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Abstract Chemical transport associated with the dynamics of the Asian summermonsoon (ASM) system is
investigated using model output from the National Center for Atmospheric Research (NCAR) Whole
Atmosphere Community Climate Model run in specified dynamics mode. The 3-D day-to-day behavior
of modeled carbon monoxide is analyzed together with dynamical fields and transport boundaries
to identify preferred locations of uplifting from the boundary layer, the role of subseasonal-scale dynamics
in the upper troposphere and lower stratosphere (UTLS), and the relationship of ASM transport and
the stratospheric residual circulation. The model simulation of CO shows the intraseasonal east-west
oscillation of the anticyclone may play an essential role in transporting convectively pumped boundary
layer pollutants in the UTLS. A statistical analysis of 11 year CO also shows that the southern flank of
the Tibetan plateau is a preferred location for boundary layer tracers to be lofted to the tropopause
region. The vertical structure of a model tracer (E90) further shows that the rapid ASM vertical
transport is only effective up to the tropopause level (around 400 K). The efficiency of continued
vertical transport into the deep stratosphere is limited by the slow ascent associated with the zonal-mean
residual circulation in the lower stratosphere during northern summer. Quasi-isentropic transport near
the 400 K potential temperature level is likely the most effective process for ASM anticyclone air to enter
the stratosphere.

1. Introduction

From a global dynamics perspective, the Asian summer monsoon (ASM) is a dominant system in the boreal
summer season [e.g., Hoskins and Rodwell, 1995]. From the chemical composition and transport perspective,
monsoon convection coupled with the strong local emission sources of South and Southeast Asia produces a
significant anthropogenic signature on the chemical composition at the upper troposphere and lower strato-
sphere (UTLS) [Randel and Park, 2006; Park et al., 2007; Randel et al., 2010]. The ASM region is also found to
have a persistent aerosol layer near the tropopause [Vernier et al., 2011; Thomason and Vernier, 2013] that
is likely caused by convective uplifting of anthropogenic precursors [Vernier et al., 2015; Yu et al., 2015].
However, the radiative impacts of water vapor and aerosols associated with ASM convection are yet to be
fully quantified. Considering the potential impacts from the complex and increasing emissions from the
source region due to the rapid economic development in Asia, an accurate representation of the ASM
transport process in global chemistry-climate models is important.

Satellite data highlight the significant chemical signature in the UTLS on the seasonal scale, but the data are
limited by sampling and do not resolve day-to-day variability necessary for process studies. Targeted in situ
measurements are necessary for resolving details needed to address process level questions, such as what
are the most impactful source regions, what is the chemical and aerosol content of the ASM UTLS, what is
the time scale and depth of convective uplifting, how is the monsoon transport connected to the large-scale
circulation, and what are the subsequent impacts on stratospheric chemistry? Opportunities for obtaining in
situmeasurements, especially airborne studies, have been limited due to operational difficulties in the region.
The primary goal of this work is to examine the 3-D day-to-day behavior of the tracer transport in the ASM
using a state-of-art chemistry-climate model (CCM) to identify a set of key transport questions that can poten-
tially be targeted by airborne campaigns.
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Multiyear output of NCAR Whole Atmosphere Community Climate Model V4 from a specified dynamics
(WACCM4-SD) run is used in this work to examine the relationships between chemical tracers, the dynamical
variables and transport boundaries, and to investigate the role of subseasonal-scale dynamics for upper
troposphere (UT) composition. Our analyses focus on the following interrelated questions:

1. Does the transport of the ASM follow a “chimney”model; i.e., transport behaves more or less as a station-
ary system, venting pollutants vertically into the stratosphere, as is often implied by the satellite seasonal
climatology? Or is the system more like a migrating “blower”; i.e., it distributes the pollutants both verti-
cally and quasi-horizontally at the UTLS level?

2. Are there preferred locations of uplifting?
3. What is the relationship of ASM transport with the stratospheric large-scale Brewer-Dobson circulation?

We choose carbon monoxide (CO) as a boundary layer tracer for transport diagnosis. CO is a representative
pollution tracer and is retrieved by a number of satellite instruments. Satellite data analyses have also shown
that a suite of boundary layer tracers with observed UT enhancement in the ASM anticyclone are well-
correlated with CO [Park et al., 2008]. The surface emission of CO, however, has a seasonal variation tied to
biomass burning and additional human activities. When focusing on the ASM impact on the stratosphere,
we also utilize a model tracer E90 and additional vertical wind analyses; details are provided in section 6.
We often simply refer to both CO and E90 as “tracers” in the discussion.

This work is complementary to an increasing number of Lagrangian model studies of Asian monsoon trans-
port [e.g., Chen et al., 2012; Bergman et al., 2013; Garny and Randel, 2016], where the origins and fates of air
masses within the Asian monsoon anticyclone are statistically analyzed using idealized air parcels and their
trajectories. Ensemble trajectory analysis is a powerful tool, and the studies have provided many useful
insights. The primary weakness of these calculations stems from their dependence on analyzed wind fields;
in this context, vertical transport due to (unresolved) convection is particularly uncertain. Trajectory calcula-
tions also do not have the ability to represent chemical content nor its change due to mixing and dilution
during transport. Recent work using the Chemical Lagrangian Model of the Stratosphere (CLaMS) begins
to address some of these issues [Vogel et al., 2015]. Analyses of tracers from CCMs will provide complemen-
tary perspectives on these challenging issues.

An adequate representation of ASM transport in CCMs is important and needs to be evaluated with observa-
tions. The analysis and conclusions presented in this study not only provide a set of hypotheses for designing
sampling strategies in airborne studies and other ground based in situ measurements but also explore poten-
tial diagnostics for evaluating the representation of ASM processes in CCMs.

2. WACCM Model and the Specified Dynamics (SD) Run

The Whole-Atmosphere Community Climate Model, version 4 (WACCM4) [Marsh et al., 2013], developed at
the National Center for Atmospheric Research (NCAR), includes the physical parameterizations and finite
volume dynamical core [Lin, 2004] from the Community Atmosphere Model, version 4 [Neale et al., 2013].
The convection is parameterized using the Zhang-McFarlane scheme [Zhang and McFarlane, 1995] for deep
convection and the Hack scheme [Hack, 1994] for shallow convection. The model domain extends from the
Earth’s surface to the lower thermosphere (140 km). For the simulation used in this study, the model uses a
regular 2.5°×1.9° longitude-latitude grid, with 88 vertical levels on a hybrid-pressure vertical grid. For
pressures< 100 hPa, the vertical coordinate is isobaric; at higher pressures the coordinate is terrain following.
The resolution in the UTLS is ~1 km.

The chemical module of WACCM4 is based upon the 3-D chemical transport Model of OZone and Related
Tracers, version 3 [Kinnison et al., 2007]. This module includes a detailed representation of the chemical
and physical processes in the troposphere through the lower thermosphere. The species included within this
mechanism are contained within the Ox, NOx, HOx, ClOx, and BrOx chemical families, along with CH4 and its
degradation products. In addition, 14 primary nonmethane hydrocarbons and related oxygenated organic
compounds are represented along with their surface emissions [Emmons et al., 2010]. Primary anthropogenic,
biogenic, and ocean emissions for CO in this study are taken from Precursors of Ozone and their Effects in the
Troposphere database [Granier et al., 2005; Olivier et al., 2003]. Biomass burning CO emissions are taken from
Global Fire Emissions Database, version 2, which is currently available for 1997–2007 [van der Werf et al.,
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2006]. This chemical mechanism contains 122 species, >220 gas-phase reactions, 71 photoclytic processes,
and 17 heterogeneous reactions on multiple aerosol types.

In this study, “specified dynamics” run of WACCM4 is used, in which the model is “nudged” using external
meteorological fields [Kunz et al., 2011; Lamarque et al., 2012]. These meteorological fields come from the
NASA Global Modeling and Assimilation Office Goddard Earth Observing System Model, version 5
[Rienecker et al., 2008]. At each model time step (every 30min), a nudging factor of 0.01 is applied to the hor-
izontal wind and temperature fields up to an altitude of ~50 km, resulting in dynamical fields that are consis-
tent with GOES 5 [Kunz et al., 2011]. The main effect of nudging is to provide meteorological conditions for
WACCM4 chemistry that are consistent with analyzed winds and temperature, allowing comparisons
betweenWACCM4 and observed chemical distributions. The nudging does not directly change the convection
parameterization in themodel, although it will influence the representation of convection. The impacts of nud-
ging on model transport, especially the vertical transport, are not yet characterized. The analysis presented
here is primarily based on CO mixing ratios from 11 years (2000–2010) of WACCM4-SD with supplementary
analysis of the idealized model tracer E90 [Prather et al., 2011] from an additional 1 year (2014) output.

The WACCM4-SD model representation of UTLS tracers has been compared with Atmospheric Chemistry
Experiment-Fourier transform spectrometer and Microwave Limb Sounder (MLS) satellite data [Park et al.,
2013]. These comparisons show that the model reliably simulates the large-scale distributions of CO, C2H6,
C2H2, and HCN in the UTLS. Quantitatively, WACCM4-SD CO mixing ratio shows an approximately 10% high
bias during the ASM season in 15°–30°N latitude band compared with MLS 147 hPa monthly zonal mean.
Although not shown, we have also examined the model representation of the ASM by comparing the
June–August (JJA) seasonal means of CO from the model to values from MLS at 100 and 150 hPa levels.
This comparison demonstrates that the modeled CO enhancements in this region are well collocated with
satellite data for all years we examined (2005–2010).

3. UTLS Tracer Structure With Respect to the Transport Boundaries

The dynamical structure of the ASM UTLS is characterized by an anticyclonic flow pattern associated with the
Tibetan High [Krishnamurti and Bhalme, 1976]. Satellite data show that the anticyclone has a pronounced
chemical signature with enhanced tropospheric sourced trace gas species, such as water vapor, carbon
monoxide, and other pollution and biomass burning tracers, such as HCN [Randel and Park, 2006; Park
et al., 2007, 2008; Randel et al., 2010]. These observations demonstrate that the ASM provides a significant
transport pathway for surface emission to enter the UTLS.

Using the WACCM4-SD CO as a pollution tracer, we examine the relationship of tracer enhancement with the
tropopause and the boundary of the anticyclone. Figures 1a and 1b shows 11 year (2000–2010) JJA seasonal
mean tropopause height and tropopause potential temperature (θ) from the National Centers for
Environmental Prediction final analyses of the Global Forecast System (GFS) [National Centers for
Environmental Prediction/National Weather Service/NOAA/U.S. Department of Commerce, 2000]. The tropo-
pause here is based on the World Meteorological Organization (WMO) lapse rate definition [World
Meteorological Organization, 1957] and is provided in the GFS data set. We also included JJA cold point
tropopause height (Figure 1c) based on 4 years of Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) satellite GPS data analyses [Munchak and Pan, 2014]. It is important to
note that the cold point is only meaningful as a tropopause definition in the tropics, because it is no longer
an air mass boundary outside the tropics [Munchak and Pan et al., 2014]. The result shown in Figure 1c is
derived from profiles within the tropical regime. We filtered out the extratropical influence by choosing only
profiles with the WMO tropopause altitude higher than 14.5 km.

In the JJA season, the ASM region has the globally highest tropopause altitude. The high tropopause is a
balanced dynamical structure tied to the strong anticyclonic circulation of the ASM [e.g., Hoskins et al.,
1985]. Both the tropopause height and potential temperature of the ASM region are higher than that of
the equatorial tropics, consistent with the analyses of Highwood and Hoskins [1998] and Dethof et al.
[1999]. As shown in Figure 1, the ASM anticyclone region is the only region where the seasonal mean tropo-
pause height is higher than 16.5 km; values greater than 16.7 km correspond to tropopause pressures of
100 hPa or lower. In terms of potential temperature (θ), the ASM tropopause has values exceeding 380 K,
while the equatorial tropical tropopause θ is generally 370–375 K for the season. Note that the region of high
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tropopause θ is north of the highest tropopause height, which reflects the inclining θ surface at the edge of
the tropics near the subtropical jet. The cold point tropopause in the center of the seasonal mean feature is
approximately 18 km, about a kilometer higher than the lapse rate tropopause.

Figure 1d shows the 11 year JJA mean CO at 100 hPa fromWACCM4-SD. Comparing the tropopause structure
with the CO field, it is clear that the enhanced chemical signature at 100 hPa is associated with the ASM
region’s bulging tropopause. This implies that the high values of CO there could result from the fact that
air at the 100 hPa is tropospheric within the ASM tropospheric “bubble” and is stratospheric outside.

The bulging structure and the higher potential temperature of the ASM tropopause present a unique isentro-
pic transport pathway into the stratosphere, including the equatorial lower stratosphere, for the air mass
inside the anticyclone. The elevated cold point tropopause (CPT) in the ASM region also allows moist air to
bypass the local cold point before entering the stratosphere, as pointed out in Dethof et al. [1999].

The relationship of tracer and dynamical boundaries is next examined in the daily CO behavior. Figure 2
shows an example of a 3-D view of CO and associated dynamical variables for a selected day (22 August
2005), a day of strong uplifting that is reflected in the CO field. The latitude-height and longitude-height cross
sections across the “center” of the anticyclone, identified by the maximum geopotential height (GPH), and
the plane view at 100 hPa provide a near-instantaneous 3-D view of the chemical structure associated with
the ASM anticyclone.

Figure 1. June–August mean (a) lapse rate tropopause (LRT) height (km) from GFS analyses, (b) LRT potential temperature (K) also from GFS, (c) cold point
tropopause (CPT) height (km) from COSMIC GPS data, and (d) CO mixing ratio (ppbv) at 100 hPa from WACCM. LRT pressure is shown in Figures 1a, 1b, and 1d
(100 and 95 hPa, white contours). Selected levels of CPT pressure from COSMIC are shown in Figure 1c (87.5, 90, 92.5, and 95 hPa, white contours).
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The 100 hPa plane view shows a picture consistent with the seasonal climatology (Figure 1d) that the CO
enhancement is largely contained within the “tropospheric bubble.” The intersection of the tropopause with
the 100 hPa pressure surface generally marks the enhanced region. The vertical cross sections show that CO
in the ASM region is enhanced throughout the troposphere up to the tropopause level. The enhancement in
the UT is confined in the south by the tropical easterly jet and in the north by the subtropical westerly jet. The
latitude-height cross section further shows the bulging tropopause structure at the center of the anticyclone.
The tropopause is between 380 and 400 K θ in the monsoon region (10°–40°N). The relationship between the
tropopause and the isentropes near the subtropical jet helps to understand the structure shown in Figure 1d
that the region with higher tropopause θ is slightly shifted northward with respective to the region of higher
tropopause height.

We further investigate the confinement of CO in the UT using the daily 100 hPa CO gradient across the “edge”
of the anticyclone, defined by the maximum wind in this case, on four sides of the anticyclone. The result is
given in Figure 3. We find that latitudinal CO distributions relative to the zonal wind maximum (Figures 3a
and 3b) show a strong gradient across the edge of the anticyclone in the north-south directions. The 11 year

Figure 2. CO mixing ratio (ppbv) distribution from WACCM4-SD on 22 August 2005. (a) CO at 100 hPa (color shading) with
horizontal wind (arrows); selected GPH (thin black contours); 100 hPa tropopause (blue contour), i.e., the interception of the
tropopause with the 100 hPa pressure surface; and easterly jet location indicated by the 30m/s zonal wind (white contour).
(b) Latitude-pressure/altitude cross section of CO (ppbv) along 90 E (as shown on the locator map at the lower corner). Also
shown are the tropopause height (black dots), selected isentropes (K; thin black lines), and locations of the easterly and
westerly jets as indicated by selected zonal wind contours (m/s; blue dash and solid, respectively). (c) Same as Figure 2b but
for longitude-pressure/altitude cross section.
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seasonal mean CO inside the anticyclone is higher than 100 ppbv, while it drops to around or below 50 ppbv
outside the anticyclone. East-west gradients of CO are much weaker than their north-south counterparts; this
is consistent with the weaker meridional winds and a reduced barrier to transport compared to zonal wind
confinement in the north-south direction.

4. Tracers Under the Influence of Subseasonal-Scale Variability of the Anticyclone

The ASM upper tropospheric anticyclone can be considered as a stationary feature (Figure 1) only from the
viewpoint of the seasonal time scale. Analysis of subseasonal variability reveals the prevalence of westward
propagating waves. The general oscillatory behavior of the ASM has been observed in a number of monsoon
elements, including the surface pressure of the monsoon trough and the Tibetan high, and it was examined
in relation to the breaks in monsoon [Krishnamurti and Bhalme, 1976; Krishnamurti and Ardanuy, 1980]. In the
upper troposphere, the transient behavior was seen as eddy shedding of the low potential vorticity (PV) air
[Hsu and Plumb, 2000; Popovic and Plumb, 2001; Garny and Randel, 2013]. An analysis of the 100hPa GPH shows
that this transient behavior can be characterized as a bimodal oscillation between an eastern mode, also
referred to as the Tibetan Plateau mode, and a western mode, or the Iranian Plateau mode [Zhang et al.,
2002]. An idealized simulation using a primitive equation model shows that the heating in the Tibetan plateau
can create the low PV air at the upper troposphere, and the westward migration occurs as a result of instability

Figure 3. CO gradients across the maximum wind location on four sides of the anticyclone at the 100 hPa level. (a, b) In
latitude relative to the position of maximum zonal wind. (c, d) In longitude relative to the position of maximum meridio-
nal wind. The thin gray lines show the daily CO mixing ratio (ppbv) along a south-north or east-west line across the
maximum wind line on each side of the anticyclone. The red line represents the 11 year mean (average of all gray lines).
The longitudinal location of the south-north lines is chosen as the maximum zonal wind location. The latitudinal position
of the east-west lines is located by the zero zonal wind. Plots include all JJA days for the 11 years of WACCM4-SD run
(2000–2010).
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created by the low PV air in the background of higher PV on the southern and eastern flank of the anticyclone
[Liu et al., 2007]. The bimodality and mechanisms that produce the phenomenon are topics of ongoing
research [e.g., Wu et al., 2015; Nützel et al., 2016]. The goal of this work is not to explain the dynamics of
bimodality for the anticyclone but rather to focus on the UTLS trace gas distribution and transport associated
with the east-west oscillation.

The time period of 1–25 August 2005 is selected to illustrate the tracer behavior associated with the bimodal
east-west oscillation. An animated view of this period for 100 hPa CO and associated dynamical fields is pro-
vided in the supporting information. Figure 4 shows CO concentrations from 4days selected from this period
to exemplify spatial patterns associated with four distinct phases of the bimodal oscillation of the anticyclone:
(a) the eastern (or Tibetan plateau) phase, (b) the western (or the Iranian plateau) phase, (c) the double-center
phase, and (d) the zonal elongated phase.

Figure 4 indicates that the CO field is transient and does not usually have the maximum enhancement in the
center of the anticyclone. Rather, the oscillation appears to “stir” and mix the air with enhanced boundary
layer tracer with the background UTLS. This behavior was also shown in analyses of CO and potential vorticity
in Garny and Randel [2013].

To characterize the relationship between the variability of the circulation and the tracer field statistically, we
examine the relationship between GPH and CO along the ridge of the anticyclone at the 150 hPa level. The
150 hPa level is chosen for this analysis because the level is a good representation of where the anticyclonic
winds form a closed circulation. Figure 5 illustrates the ridge using the 150 hPa GPH on a selected day and
identifies the study region. An example Hovmöller diagram of GPH and CO anomaly fields along the GPH rid-
geline at 150 hPa for the JJA 2005 is given in Figure 6. In this example, the GPH anomaly field depicts the 10 to
20 day westward migration of the anticyclone, initiated from a persistent positive anomaly location near 80°–
90°E, which can be associated with the eastern or the Tibetan Plateau mode. The western mode is not well
defined as there does not appear to be a persistent positive anomaly at longitudes west of 70°E. The correla-
tion coefficient between the CO and GPH anomaly fields in this example is 0.75 (determined from daily

Figure 4. Subseasonal scale modulation of CO at 100 hPa associated with the bimodal oscillation of the anticyclone. The figure shows four selected days between 1
and 24 of August 2005; each represents a distinct phase of the anticyclone oscillation: (a) eastern (Tibetan plateau) phase, (b) western (Iranian plateau) phase, (c)
double-center phase, and (d) longitudinally elongated phase. The WACCM CO field is shown in color shading. Dynamical variables are GPH (km; black contour) and
horizontal wind (arrows) at the 100 hPa.
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longitudinal variations for the entire 3months). The most notable uncorrelated features are the frequent
eastward “shedding,” identified by the positive CO anomalies east of the region of GPH positive anomaly.
The correlated behavior between the CO and the GPH suggests that the westward migration of the anticy-
clone might dictate the subseasonal-scale tracer field variability in the UTLS level. Although we have only
shown examples from 2005 in this section, similar subseasonal-scale variability and correlated westward
oscillations are seen in all 11 years of WACCM4-SD run.

Although not shown here, the similar east-west oscillation is found at levels throughout the depth of the
anticyclone (200 hPa to 70 hPa). We have also examined the relation of 100 hPa CO anomaly and the tropo-
pause anomaly and found similar correlative behavior in the subseasonal-scale east-west oscillation. Given
that the CO enhancement at the tropopause level depends on multiple factors, including the surface emis-
sions, convective uplifting, and the anticyclone confinement, the prevalent correlation suggests that the role
of dynamical variability of the anticyclone is a significant driver for the distribution of UTLS CO in the model.

5. Is There a Preferred Pathway From BL to the Tropopause Level?

The question of the preferred pathway from the boundary layer to the tropopause level is relevant for iden-
tifying the most significant controlling mechanism for the uplifting and the most impactful source regions for
the air mass transported into the UTLS. There has been a history of debate on whether convection over the
Bay of Bengal or over the Tibetan plateau is the main contributor to the deep uplifting [Fu et al., 2006; Park
et al., 2009]. Trajectory model analysis has led to the conclusion that most air masses in the anticyclone
passed through a fairly narrow uplifting pathway [Bergman et al., 2013]. We expect the 3-D structure of the
pollution tracer CO from WACCM4-SD to shed new light into this issue.

Figure 7 shows latitude-height cross section of CO across the center of the anticyclone (identified by themax-
imum GPH) for selected days, highlighting the difference in CO vertical structure between the eastern mode
(Tibetan plateau) and the western mode (the Iranian plateau). The vertical uplifting of CO from the boundary
layer to the tropopause level near the southern slope of the Tibetan plateau is apparent in the eastern mode
(near 90°E) cross section, but only an upper tropospheric CO enhancement is seen in the cross section for the
western mode (near 70°E in this case). This behavior is a robust feature of the WACCM4-SD run as demon-
strated by Figures 7c and 7d. These figures show latitude-height cross sections of 11 year averaged CO

Figure 5. An example of the spatial extent of the anticyclone and the ridgeline using contours of GPH at the 150 hPa level
on 1 August 2005. The red box shows the longitude (0°–140°E) range selected for the analysis of anomaly fields.
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anomalies (the Figure 7 caption defines these anomalies) along 90°E (the statistical center of the Tibetan
mode; Figure 7c) [see Zhang et al., 2002] and 60°E (Iranian mode; Figure 7d) during JJA and indicate that
the relationship between upper tropospheric CO enhancement and a local lower tropospheric enhancement
is a climatological feature of the Tibetan mode but not of the Iranian mode.

Figure 8 further identifies the preferred uplifting region using a plane view of CO enhancement throughout
the troposphere. The figure shows the frequency of occurrence of CO> 100 ppbv for every model level from
the surface to 100 hPa, using 11 years of daily CO. The eastern mode of the anticyclone stands out as the only
region of high frequency (50%–100%) of CO enhancement throughout the troposphere in the entire
Northern Hemisphere for the season. Note this “deep tropospheric” enhancement pattern is not solely
defined by surface emissions. Over the horizontal domain of Figure 8, there are three “hot spots” of high sur-
face CO in the 11 year JJA mean of the model. These are over eastern China, northeastern India and part of
Indonesia, with the eastern China being the largest area of intense CO emission (over 200 ppbv). The deep
tropospheric hot spot shown in Figure 8 is therefore a compound effect of monsoon dynamics and
the emission.

Multiple dynamical fields are overlaid in Figure 8 to provide the context for the deep tropospheric CO
enhancement. The selected GPH and tropopause contours help identify the climatological mean location
of the ASM anticyclone and the area of bulging tropopause. The southwesterly monsoonal flow is shown
by the surface wind. The contours of low outgoing long-wave radiation (OLR< 220W/m2) are shown as a
proxy of persistent deep convection and clouds. Together, the figure suggests that persistent deep

Figure 6. Hovmöller diagrams of 150 hPa GPH and CO anomalies along the GPH ridge line for JJA 2005. The anomaly fields
are calculated with respect to the daily means along the GPH ridgeline. The dashed line in each panel indicates the location
of the mean (zero anomaly) of the opposite field. In this specific case, the overall mean of GPH is 14,405m, and COmean is
131 ppbv. The Pearson’s correlation of the two fields for the 3months is 0.75.
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convection, the higher tropopause, and the surface flow that sweeps through highly polluted south Asia and
reaches the convergence near the southern flank of the plateau are the key elements to the formation of the
CO feature.

Note that the result shown in Figure 8 is very similar to Figure 7 of Bergman et al. [2013], where the trajectory
model analysis showed a transport “conduit” feeding into the anticyclone. The location of the preferred
Lagrangian pathway matches the location of the total column CO enhancement from the WACCM4-SD
model. The Lagrangian model and WACCM4-SD therefore support each other on the location of preferred
vertical transport from lower troposphere to the tropopause level. There is, however, a significant difference
between the two analyses: the Lagrangian analysis was restricted to the parcels in the anticyclone at 100 hPa
level, whereas the WACCM4-SD CO analyses applied to the entire domain with no reference to the anticyclone.

Figure 8 also complements the information in Figure 1d. Together, these analyses point to a scenario that
the boundary layer air is primarily uplifted from in the southern edge of the Tibetan plateau, the region of

Figure 7. (a and b) WACCM COmixing ratio latitude-pressure (altitude) cross sections for two selected longitudes and days representing the Tibetan (Figure 7a) and
Iranian (Figure 7b) modes, respectively. (c and d) The 11 year mean of JJA daily CO anomaly, which is calculated with respect to the 11 year JJAmean vertical profile of
CO for the box defined by 0–60°N latitude and 0–120°E longitude. The locator map of each cross section is shown at the lower left corner. Additional dynamical
variables are the same as in Figure 2.
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northern India, Nepal, and Southwestern China. In the UT, the westward migration on the 10 to 20 day
time scale, together with the confinement of the anticyclone, fills the entire anticyclone with the CO enriched
BL air. The 24 day evolution of the 100 hPa CO field given in the supporting information provides a
clear example.

Dynamically, the tracer behavior is consistent with the large-scale flow pattern of an east-west cell, with a
climatological ascending branch on the east over the Tibetan plateau and a descending branch on the west
over the middle east [e.g., Zhang et al., 2002; Wu et al., 2015]. This circulation pattern is also described as a
sustained dynamical coupling between themonsoon (east) and the desert (west) [Rodwell and Hoskins, 1996].

6. Relationship of ASM Uplifting With the Brewer-Dobson Circulation

Having demonstrated the effective role of ASM in pumping boundary layer air to the tropopause level, the
questions remain on how the air mass in the tropospheric bubble enters the stratosphere, how directly does
it occur, on what time scale, and what is the relationship of ASM chimney with the ascending branch of the
Brewer-Dobson circulation (BDC). We investigate these questions using analyses of tracer vertical structures
and vertical wind field on a seasonal time scale. For this study, we use a model tracer “E90” instead of CO. This
is because the CO seasonal cycle is strongly influenced by seasonal changes of emissions. Although the CO
UTLS structure leads to the same conclusion, the message is clearer using the E90 tracer.

The model tracer E90 is a global and homogeneously emitted boundary layer tracer with a 90 day decay
lifetime [Prather et al., 2011]. The tracer was originally designed to identify the chemical tropopause, but it

Figure 8. Frequency of occurrence of CO mixing ratio greater than 100 ppbv at every model pressure level from surface to
100 hPa for the 11 year WACCM4-SD run calculated from JJA daily data (total of 1012 days) (red shading). Also displayed are
the climatological locations of the anticyclone, represented by the 16.72 km contour of 100 hPa GPH (magenta) and
100 hPa and 97 hPa tropopause pressure contour (green), and the outgoing long-wave radiation (OLR), representing the
region of deep convection (blue contours). The location of the Tibetan Plateau is marked using the 2.5 km elevation using
information from a digital elevationmodel data set (gray). The low-level flow pattern is indicated by the mean surface wind
(purple arrows).
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also serves as a good medium-time-scale transport tracer. In many ways this tracer is similar to CO but
without variations in surface source and seasonal change.

Figures 9 shows the seasonal changes of the vertical structure of E90 and E90 anomaly in the UTLS for the
tropical belt and the ASM box. The anomaly profile is calculated each day with respect to the annual mean
vertical profile in the corresponding belt or box. These figures show that, in the tropics, E90 has little seasonal
variation in the UT and a strong annual variation in the lower stratosphere (LS) (as a response to seasonally
varying tropical upwelling; similar behavior is observed for ozone and CO in the tropical LS, e.g., Abalos
et al. [2012]). In the ASM box, monsoon vertical uplifting promotes a strong positive E90 anomaly in the upper
troposphere. However, enhanced values of E90 stop close to the tropopause or ~ 400 K level. The tracer
anomalies in the LS over the ASM are very similar to the tropics but with an approximate 1month delay,
consistent with the large influence of tropical lower stratosphere from isentropic transport and mixing.

Although not shown, we have done the same analysis using MLS and WACCM4-SD CO data. Apart from a
more complicated seasonal pattern in the tropical upper troposphere, the tropopause level vertical structure
is very similar to that of E90 shown in Figure 9.

To understand the apparent low efficiency of the vertical transport from the ASM anticyclone region into the
stratosphere suggested by Figure 9, we complement the tracer analysis with the seasonal-scale structure of
the vertical wind field. Figure 10 shows the seasonal mean vertical velocity,W (mm/s), as well as the latitude-
month cross section of the Transformed Eulerian Mean (TEM) residual vertical velocity, W* (mm/s) [see
Andrews et al., 1987], for 0°–60°N latitude range at both 70 hPa and 100 hPa levels.

Figure 9. (a) Daily mean E90 tracer and (b) E90 anomaly at the UTLS levels (12–22 km) for the tropical belt (12°S– 12°N, 0°–360°E) for year 2014 from a multidecade
WACCM4-SD run. (c) Same as Figure 9a but for the ASM box (15°–35°N, 0°–120°E). (d) Same as Figure 9b but for the ASM box. The anomaly profile is calculated each
day (at each model pressure level) with respect to the annual mean profile in the corresponding belt or box. Also shown are tropopause height (thick black line) and
selected isentropes (thin black lines).
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The seasonal mean distribution of 100 hPa vertical wind (Figure 10a) shows a large-scale east-west circulation
structure that ascends on the east side of the anticyclone and descends on the west side. This result agrees
and complements a number of tropospheric circulation analyses of the region [e.g., Rodwell and Hoskins,
1996; Zhang et al., 2002]. This wind field pattern supports the contention that the east-west asymmetry of
the CO anomaly in the anticyclone (Figures 7 and 8) is a result of a continental-scale circulation.

Figure 10b shows the monthly mean vertical velocity for 0°–60°N latitudes for the eastern side of Asian
monsoon longitudinal segment (within 60–150°E). The figure shows a stronger seasonal northwardmigration
of the ascending belt during the JJA season. The mean GPH field shows that the ASM anticyclone is
located within the ascending circulation. This is consistent with the surface convergence and Intertropical
Convergence Zone (ITCZ) analysis, which shows that there is a large seasonal migration in ITCZ location over
the Indian Ocean sector, changing from ~10°S in Northern Hemisphere (NH) winter to ~ 30°N in NH summer,
[Lawrence and Lelieveld, 2010]. A consistent message can also be drawn from Figure 8 that the convergence in
the surface wind climatology is located directly beneath the center of the ASM anticyclone.

The zonal distribution of W* (Figures 10c and 10d) shows that the residual circulation zero wind line, which
marks the change from the ascending branch to the descending branch, has a strong seasonal cycle. It moves
between 20°N (January) and 35° N (July) at 100 hPa, and shifts farther northward (by ~ 10°) at 70 hPa. These
seasonal changes are consistent with the climatological analyses of Eluszkiewicz et al. [1996] and Abalos
et al. [2015]. In addition to the change in the latitudinal location of the zero wind line, the figure also indicates
that there is a seasonal cycle of the vertical ascent rate, with the strongest ascent in the December–February
season and the weakest in JJA season. This change in vertical ascent strength and its effect on the seasonal
cycles of tracers in lower stratosphere are well analyzed and discussed in numerous previous studies [e.g.,
Randel et al., 2008; Abalos et al., 2012]. The ASM is shown to be near the zero wind line in its latitude and
during the weakest season of the stratospheric circulation.

The results shown in Figures 9 and 10 lead to a conclusion that, although the top of the ASM anticyclone is
within the ascending branch of the Brewer-Dobson circulation, the weak rate of ascent in the ASM season

Figure 10. Vertical velocity (W) and the Transformed Eulerian Mean (TEM) residual circulation vertical velocity (W*) at the UTLS level from WACCM4-SD for 2014. (a)
Map of JJA seasonal meanW at 100 hPa level. (b) Latitude-month section of 100 hPaW for the eastern ASM longitude range (60°–150°E). The black contours in both
Figures 10a and 10b show selected 100 hPa mean GPH (16.70 and 16.75 km) to indicate the location of the anticyclone. (c) and d) Latitude-month sections of the TEM
vertical velocity (W*) at 70 hPa and 100 hPa, respectively. In all cases, the ascending region is indicated by the warm color, descending region by the cold color.
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makes the ASM an ineffective pathway to transport air vertically into the deep stratosphere within the JJA
season. The most effective transport from the ASM anticyclone is likely the quasi-isentropic eddy shedding
and mixing at the level near 400 K [Popovic and Plumb, 2001; Garny and Randel, 2016]. The quasi-isentropic
transport can lead to a fast (week to month) influence of air uplifted in the ASM in both the equatorial and
the high-latitude lower stratosphere, eventually entering the ascending branch of the BDC, as indicated by
HCN observations shown in Randel et al. [2010, Figure 2].

7. Conclusions and Discussions

We have investigated the relationship of boundary layer tracer transport and dynamical structures in the ASM
using multiyear WACCM4-SD output. Using model CO and E90 tracers, we focus on the relationship of tracers
and the dynamical structure of the ASM and a set of interrelated questions.

Our analysis shows that the ASM creates a bubble of tropospheric air above the global mean tropical
tropopause of the season in both altitude and potential temperature coordinates. This concept is not entirely
new and is partially indicated by previous studies [e.g., Dethof et al., 1999]. Our analysis using the relationship
between model CO and tropopause highlights the chemical signature of the tropospheric bubble in the
stratospheric background.

The higher potential temperature of the ASM tropopause allows the air in the bubble to isentropically shed
into the overworld stratosphere (Figures 1 and 2) (typically considered for levels higher than 380 K; see
Hoskins [1991]). The strong anticyclonic circulation confines this type of transport. Our analysis shows that
the confinement is stronger in the north and south directions and weaker in the east and west directions.
The air inside the bubble is therefore more likely to shed out from the east and west directions due to the
weaker gradients in the winds.

While the model analysis presented here paints a consistent dynamical picture, it is important to note that
neither this model analysis nor previous satellite data analyses [e.g., Park et al., 2007; Randel et al., 2010] have
sufficient spatial and time resolution to accurately characterize the transport processes associated with the
ASM anticyclone. In particular, in situ observations of the chemical and dynamical variables in the ASM
UTLS region are important for confidently interpreting the dynamical structure of the bubble and its impact
on transport.

The model CO structure indicates that there is a preferred location of vertical transport. The uplifting of
boundary layer pollutants to the tropopause level occurs primarily on the eastern side of the anticyclone,
centered near the southern flank of the Tibetan Plateau, northeast India and Nepal, and north of the Bay
of Bengal. This conclusion is consistent with the conclusion of a Lagrangian model study, where a conduit
connecting the boundary layer air into the anticyclone is found [Bergman et al., 2013].

Our analysis also shows that the subseasonal-scale east-west oscillation of the anticyclone plays a significant
role in the variability and transport of boundary layer tracers at the UTLS level. The westward propagation of
the anticyclone serves to transport the uplifted boundary layer air westward and fill the entire anticyclone
with the boundary layer air. This westward transport associated with the migration of the anticyclone from
the Tibetan plateau mode to the Iranian plateau mode is consistent with previous analyses using low PV
air [Popovic and Plumb, 2001; Garny and Randel, 2013].

Using the model E90 tracer, we find that the seasonal evolution of the positive anomaly signature of the
boundary layer tracer in the ASM region falls off sharply at the 400 K level. The model result therefore sug-
gests that although the ASM uplifting connects directly with the BDC ascending branch in the stratosphere,
the boreal summer minimum in BDC vertical motion makes the vertical transport of ASM air mass into the
deep stratosphere inefficient. Quasi-isentropic transport, often in the form of eddy shedding in the east-west
direction, is likely the primary mode for the uplifted air to enter the stratosphere. The isentropic transport is
found to have rapid influence to both equatorial and high latitudes [Garny and Randel, 2016], which allows
continued ascent into the deep stratosphere via the BDC ascending branch (i.e., the “tropical pipe”).

The model analysis overall indicates that the ASM transport in the process of uplifting from the boundary
layer to the tropopause level behaves like a chimney, dominated by the stationery, localized venting (e.g.,
Figure 8). This behavior changes at the UT level, and the transport in becomes more like an “oscillatory
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blower” (e.g., Figure 4 and the animation in the supporting information), influenced by the east-west
oscillation of the anticyclone.

Lastly, we want to emphasize the potential limitations of the model representation used here. Representing
convection and the convective-driven dynamical conditions is a significant challenge for global models of
this type. The results of the model analysis presented in this work should therefore be considered as hypoth-
eses to be tested with field observations; in particular with airborne studies that examine the chemical
gradients, both vertically and horizontally across the tropopause, and address the questions of how the
ASM impacts the lower stratosphere, the deep stratosphere, and possibly the chemistry of the polar region.
In situ measurements of the chemical content within and outside of the anticyclone, especially of shorter-
lived species, will provide the information necessary for evaluating the model representation of convective
transport. Measurements of chemically active species in the core and the outflow of the anticyclone are also
essential for quantifying the impact of monsoon convection over polluted regions on chemistry and ozone
production in the UTLS.
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