found near 60°N in the lower
troposphere among all regions. As the northern boundary of the tracer source regions is at 60°N, a strong
meridional gradient of tracer concentration appears immediately after the tracers are released. The maxi-
mum northward flux of tracers at 60°N in the lower troposphere is expected (first column in Figure 3 and
first column in Figure 2). In addition, the northward transport in the upper troposphere is broader and
weaker compared to the lower troposphere during day 1-2. The tracer concentration (black contours) is
higher in the lower troposphere than in the upper troposphere, but a small amount of tracers have already
been lifted up into the upper troposphere during day 1-2. During day 3-5 (second column in Figure 3),
compared with day 1-2, the northward flux extends northward, with large northward transport in both
upper and lower troposphere. Although the tracer concentration generally decreases during day 3-5 due
to the surface removal process, the concentration is more evenly spread out in the vertical, indicating fur-
ther lifting of lower tropospheric tracers into the upper troposphere. Both the tracer concentration and the
northward flux become weaker during day 6-8 (third column in Figure 3).

The northward flux going into the Arctic is the strongest during day 3-5, with strong transport in both the
upper and lower troposphere among all five regions. The question is what processes are responsible for
the upward tracer transport from the surface into the lower and upper troposphere. We apply the tracer
budget analysis as in Equations 1 and 4 to address this question. The different terms on the right side of
Equation 1 are shown in Figure 4 averaged for 30°-70°N region as in Figure 3, for the upper (200-500 hPa;
first column) and lower troposphere (500-950 hPa; second column). Following Equation 1, the tendency
of the tracers can be separated into contribution from deep convection (COND; red), shallow convection
(CONS; orange), vertical diffusion (VD; blue), and resolved dynamics (RD; green). With Equation 4, the
resolved dynamics term can be further decomposed into transport by zonal wind (purple), meridional wind
(magenta), and vertical velocity (cyan). The three-dimensional decomposition of the transport by resolved
dynamics is crosshatched to distinguish them from the four terms in Equation 1. The sum of the three-di-
mensional convergence components is approximately equal to the resolved dynamics term, as the residual
(yellow shadings) is generally small. Note that the results for all five midlatitude regions are qualitatively
similar in Figure 4. During days 1-2 in the upper levels (Figure 4a), deep convection (red) has the largest
contribution. There is also significant contribution from resolved dynamics (green), which mostly comes
from the vertical transport (crosshatched cyan). For days 3-5 in the upper troposphere (Figure 4c), there
is little contribution by diffusion or convection processes (COND, CONS, and VD). Instead there is a large
positive tracer tendency due to vertical transport by resolved dynamics, while at the same time, the tracers
are also transported out of the region by zonal and meridional fluxes. For days 6-8, the tracer tendency in
the upper levels is mostly from the zonal transport, which is transported downstream out of the averaging
region. In summary, tracers are transported into the upper troposphere mostly by deep convection and
resolved dynamics (specifically, vertical fluxes). If we combine the contribution during both days 1-2 and
3-5, the net effect of vertical transport by resolved dynamics is comparable to the contribution by deep
convection in all five regions.

Figure 3. a) Meridional and vertical structure of tracer meridional flux and concentration during day 1-2 for ASI tracers. The shadings are meridional flux of
ASI tracers averaged over 60°E—150°E (the region denoted by dark green line in Figure 2f). Unit in (mol / mol) . (m / s). The contours are tracer concentration

averaged also over 60°E—150°E. The contour lines start from 0.01 mol/mol, with an interval of 0.02 mol/mol. (b-c) The same as (a), but for day 3-5 and 6-8.
(d-f) The same as (a—c) but for PAC tracers. The averaging is performed over 120°E—120°W (also see Figure 2g). (g-i) The same as (a—c) but for NAM tracers.
The averaging is performed over 140°W-10°W (also see Figure 2h). (j-1) The same as (a-c) but for ATL tracers. The averaging is performed over 90°W-30°E
(also see Figure 2i). (m-0) The same as (a-c) but for EUR tracers. The averaging is performed over 30°W-90°E (also see Figure 2j). ASI, Asia; ATL, Atlantic;

EUR, Europe; NAM, North America.
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Figure 4. a) Tracer budget analysis during day 1-2 in the upper troposphere (200-500 hPa). Following Equation 1, tracer tendency is separated into
contribution from deep convection (red, COND), shallow convection (orange, CONS), vertical diffusion (blue, VD), and transport by resolved dynamics (green,
RD). From Equation 4, transport by resolved dynamics is further decomposed into zonal transport (crosshatched purple), meridional transport (crosshatched
magenta), and vertical transport (crosshatched cyan). The residual of Equation 4 due to using daily mean data to estimate the rhs of the equation, is in yellow
shadings (crosshatched). The budget analysis for different tracers is performed over 30°N-70°N with the same east-west boundary in Figure 3. Unit is (mol/
mol)/day. (b) The same as (a), but for 500-950 hPa. (c and d) The same as (a and b), but for day 3-5. (e and f) The same as (a and b), but for day 6-8.

In the lower troposphere (second column in Figure 4), vertical diffusion contributes the most, while deep and
shallow convections have little contribution. Since the tracers are released during day 1, the tracer concentra-
tion is high near the surface, creating a strong vertical gradient in tracer concentrations and thus vertical diffu-
sion can effectively bring the tracers up from the surface to the lower troposphere during day 1-2 (Figure 4b).
As the tracer concentration decreases at the surface after day 1, the vertical gradient of tracer concentration
reverses, and vertical diffusion brings the tracers downward back to the surface (Figure 4d). Since deep con-
vection can bring tracers from the surface up into the lower troposphere (net gain of tracer concentration in
the lower troposphere), and also lift tracers from the lower troposphere into the upper troposphere (net loss
of tracer concentration in the lower troposphere), it plays little role in the lower troposphere (Figures 4b and
4d). Shallow convection vertically redistributes the tracers within the lower troposphere. This vertical redis-
tribution has little net contribution to the tracer concentration when averaged within the lower troposphere
(500-950 hPa; Figures 4b, 4d, and 4f). Also note that when the tracers are released on day 1, a large vertical gra-
dient of tracer concentration is created near the surface, which leads to a large upward flux due to the vertical
motion near the surface. This is the reason that the vertical transport by large-scale ascent leads to a positive
tracer tendency in both upper troposphere (Figure 4a) and lower troposphere (Figure 4b).
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Figure 5. a) Decomposition of meridional tracer flux of different tracers during day 1-2 from 200 to 950 hPa. The decomposition of different tracers is
performed over 50°N-70°N with the same east-west boundary in Figure 3. The total meridional flux is denoted by red, while the flux by climatological wind and
transients is denoted by orange and blue respectively. Unit in (mol / mol) . (m / s). (b) Similar to (a), but for the decomposition of vertical tracer flux by resolved

dynamics over 30°N-70°N with the same east-west boundary in Figure 3. The total upward flux is denoted by purple, while the flux by climatological wind and
transients is denoted by green and cyan, respectively. Unit in (mol / mol) . (m / s). (c and d) The same as (a and b), but for day 3-5. (e and f) The same as (a and

b) but for day 6-8. TP, Tibetan Plateau.

To explore the relative contributions of the time-mean and transient circulation to the meridional and ver-
tical fluxes, we use Equations 5 and 6 to further decompose these fluxes. We analyze the meridional tracer
flux averaged over 50°-70°N within the cross sections in Figure 3 for all five midlatitude regions. Note that
generally the strongest meridional flux is located between 50° and 70°N (Figure 3), and the meridional flux
at this latitude band is likely to contribute to the transport into the Arctic. Also, though here the analysis
is within the entire troposphere (200-950 hPa), we reach similar conclusions regarding the time-mean and
transient transport if upper and lower troposphere are analyzed separately (not shown). Note that, as tran-
sient wind is defined as deviation from time-mean wind during 10 years in Equations 5 and 6, transient
transport includes contribution from variability on all different time scales (interannual, month-to-month,
and sub-monthly). Our analysis shows that the transient transport is dominated by contribution from short
time scale variability (sub-monthly; not shown). The decomposition of meridional flux (first column in
Figure 5) shows that, consistently over the first 8 days, most of the northward flux is due to transients (blue)
for EUR, ASI, and NAM tracers, while transport by time-mean wind (orange) and transients are both im-
portant for ATL and PAC tracers. The transport by time-mean wind, which is likely due to the northward
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Figure 6. a) The shadings are the meridional tracer flux averaged vertically (1,000-100 hPa) during day 9-20 for ASI tracers. Unit in (mol / mol) . (m / s). The black

contours are the vertically averaged (1,000-100 hPa) tracer concentration. Contour interval is 0.0015 mol/mol. The boundary of Arctic region is denoted by the
dashed purple line. The source region of the tracers is crosshatched. (b—e) The same as (a), but for PAC, NAM, ATL and EUR tracers respectively. (f) The shadings
are the model July to August climatological meridional wind (1981-1990) averaged from 800 to 200 hPa. Unit in m/s. The contours are the climatological zonal
wind at the same vertical levels during the same time period. Contour interval is 5 m/s. ASI, Asia; ATL, Atlantic; EUR, Europe; NAM, North America; PAC, Pacific.

transport near the exit of the Pacific and Atlantic jet, will be discussed in more detail in Section 4.3. The
decomposition of vertical flux by resolved dynamics (second column in Figure 5), shows that transients
(cyan) are important for tracers released in all five regions, with the time-mean vertical transport (green)
also making a large contribution for ASI and NAM tracers.

In short, the fast transport pathway brings midlatitude tracers directly into the Arctic in both the lower and the
upper troposphere within about 8 days. Vertical diffusion brings tracers up into the lower troposphere, while
deep convection and resolved dynamics bring tracers into the upper troposphere. The poleward transport of the
tracers into the Arctic is dominated by transients for Asian, European and North American tracers, while both
time-mean and transient transports are important for poleward transport of Pacific and the Atlantic tracers.

4.3. The Intermediate Transport Pathway

Now, we investigate what circulation processes contribute to the intermediate time scale transport pathway.
As discussed in Sections 3 and 4.1, during day 9-20 after the tracers are released, the meridional tracer
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flux continues transporting ASI and PAC tracers into the Arctic substantially, which maintains or slightly
increases the ASI and PAC tracer concentrations in the Arctic. On the contrary, the meridional tracer flux
becomes southward for EUR and ATL tracers. To understand this, in Figures 6a-6e, the day 9-20 vertically
integrated (1,000-100 hPa) meridional tracer flux (shadings) for ASI, PAC, NAM, ATL, and EUR tracers is
shown respectively. The tracer concentration, which is also averaged vertically during day 9-20, is plotted in
black contours. The source regions of tracers are cross-hatched in the map. In addition, the simulated July
to August climatological wind, averaged from 800 to 200 hPa, is shown in Figure 6f, with meridional wind in
shadings and zonal wind in contours, both comparing well with the observational reanalysis (not shown).
Note that, as the goal here is to understand the transport into the Arctic, we will focus on the meridional
transport in the high latitudes (around 50°-70°N). Details about tracer concentration and meridional flux
in the mid-to-lower latitudes will not be discussed. The amplitude of meridional flux depends on the con-
centration of the tracers during day 9-20, while the concentration is determined by the amount of tracers
released during day 1 and the amount of tracers removed throughout day 1-20. Since the amount of tracers
that is released and removed from different source regions can be different, we do not focus on comparing
the amplitude of concentration or meridional flux among different regions, but rather focus on what the
favorable locations are for tracers to be transported into the Arctic.

In Figures 6a-6e, for tracers released in each source region, there are large tracer concentrations located
downstream (eastward) of the source regions in the mid-to-high latitudes, consistent with zonal transport
by the jet stream (Figure 6f) from days 9-20. The transport of tracers is westward in the subtropics and trop-
ics. The downstream (eastward) long-range zonal transport of tracers from different emission regions (e.g.,
Asian, Europe and North America) has been investigated in previous studies by using both observations and
model simulations (e.g., Akimoto, 2003; Chin et al., 2000; Duncan & Bey, 2004; Fang et al., 2009; Hudman
et al., 2004; Huntrieser et al., 2005; Lewis et al., 2007; Q. Li et al., 2002; Liang et al., 2004). For ASI tracers
(Figure 6a), the large tracer concentration extends from eastern north Pacific to North Atlantic, with strong
northward flux into the Arctic located over Alaska and northern North Atlantic. Large tracer concentration
is found over central to eastern North Pacific for PAC tracers, and part of the PAC tracers have also been
transported into the northern North Atlantic (Figure 6b). The northward flux of PAC tracers into the Arctic
is also located over Alaska and North Atlantic. Note that the distribution of meridional tracer transport
(both northward and southward transport) for ASI and PAC tracers (Figures 6a and 6b) matches well with
the distribution of the climatological meridional wind (Figure 6f). This suggests that Alaska and northern
North Atlantic, where the climatological meridional wind is northward, are the favorable locations for trac-
ers to be transported into the Arctic. Note that, the transport into the Arctic over these two regions (Alaska
and northern North Atlantic) is not necessarily via the climatological wind only, since these two regions
are also favorable for northward transport by transient eddies as they are located at the exit region of the
Pacific and Atlantic storm tracks. Additional analysis shows that northward transport over the northern
North Atlantic is dominated by contribution from climatological wind, while both climatological wind and
transients are important for northward transport of PAC tracers over Alaska (Figure S1).

The distribution of the meridional flux for NAM, ATL, and EUR tracers (Figures 6¢c-6e), also corresponds
well with the distribution of the climatological meridional wind (Figure 6f) except for a much weaker
magnitude for ATL and EUR tracers compared to other tracers. For ATL and EUR tracers, a large propor-
tion of the tracers is transported downstream into Eurasia. With climatological wind generally flowing
southward over eastern Europe and western Siberia (around 60°E) as well as over eastern Siberia (around
150°E), the net meridional transport of tracers is southward for ATL and EUR tracers. Therefore, ATL and
EUR tracers are not effectively transported into the Arctic during day 9-20. In Figure 6c, the NAM tracer is
also transported into the North Atlantic where it is favorable for northward transport into the Arctic. This
zonal transport can happen in relatively short time compared to ASI tracers being transported to the eastern
North Pacific or PAC tracers to the North Atlantic, because of the closer proximity between North America
and North Atlantic. Thus, the intermediate transport pathway can happen rather quickly for NAM tracers,
which is the reason why the meridional flux into the Arctic is positive during the first 10 days for NAM trac-
ers (Figure 2c). However, when the NAM tracers are transported further downstream into Europe, where
the climatological flow is generally southward, the net meridional flux of NAM tracers turns negative. This
explains why the NAM meridional tracer flux shifts to negative after 10 days (Figure 2c). The peak tracer
concentration at 10 days for NAM tracers (Figures 1e and 1f), which is in between the peak time of ATL and
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Figure 7. a) The shadings are zonally averaged tracer concentration tendency during day 1-2 for TP tracers. Unit in ppmv/day. The black contours are the
zonally averaged tracer concentration. Contour interval is 0.5 millimole/mole. The green contours are the potential temperature levels. Contour interval is
15K. (b) The same as (a) but for day 3-6. (c-h) The same as (a), but for day 7-10, 11-20, 21-40, 41-60, 61-80, and 81-100, respectively. The tracer concentration
contour (black) interval is 0.2 mmol/mol. TP, Tibetan Plateau.

EUR tracers (6-9 days), and ASI (10-30 days) and PAC tracers (10-15 days; see Figure 2), is due to the com-
bination of the fast transport pathway and the intermediate transport pathway. The fact that climatological
northward flow is located over Alaska and North Atlantic, rather than other regions around the Arctic, can
be the main reason why both time-mean and transient transports are important for PAC and ATL tracers for
the fast transport pathway, while transport by transients dominates for ASI, ATL and EUR tracers (Figures
5a, 5¢, and 5e; also see Section 4.2 for more details).

Note that TP and NI tracers also show a concentration peak at around 40-60 days in the troposphere (Fig-
ures le and f), but with little contribution to the total Arctic tracer concentration (Figures 1b and 1c). Our
analysis (not shown) suggests that the mechanism of this 40-60 days peak is similar to the intermediate
transport pathway for midlatitude tracers discussed above. The TP/NI tracers are transported zonally by the
jet first, and then can be transported into the Arctic over Alaska and the northern North Atlantic. However,
as the source regions of TP and NI tracers are over the southern flank of the jet stream (Figure 6f), it takes
longer time for these tracers to be transported to the northern flank of the jet where they can be transported
into the Arctic. Whereas for midlatitude source regions, the majority of the tracers are already at the north-
ern flank of the jet where they are released. Therefore, the intermediate transport pathway can happen
much earlier for the midlatitude tracers than for subtropical tracers (TP and NI).

In short, during day 9-20, the tracers are transported downstream (eastward) by the zonal wind in the
midlatitudes. ASI and PAC tracers are carried to Alaska and North Atlantic, and then transported into the
Arctic, as these two locations are favorable for northward transport into the Arctic, leading to the interme-
diate transport timescales. However, as ATL and EUR tracers are advected downstream to Eurasia, where
it is favorable for southward transport, they are not effectively transported into the Arctic during day 9-20,
exhibiting no intermediate transport pathway. Note that our results that Alaska and North Atlantic are the
favorable locations for northward transport into the Arctic, are in agreement with the model simulation re-
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sults in previous studies (e.g., Akimoto, 2003; Hudman et al., 2004; Q. Li et al., 2002; Liang et al., 2004). The
meridional transport pattern corresponds well with time-mean (decadal-mean) wind pattern, suggesting
that low-frequency variability, which can lead to variability in the mean wind, can likely lead to interannual
or decadal variability of the intermediate transport pathway.

4.4. The Slow Transport Pathway

We now examine the transport of tracers from tropical and subtropical regions (NI, TP, and TR) into the
Arctic lower stratosphere, with the peak tracer concentration occurring at around 100 days. We will discuss
the transport of TP tracers in detail as TP tracers are most efficiently transported into the Arctic among
the three regions (Figure 1g). Later on, we will also show that the mechanism for NI and TR tracers is very
similar to that for TP tracers.

The zonal mean tendency of TP tracers, from day 1 to 100, is shown in Figure 7. During the first few days af-
ter the tracers are released, the tendency of tracer concentration (Figures 7a and 7b, shadings) indicates that
tracers are brought up effectively into the subtropical UTLS region. Subsequently, those tracers are trans-
ported both equatorward and poleward from the tracer concentration maximum in the subtropics (black
contours; Figures 7b and 7c). From days 11-100 (Figures 7d-7h), a dipole pattern of the tracer tendency can
be found in the UTLS in the tropics and subtropics, with a positive tendency above the tracer concentration
maximum, and a negative tendency below, indicating a further upward lifting of the tracer concentration to
about 80 hPa during day 81-100.

The growth of tracer concentration above the Arctic for TP tracers (Figure 1g) starts around days 20-30 after
the tracers are released. The tendency of the tracers from day 21 to 100 shows a broad positive tendency over
the midlatitude and polar lower stratosphere regions (Figures 7e-7h), with a larger tendency during day
21-60 (Figures 7e and 7f) than that during day 61-100 (Figures 7g and 7h; note the scale of Figures 7e-7h
is different). It can be seen that the positive tendency over the midlatitude and polar regions can be traced
back to the maximum tracer concentration near 120-70 hPa in the tropics and subtropics approximately
following the isentropic surfaces (green contours). This suggests that the transport of tracers into the mid-
latitude and polar regions is likely through isentropic transport from the tropics and subtropics, when the
large tracer concentration in the lower latitudes acts as a tracer reservoir.

So how are the tracers transported upward into the tropical and subtropical lower stratosphere? We first
show the time scale of the vertical transport (Figure 8a) by displaying the time evolution of tracer con-
centration averaged over 0-40°N (also averaged zonally) at different pressure levels. The peak time of the
concentration increases as a function of the vertical levels from about 5 days-120 days for pressure levels
from 125 to 70 hPa. Thus, it takes on the order of 100 days to vertically transport tracers within the tropical
and subtropical lower stratosphere.

The horizontal structure of the vertical transport in the lower latitudes is shown at 125, 100, 90, and 80 hPa
(Figures 8b, 8c, 8f, and 8g). We plot the vertical fluxes of tracers (red for upward, blue for downward) av-
eraged over 1-80 days, as the tracer concentration peaks at around 80 days for 80 hPa (Figure 8a). The
vertical flux mostly happens from 10°E to 120°E in the subtropical region, with upward flux in the east and
downward flux in the west. In addition to the vertical flux, the July to September modeled climatological
vertical velocity is shown at the same pressure levels (Figures 8d, 8e, 8h, and 8i). Comparing the horizontal
structure of vertical flux and vertical velocity (Figure 8b vs. Figure 8d, Figure 8c vs. Figure 8e, Figure 8f vs.
Figure 8h, Figure 8g vs. Figure 8i), they are rather consistent. The area averaged (0°-40°N; 0-135°E) ascent,
is about —5.1 x 10~ Pa/s at 100 hPa and —2.7 x 10~* Pa/s at 80 hPa. For an airmass to rise by 10 hPa, it takes
about 23 days with the vertical velocity of —5.1 x 107 Pa/s (at 100 hPa), and about 43 days with the vertical
velocity of —2.7 x 10~* Pa/s (at 80 hPa). Consistent with Figure 8a, it takes about a month for TP tracers to
rise by 10 hPa above the 100 hPa level.

For TP tracers, the vertical transport in the UTLS region is mostly due to the dipole structure of the vertical
velocity from 10°E to 120°E, with upward motion in the east and downward motion in the west, which co-
herently exists at all 4 levels in Figure 8. This dipole structure of vertical motion, associated with the upper
level anti-cyclone over the Asian summer monsoon region, has been documented by previous studies (e.g.,
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Figure 8. a) Temporal evolution of zonally averaged TP tracer concentration from 0 to 40°N for 125, 100, 90, 80, and 70 hPa. Unit in mol/mol. (b) Vertical tracer
flux averaged during day 1-80 at 125 hPa (red for upward flux and blue for downward flux). Unit in (mol / mol) . (m / s). (c) The same as (b) but for 100 hPa. (d)

Model July to September climatological vertical velocity (1981-1990). Unit in Pa/s. (e) The same as (d) but for 100 hPa. (f and g) The same as (b), but for 90 and
80 hPa respectively. (h and i) The same as (d) but for 90 and 80 hPa, respectively. TP, Tibetan Plateau.

Bergman et al., 2013; Fu et al., 2006; C. Orbe, Newman et al., 2015; Pan et al., 2016; M. Park et al., 2009;
Randel et al., 2010; Rodwell and Hoskins 1996, 2001; Tissier & Legras, 2016; Vogel et al., 2015, 2019). The
strong rising motion directly above the source region of NI and TP tracers in the UTLS, is likely the reason
why NI and TP tracers can be most efficiently transported into lower latitude UTLS (Figure 7a; also see Wu
et al., 2020) and then into the Arctic (Figure 1g).

The transport pathway for NI and TR tracers is similar to TP tracers. The evolution of the tracer tendency
(Figure S2 for NI and Figure S3 for TR), is similar to TP (Figure 7) as we see broad positive tendency over the
midlatitude and polar lower stratosphere from day 21-100, which is at the same potential temperature levels
as the maximum tracer concentration in the lower latitudes. Again, this implies isentropic transport from
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the tropics into high latitudes. The vertical transport of tracers in the lower latitudes is shown in Figure S4
for NI and Figure S5 for TR. Consistent with TP tracer, the vertical tracer fluxes follow the climatological
vertical velocity. Note that for TR tracers, upward transport in the lower stratosphere can happen both in
the tropics and in the subtropical summer monsoon regions. Thus, TR tracers are not only lifted up locally,
but also transported horizontally into regions favorable for upward transport and then brought up by the
vertical motion.

5. Discussions and Conclusions

In this study, we investigate the summertime transport pathways from different surface regions in the NH
into the Arctic by implementing and analyzing a large ensemble of idealized tagged tracers in WACCMS5.
Three different transport pathways have been identified by examining the temporal tracer concentration
evolution in the Arctic. The fast transport pathway can bring tracers from all midlatitude regions into the
Arctic within the troposphere on time scales less than 8 days. The intermediate transport pathway trans-
ports tracers released over Asia and Pacific into the Arctic in 9-20 days. The slow transport pathway brings
tropical and subtropical tracers into the Arctic lower stratosphere in 1-3 months.

The fast transport pathway, which works efficiently for all the midlatitude regions, brings tracers directly to
the north from the source region into the Arctic in both the upper and lower troposphere through meridion-
al transport. The meridional and vertical processes relevant for the fast transport pathway is summarized in
the schematic diagrams (Figures 9a and 9b). During the first 2 days after the tracers are released (Figure 9a),
the tracers are lifted upward into the lower troposphere by vertical diffusion. Furthermore, tracers are also
transported into the upper troposphere during the first 2 days by deep convection and transient vertical
transport. Strong poleward transport locates in the lower troposphere at around 60°N, which is at the north-
ern boundary of the source region. The northward transport in the upper troposphere is broader but weaker
compared to that in the lower troposphere. During day 3-8 (Figure 9b), as the tracer concentration at the
surface reduces due to surface deposition, vertical diffusion brings the tracers downward back to the sur-
face in the lower troposphere. However, vertical transport by transients continues to bring tracers upward
into the upper troposphere. The meridional transport into the Arctic is dominated by transients for tracers
released in Asia, Europe and North America, while both time-mean and transient transports are important
for tracers released in the Pacific and the Atlantic. Note that Yang et al. (2019) used a different framework to
decompose the meridional transport of idealized tracers into zonal mean and zonally varying components,
and they found both zonal mean and zonally varying components can be important for poleward transport.
Here, we focus on the time-mean component and deviations from the time mean. The conclusions from
different frameworks highlight the roles of different circulation features in transporting tracers poleward.

The intermediate transport pathway transports the tracers into the Arctic on the time scale of 1-3 weeks
(Figure 9c). The tracers are first transported zonally by the jet stream. Then, if the tracers are transported
into regions that are favorable for northward transport into the Arctic, which are over Alaska and the north-
ern North Atlantic, then these tracers can be further transported into the Arctic. For tracers released in
Asia and the Pacific, as the source regions are located upstream (west) of the favorable northward transport
locations (Alaska and northern North Atlantic), tracers can be advected by the zonal jet and then efficiently
transported into the Arctic via the intermediate transport pathway. However, for tracers released in Eu-
rope and the Atlantic, as the source regions are located downstream (east) of the two favorable northward
transport locations, the zonal jet transports these tracers into locations (Eurasia) favorable for southward
transport out of the Arctic. Thus, Europe and Atlantic tracers do not exhibit a clear intermediate transport
pathway.

The fast and intermediate transport pathways have distinct features. The timescales of the transport are
different, and the ways the tracers are transported horizontally are also different. The tracers are transported
directly to the north via the fast transport pathway while they are first advected zonally before transported
northward into the Arctic via the intermediate transport pathway. These are new findings that have not
been documented by previous studies. In addition, we utilize a detailed budget analysis of tracer concen-
tration as well as a decomposition analysis of the transport into time mean and transient components to
understand the mechanism of the two pathways. This is also a novel aspect of this study.
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Figure 9. Schematic diagrams for different transport pathways. (a and b) The fast transport pathway. The width of the arrows indicates the relative importance
of different processes. (c) The intermediate transport pathway. (d) The slow transport pathway.

The slow transport pathway carries the tropical and subtropical tracers into the Arctic lower stratosphere.
A schematic diagram for the slow transport pathway is shown in Figure 9d. The tracers are first effectively
brought up into the upper troposphere in the tropics and subtropics, mostly by deep convection and large-
scale ascent. Then, the tracers are slowly transported upward into the lower stratosphere at locations where
the climatological upward motion is prominent. These locations for upward transport into the lower strato-
sphere are not limited to the tropics, as strong vertical motion can also be found in the UTLS in the summer
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monsoon regions. The transport pathway into the UTLS in the summer monsoon regions has been well doc-
umented by previous studies (e.g., Pan et al., 2016; M. Park et al., 2009; Randel et al., 2010 and others). The
results from a few previous studies (e.g., Bourassa et al., 2012; Orbe et al., 2015) suggest that tracer species or
aerosols can be transported to the Arctic after they are lifted up into the lower stratosphere over the summer
monsoon region. Our study shows more details about this transport pathway and associated timescales. The
tracers are first lifted up from 100 to 70 hPa over the monsoon region on 1-4 months’ time scale, and they
can then be transported into the midlatitude and the Arctic following the isentropes. As the climatological
upward motion during summer is the strongest over the Asian monsoon region, tracers released in northern
India and Tibetan Plateau, which are right beneath the upper level rising motion, can be most efficiently
transported into the Arctic via the slow transport pathway.

In this study, we focus on understanding the main features of the three different transport pathways. These
transport pathways can have month-to-month (e.g., July vs. August), interannual and decadal variabilities
as the circulation pattern changes. Our preliminary analysis suggests that, as the circulation structure is not
very different between July and August, the time scale and circulation processes involved in these pathways
are similar, whereas the spatial pattern of the meridional transport for fast and intermediate can be slightly
different (not shown). The slow transport pathway is slightly more efficient during July than August, which
is likely because tracers are more efficiently transported into the UTLS over the Asian summer monsoon
region during July as pointed out by Wu et al. (2020). The time-mean wind pattern can also be different
during different years or decades due to low-frequency variability, suggesting that there could be substan-
tial interannual or decadal variability for fast and intermediate transport pathways. The variability of Asian
summer monsoon can also lead to interannual variability of the slow transport pathway. These topics are
currently being explored and will be reported in future studies.

Consistent with C. Orbe, Newman et al. (2015a), our results indicate that midlatitude source regions contribute
the most to the passive tracer concentration within the Arctic troposphere, whereas tropical and subtropical
source regions contribute the most in the Arctic lower stratosphere. Our findings also suggest that pollutants
emitted over all NH midlatitude land regions could be quickly transported into the Arctic troposphere within
about one week via the fast transport pathway. Tracer species and aerosols emitted over Asia and North Amer-
ica could also be transported into the Arctic troposphere in about 1 to 3 weeks via the intermediate transport
pathway. Regions like northern India and Tibetan Plateau are highlighted by the slow transport pathway and
might have important implications for the transport of chemical species, such as ozone depleting substances,
to the Arctic lower stratosphere. The approach with idealized tracers that have a spatially uniform source in
this study focuses on the role of atmospheric dynamics underlying the transport pathways. To properly attrib-
ute the Arctic concentration of different chemical species to different source regions, the spatial distribution of
emission (e.g., anthropogenic emission) needs to be taken into account. Future work will be devoted to linking
the idealized tracer results to realistic emission sources and their implications.

Data Availability Statement

The data produced for and analyzed in this study is available through Columbia University Academic Com-
mons (https://academiccommons.columbia.edu/doi/10.7916/d8-9yp5-6p27).
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