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Abstract

The Asian summer monsoon provides an important pathway of tropospheric source
gases and pollution into the lower stratosphere. This transport is characterized by deep
convection and steady upwelling, combined with confinement inside a large-scale an-
ticyclonic circulation in the upper troposphere and lower stratosphere (UTLS). In this
paper, we show that a barrier to horizontal transport along the 380 K isentrope in the
monsoon anticyclone can be determined from the potential vorticity (PV) field, follow-
ing the polar vortex criterion by Nash et al. (1996). Due to large dynamic variability
of the anticyclone, the corresponding maximum in the PV gradient is weak and addi-
tional constraints are needed (e.g., time averaging). Notwithstanding, PV contours in
the monsoon anticyclone agree well with contours of trace gas mixing ratios (CO, O3)
and mean age from model simulations with a Lagrangian chemistry transport model
(CLaMS) and MLS satellite observations. Hence, the PV-based transport barrier re-
flects the separation between air inside the anticyclone core and the background at-
mosphere well. For the summer season 2011 we find an average PV value of 3.6 PVU
for the transport barrier in the anticyclone on the 380 K isentrope.

1 Introduction

An efficient pathway for anthropogenic pollution and tropospheric source gases into the
stratosphere is linked to the Asian summer monsoon, as has been shown from satellite
observations of HCN (Randel et al., 2010). Upward transport in the monsoon is caused
by frequent high-reaching convection (e.g., Tzella and Legras, 2011; Bergman et al.,
2012) and slower steady upwelling at higher levels around the tropopause. In the upper
troposphere and lower stratosphere (UTLS), strictly in the Tropical Tropopause Layer
TTL (e.g., Fueglistaler et al., 2009), the Asian monsoon is characterized by a large-
scale anticyclonic circulation system, the linear response to strong diabatic heating
at low levels (Gill, 1980). The anticyclonic circulation confines the upward transported
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air and isolates it, to some degree, from its surroundings. This confinement leads to
positive anomalies of tropospheric trace gases (e.g., CO, HCN, H,0) and to negative
anomalies of stratospheric trace gases (e.g., ozone) in the anticyclone (e.g., Randel
and Park, 2006; Park et al., 2006, 2008; James et al., 2008; Bian et al., 2012).

For an improved understanding of the pollution transport by the monsoon, under-
standing the confinement of trace gases within the anticyclone is crucial. However, the
Asian monsoon anticyclone is characterized by large dynamic variability (Garny and
Randel, 2013), characterized by strong east—west displacements (Krishnamurti et al.,
1973), frequent shedding of small-scale eddies (Hsu and Plumb, 2000; Popovich and
Plumb, 2001) and even splits. Moreover, strong diabatic heating processes play a role
in the monsoon and, consequently, PV is not well conserved (e.g., Holton, 1992). For
these reasons, the confinement of air inside the Asian monsoon anticyclone appears
much weaker than in the polar vortex, and it turns out to be very challenging to lo-
cate a barrier to horizontal transport (Garny and Randel, 2013). However, that such
a transport barrier exists, at least to some degree, is reflected in the observed trace
gas anomalies within the anticyclone. To date, simplified criteria have been adopted to
define this transport barrier and to separate the core region of the anticyclone from its
surroundings. These criteria are commonly based on the positive geopotential height
(GPH) anomaly or the negative PV anomaly in the monsoon region and assume a fixed
GPH (on a fixed pressure level) or PV value to represent the transport barrier (e.g.,
Randel and Park, 2006; Bergman et al., 2013).

In this paper, we present a physically motivated criterion to deduce the transport
barrier in the Asian monsoon anticyclone. This criterion is closely related to a well-
established methodology based on PV gradients on isentropic surfaces, which has
been originally developed for the polar vortex (Butchart and Remsberg, 1986; Nash
et al., 1996). In fact, the method relies on the characteristics of PV being an approx-
imately conserved quantity, such that a maximum in the PV gradient on an isentrope
reflects the existence of a barrier to transport.
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We introduce the data and model used in Sect. 2. In Sect. 3 we motivate the use
of PV as a basis for deducing the anticyclone transport barrier, by comparing PV to
simulated and observed trace gas distributions (CO, O3) in the Asian monsoon region.
The criterion for deducing the transport barrier is presented in Sect. 4, and validated by
comparison to simulated CO, ozone and mean age in Sect. 5. We finally discuss our
results and conclude.

2 Data and model

Meteorological fields to characterize the Asian monsoon anticyclone are taken from Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanaly-
sis. ERA-Interim covers the period from 1979 until present, assimilating observational
data from several sources to provide a reliable state of the atmosphere (for details,
see Dee et al., 2011). We interpolated the data on a 1° x 1° horizontal grid and on po-
tential temperature (0) levels in the vertical. The presented analysis focusses on the
summer season (June—August, JJA) 2011 and on the 380 K isentropic surface, which
is a characteristic level for the Asian upper-level anticyclone in the upper troposphere
and lower stratosphere (UTLS). Note that in the tropics 380K is close to the 100 hPa
isobaric surface, which has been used in several studies to analyse transport in the
Asian monsoon anticyclone (e.g., Randel and Park, 2006; Bergman et al., 2013).

The most relevant meteorological fields for this study are Ertel's potential vorticity
(PV), the circulation ('), and the Montgomery stream function (M). PV is calculated
from the horizontal winds (e.g., Holton, 1992)

PV=01(+1), (1)

with ¢ the relative vorticity, f = 2Qsin @ the Coriolis parameter, and ¢ = —g_169p the

isentropic mass density (p pressure, @ latitude, g acceleration due to gravity). PV is

a particularly well suited quantity for characterizing barriers to transport. In the absence

of friction and diabatic processes the PV of an air parcel is conserved following its
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motion (e.g., Holton, 1992), and thus regions of enhanced PV gradients are indicative
for suppressed transport (transport barriers). This fact has been used by Nash et al.
(1996) to deduce the transport barrier for the polar vortex, based on the gradient of PV
along an isentropic surface.

A related quantity, characterizing fluid rotation, is the circulation " along a closed
contour S (here, on an isentrope)

F=7£ds-v=/da§, (2)
s A

with A the area enclosed by the contour S and v = (u,v) the horizontal wind on an

isentropic surface (ds and da represent line and area elements). Therefore, cyclonic

flow is characterized by positive circulation, while anticyclonic flow is characterized by

negative circulation.

The Montgomery stream function M = ¢, T + @ (with ® geopotential, 7 temperature,
and ¢, the specific heat at constant pressure) is the isentropic analogue of geopo-
tential, which is frequently used to characterize the monsoon anticyclone (Randel and
Park, 2006; Bergman et al., 2013). Under geostrophic approximations the horizontal
flow on an isentrope is along contours of constant M (e.g., Holton, 1992).

Due to the anticyclonic nature of the upper-level circulation, the Asian monsoon in
the UTLS is characterized by strongly negative, anomalously low PV (see Fig. 1), and
anomalously high Montgomery stream function values. To the north, the anticyclone
is bounded by the subtropical westerly jet, to the south by the equatorial easterly jet.
Furthermore, the monsoon region is characterized by an elevated thermal tropopause
which, from a climatological point of view, exceeds the zonal mean tropopause by more
than 1 km (Fig. 1), corresponding to ~ 20K in potential temperature.

To confirm the deduced location of the transport barrier, which will be based on
PV, we consider different trace gas species (carbon monoxide CO, ozone O3) and
mean age of air from model simulations with the Chemical Lagrangian Model of the
Stratosphere CLaMS (McKenna et al., 2002a, b; Konopka et al., 2007), driven by ERA-
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Interim meteorological data. CLaMS is a Lagrangian chemistry transport model (CTM),
based on 3-D forward trajectories, with an additional parameterization for small-scale
mixing, which depends on the deformation in the large-scale flow. Vertical transport in
the model is purely diabatic above about 300 hPa, with the total diabatic heating rates
taken from ERA-Interim forecast data. For further details about this specific CLaMS
simulation, and in particular about the representation of CO, O3 and mean age in the
model, see Pommrich et al. (2014).

3 Trace gas confinement in the anticyclone and PV

Figure 2a and b shows the distributions of CLaMS CO and ozone in the monsoon
region on the 380K isentrope, exemplarily for one day during summer (6 July 2011).
Clearly visible is the positive anomaly of the tropospheric tracer CO and the negative
anomaly of the stratospheric tracer ozone in the monsoon, characteristic for strong
tropospheric impact and confinement within the anticyclone. Note that extratropical
stratospheric air is advected around the eastern flank of the anticyclone, transporting
CO-poor and ozone-rich air equatorwards. This transport has recently been shown to
strongly affect the ozone seasonality in the tropics (Konopka et al., 2010; Ploeger et al.,
2012; Abalos et al., 2013). Furthermore, poleward transport of CO-rich air affects the
trace gas composition of the lowermost stratosphere and crucially depends on the CO
lifetime (e.g., Hoor et al., 2010). To create a similar map from ozone measurements, we
bin ozone observations from the Microwave Limb Sounder (MLS) instrument onboard
the Aura satellite (Livesey et al., 2008) between 4 and 8 July 2011 (using version
3.3 data), in order to obtain sufficiently dense observations (Fig. 2c). Lower ozone
mixing ratios in the model compared to MLS are likely related to the broad satellite
averaging kernel and the zero mixing ratio lower boundary condition at the surface in
the model (Pommrich et al., 2014). However, the patterns of the low ozone anomaly
in the monsoon reliably agree between model and simulations (note also the five-day
average for the satellite data).
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Overlaid to the trace gas mixing ratios in Fig. 2 are contours of PV and Montgomery
stream function. Both meteorological quantities show strong anomalies within the mon-
soon. However, when compared to the trace gas mixing ratio contours the PV contours
agree much better than the Montgomery stream function contours, in particular for
small-scale variations. Even the separation of a smaller eddy to the east of the main
anticyclone is well reflected in the PV distribution. These small scale eddies, frequently
shedded from the main anticyclone, have the potential to transport air masses with
elevated mixing ratios of tropospheric trace gases (e.g., CO, H,0O) rapidly into the mid-
dle and high latitude lower stratosphere (e.g., Ploeger et al., 2013; Vogel et al., 2014).
A close relation between the distributions of CO and PV in the monsoon has already
been found by Garny and Randel (2013). For these reasons, we use PV as a basis for
defining a criterion for the transport barrier in the Asian monsoon.

Motivated by the work of Butchart and Remsberg (1986) and Nash et al. (1996) that
the transport barrier of the polar vortex is characterized by particularly steep gradients
of conserved tracers, we map MLS and CLaMS ozone vs. potential vorticity (Fig. 3).
This mapping has been carried out by binning all data from the Asian monsoon region
at 380 K with respect to potential vorticity (bin size 0.1 PVU). Figure 3 shows that, de-
spite the offset between CLaMS and MLS ozone mentioned above, there is agreement
in the main structure with low ozone in the core of the anticyclone (at low PV values)
and higher mixing ratios towards higher PV. In particular, there is evidence from model
and observations for a two-step increase of ozone mixing ratios, resulting in two sepa-
rate maxima in the gradient of ozone with respect to PV. The stronger maximum around
7 PVU is related to the transport barrier at the subtropical jet (Kunz et al., 2011). The
secondary maximum occurs around 4 PVU. In the following, we will provide evidence
that this secondary maximum may be interpreted as the transport barrier of the Asian
monsoon anticyclone (red line shows the transport barrier PV value, objectively deter-
mined using the criterion derived in the following section).
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4 A PV-gradient criterion for the Asian monsoon

Motivated by the good agreement between the PV and trace gas varability in the mon-
soon region (Fig. 2) and the fact that PV is an approximately conserved quantity, we
follow the approach of Nash et al. (1996) for deducing a transport barrier. Originally,
this approach has been applied to the polar vortex. Nash et al. (1996) defined the trans-
port barrier of the vortex edge as the location of the largest (isentropic) change in PV,
with the additional constraint of close proximity to a strong zonal jet. Recently, Kunz
et al. (2011) deduced the location of the transport barrier of the subtropical jet using an
analogous approach.

In a first step, we restrict all fields to a region including the monsoon anticyclone,
which we define as 10°N < ¢ < 60°N and -10°E < 1 < 160°E (¢ latitude, A longitude)
to eliminate the interfering influence of low PV values near the equator. The PV distri-
bution on 6 July 2011 within this region is exemplarily shown in Fig. 5a (top). A similar
definition of the Asian mosoon area has been used by Garny and Randel (2013). The
chosen latitude/longitude range includes the anticyclone for all days during summer
2011. Slight variations to this range cause no significant change of our results.

In analogy to Nash et al. (1996), we define a monsoon-centered equivalent latitude
(@eq» in the following) of a given PV contour in the anticyclone as the latitude of a cir-
cle around the North pole enclosing the same area, as illustrated in Fig. 4 (here, the
4 PVU contour is mapped to ¢ = 65°). Hence, for a PV contour enclosing an area A,

the equivalent latitude is defined by A = 27rr§(1 = Singeq), With rg the Earth’s radius.
Consequently, the center of the monsoon occurs at a monsoon equivalent latitude of
90°, corresponding to the location of minimum PV. In this sense, PV and equivalent lat-
itude are related to each other, exhibiting a unique functional dependence PV(¢,) as
shown in Fig. 5a (bottom). As already noted above, PV increases monotonically from
low values in the center of the anticyclone to higher values at its edge.

For 6 July 2011, the gradient of PV with respect to ¢4, namely 6PV/6¢eq, shows
no clear maximum indicative for the anticyclone transport barrier, besides the maxi-
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mum around 50° equivalent latitude (about 7—8 PVU) related to the transport barrier of
the subtropical jet (Kunz et al., 2011). The absence of a clear secondary maximum,
representing the anticyclone transport barrier, has recently been attributed to the large
dynamical varibility of the anticyclone (Garny and Randel, 2013). However, if this vari-
ability is damped by averaging the PV field over a time window of 3 days between 5
and 7 July 2011, a clear secondary maximum in the PV gradient emerges around 65°
equivalent latitude (Fig. 5b, bottom). In the following, we interprete this maximum as the
transport barrier of the Asian monsoon anticyclone, and show its physical significance
by comparison to trace gas distributions in Sect. 5.

To calculate the time averaged PV for different dates we use a variable time window.
Therefore, we define an optimal window for each date as the smallest number of days
(£3days at most) such that the PV-gradient maximum exceeds the adjacent minima by
30 %. Figure 6 illustrates this procedure for the example of the 6 July 2011, confirming
that for this date a +1 day average (3 day time window) results in the clearest gradient
maximum. If the time window is chosen too large (e.g., £3 days in Fig. 6), the maximum
in the PV gradient degrades again because different dynamical conditions contribute to
the average. For that reason, we average maximum over 7 days (given date +3 days).
Notably, for some dates no time averaging is necessary to determine a PV-gradient
maximum.

We apply an additional constraint to exclude the subtropical jet from the calculation,
which generally shows much larger PV-gradient values than the anticyclone transport
barrier. Empirically, for the summer 2011 a PV-limit of 5PVU reliably separates the
monsoon transport barrier from the subtropical jet at 380K, as illustrated in Fig. 5b
for 6 July. A physical motivation for this constraint can be deduced from the horizon-
tal circulation (also averaged over +1day, see Fig. 7), as described in the following.
Necessarily, the anticyclone transport barrier is located within the region of anticy-
clonic motion (negative relative vorticity), and hence in the equivalent latitude range
of decreasing circulation. Consequently, the PV-gradient maximum of the anticyclone
transport barrier needs to be located at equivalent latitudes lower than the minimum
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circulation (4.8 PVU in Fig. 7). This circulation constraint generally excludes the sub-
tropical jet from the transport barrier calculation. For simplicity, we use 5PVU as an
upper PV-limit for the transport barrier calculation at 380K in the following, which is
a good approximation of the circulation minimum. Note in addition that the second
derivative of the circulation with respect to equivalent latitude o°r /a¢§q is related to
the first derivative of PV (see Eq. 2). Therefore, the transport barrier defined from the
maximum PV gradient can be approximated by the maximum in the second derivative
of I' (see Fig. 7, bottom), providing a consistency check of our procedure.

To summarize, the minimum circulation (approximately 5PVU) defines the anticy-
clone boundary. The anticyclone transport barrier is then calculated from the time-
averaged PV field as the maximum PV gradient at PV values larger than 5 PVU. The
procedure is illustrated in Fig. 8, and generally results in a well defined PV value (e.g.,
4 PVU for 6 July 2011, see Fig. 5b) characterizing the transport barrier for the Asian
monsoon anticyclone for most days between about mid June and mid August 2011.
For some days during the summer season, however, no clear maximum emerges in
the PV-gradient even after averaging over a few days (see also Fig. 11), likely related
to enhanced dynamic variability of the anticyclone during these days (compare Garny
and Randel, 2013).

5 PV-based transport barrier and relation to trace gases

To investigate whether the diagnosed transport barrier is physically meaningful, in the
sense of separating air masses of different chemical characteristics, we compare it to
simulated CO in the Asian monsoon region. Figure 9 shows PV and CO maps at 380K
forthe 6, 9, 12, 15, 18 and 21 July 2011, overlaid with the PV contours of the transport
barrier (thick white), as deduced for each date following the procedure described in
Sect. 4. First, the barrier calculated from the time averaged fields results in reasonable
PV values also when compared to the instantaneous PV maps on the particular days.
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Second, in the CO distributions the diagnosed barrier separates the high mixing ratios
in the center of the anticyclone from the lower values around.

The sequence of plots in Fig. 9 illustrates the large variability of the anticyclone, with
frequent shedding of smaller scale eddies (9 July) and even splits of the anticyclone
(21 July). Also for days of particularly large variability the diagnosed barrier separates
the core region of the anticyclone, characterized by high CO mixing ratios, well from its
surroundings. Even the shedding of the smaller eddy and the vortex split are reflected
in the transport barrier.

To investigate more quantitatively to what degree the transport barrier deduced from
PV is reflected in the CO distribution, we apply the barrier calculation to CO, exemplarily
for 6 July 2011. Therefore, we restrict the CO field to the monsoon region, average over
+1days (5—7 July 2011), transform to PV-based monsoon centered equivalent latitude
®eq restrict to the anticyclonic region and calculate the PV value of the maximum CO
gradient 8CO/d¢,,. Figure 10a shows that a clear CO-gradient maximum emerges
around 65°, equivalent to a PV value of 4 PVU, in agreement with the transport barrier
deduced from the maximum PV-gradient. Similarly, distributions of simulated ozone
and mean age of air reflect the PV-based transport barrier within the Asian monsoon
region (Fig. 10b and c).

The PV-gradient based transport barrier for the Asian monsoon anticyclone has been
calculated for all days between 20 June and 20 August 2011. Before this period and
afterwards, almost no barrier could be found. Figure 11 (top) shows the evolution of
the PV-gradient at 380 K over the summer season. Although the gradient maximum re-
lated to the anticyclone barrier appears weaker during some periods, it shows smooth
subseasonal variability with higher PV values (around 4 PVU) at beginning of July and
beginning of August and lower PV values (around 3.2 PVU) in mid July and mid Au-
gust. Significant subseasonal dynamic variability of the Asian monsoon, occurring with
a frequency of about 30 days, has been recently noted by Garny and Randel (2013).
Only for a few days (end of June and beginning of August) no transport barrier could be
deduced because no clear maximum in the PV gradient emerged. The evolution of the
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CO-gradient over the summer season (Fig. 11b) shows a local maximum throughout
most of the season, well coinciding with the PV-based transport barrier. Only after 15
August there is an additional structure in the CO distribution at PV values above 4 PVU,
which is not reflected in the PV gradients.

At 380K, the PV value at the determined transport barrier is generally found between
about 3 and 4PVU, and shows intraseasonal variability. The mean PV value of the
transport barrier over the summer 2011 is 3.6 PVU (at 380 K), in very good agreement
with the mean PV of the related CO-gradient maximum (Table 1). We calculated the
transport barrier PV values also for summers 2012 and 2013 (see Table 1) and found
some weak interannual variability which needs to be further investigated. Note that
the interannual variability and model projected future changes of the Asian monsoon
anticyclone are largely uncertain, hitherto (e.g., Kunze et al., 2010).

6 Transport barrier from trace gas mixing ratio PDF

To further increase the confidence in the existence of the PV-gradient transport barrier,
we deduce the anticyclone transport barrier also from simulated CO using a differ-
ent methodology and show its consistency with the PV-based results. Therefore, we
follow Sparling (2000) and calculate the probability density function (PDF) of CLaMS
simulated CO mixing ratios in the Asian monsoon region (10-60° N, 10° W—160° E) for
a +1day time window around 6 July 2011 (Fig. 12). The PDF has been constructed
after assigning the appropriate area-weighting to the data points. Mean CO monotoni-
cally decreases with increasing PV, with high CO inside the monsoon (coinciding with
low PV) and low CO outside. Minima in the mixing ratio PDF indicate regions of sup-
pressed horizontal transport (Sparling, 2000).

The PDF in Fig. 12 shows one minimum at CO mixing ratios around 35—40 ppbv,
related to the subtropical jet, and a secondary minimum around 55 ppbv, related to
the transport barrier inside the Asian monsoon anticyclone. From the PDF of PV val-
ues corresponding to CO mixing ratios around the minimum, we find a corresponding
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PV value of 4.1 PVU, in good agreement to the 4 PVU emerging from the PV-gradient
maximum (Fig. 12, bottom).

For 6 July, the CO PDF shows the anticyclone transport barrier even for the instan-
taneous distribution, without averaging over +1 days (not shown). Note that the PDF
approach is related to the PV-gradient method (e.g., Neu et al., 2003; Palazzi et al.,
2011). Still, the comparison shows the robustness of the deduced transport barrier.
The use of mixing ratio PDF’s would offer a simple independent method to deduce the
anticyclone transport barrier from satellite observations. Overall, the good agreement
between the PV-gradient based, CO-gradient based and CO-PDF based approaches
enhances our confidence in the physical meaningfulness of the deduced transport bar-
rier estimates.

7 Discussion

Recently, Bergman et al. (2013) showed evidence for upward transport in the Asian
monsoon occurring in a vertical conduit separated from the main anticyclone. Hence, it
is not the anticyclone itself but this conduit which defines the most efficient pathway of
polluted surface air to higher altitudes. However, as the air is released from the conduit
at greater altitudes, it stays confined and chemically isolated, at least to some degree,
inside the anticyclone, as shown from trace gas observations (e.g., Park et al., 20086,
2008). Therefore, a complete understanding of pollution transport from the boundary
layer into the stratosphere requires understanding of the confinement inside the upper
level anticyclone.

In this paper, we investigated to what extent meteorological fields and trace gas distri-
butions reflect the existence of a barrier to (quasi-)horizontal transport along isentropic
surfaces in the Asian monsoon anticyclone. We followed the methodology of Nash
et al. (1996) and found a secondary maximum besides the subtropical jet maximum in
the gradient of potential vorticity with respect to a monsoon centered equivalent lati-
tude (related to the area enclosed within PV contours). We interpreted this PV-gradient
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maximum as the transport barrier in the monsoon anticyclone. The PV-gradient based
transport barrier in the monsoon anticyclone appears much weaker than the transport
barrier at the edge of the polar vortex (Nash et al., 1996) and also weaker than the
barrier at the subtropical jet (see Kunz et al., 2011), likely related to the large dynamic
variability of the monsoon anticyclone. The anticyclone shows large displacements in
east—west direction, frequent shedding of smaller-scale eddies and even splits during
the monsoon season (Fig. 9), related to strong diabatic heating events (Garny and
Randel, 2013). However, after refining the approach of Nash et al. (1996) by additional
constraints (e.g., time averaging, restriction to anticyclone) a PV-gradient based trans-
port barrier is deducible for the monsoon anticyclone in a layer around the tropopause
(around 380 K). Below, at levels of the subtropical jet core around 360K, the stronger
jet to the north of the monsoon masks the existence of the anticyclone transport bar-
rier (Garny and Randel, 2013). Figure 13 shows that the PV-gradient based transport
barrier turns out to be clearest at the 380K level, still detectable at 370 and 390 K, but
becomes undetectable below (360 K) and above (400 K).

Note that the tropopause within the monsoon is located at particularly high altitudes
(see Fig. 1). From this point of view, the diagnosed transport barrier can also be in-
terpreted as a PV-based tropopause definition, separating air of more tropospheric
character inside the anticyclone from air of more stratospheric character outside. Com-
pared to the zonal mean, the tropopause is upward bulging in the monsoon anticyclone
by about 20 K potential temperature (Fig. 1). This could explain the thin layer of a de-
tectable transport barrier around 380 K, where air inside the anticyclone is tropospheric
and surrounding air stratospheric.

The smooth evolution of the anticyclone transport barrier over the season (Fig. 11)
enhances our confidence in its relation to a physical mechanism rather than simply to
noise in the PV distribution. Furthermore, enhanced gradients in trace gas distributions
(MLS observed O3, and CLaMS simulated CO, O5 and mean age) clearly demonstrate
the existence of the PV-gradient based transport barrier. These enhanced trace gas
gradients are reflected in corresponding minima in mixing ratio PDFs (Fig. 12).
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The location probability for the region enclosed by the transport barrier (“anticyclone
core region”, in the following) is shown in Fig. 14. Presented is the local frequency of oc-
currence for PV values lower than the anticyclone barrier value, in units of percentage
of days during summer 2011 (20 June to 20 August 2011). Clearly, the largest probabil-
ity of being located inside the anticyclone core occurs around 70° E/30° N (above 80 %
of the considered days). The whole region between about 25-40° N and 20—100°E is
located within the anticyclone core for more than 50 % of the days. Note that the anti-
cyclone location probability may show significant interannual variability which needs to
be further studied.

Zhang et al. (2002) and Yan et al. (2011) found an enhanced probability for the an-
ticyclone center (estimated as geopotential height maximum) to occur at longitudes of
the Tibetan and the Iranian plateaus, resulting in a bimodal longitude occurrence fre-
quency. Figure 14a shows no enhanced probability for the anticyclone to be located
in these two regions. Inspection of daily PV maps shows that the area of lowest PV
rotates clock-wise with the anticyclonic flow (not shown). Similar to a children’s round-
about such a rotation would cause no preferred locations for the anticyclone in the hor-
izontal plane (Fig. 14a). However, if projected onto the longitude axis, the anticyclone
location probability indicates two weak maxima (Fig. 14a, bottom), located at about 55
and 85° E. Hence, the bimodality of the anticyclone longitude occurrence frequency
appears to be related, at least partly, to the projection of the (anticyclonic) rotation onto
the longitude axis.

Note that the large zonal extent of the anticyclone occurrence probability at 380 K
in Fig. 14a is related to frequent eddy shedding events, with the above analysis not
distinguishing between the main anticyclone and westward and eastward travelling ed-
dies. Further note that at lower levels (e.g., at 360K in Fig. 14b) the region of lowest
PV values is more confined and located further eastward and southward above the
Tibetan plateau and Northern India, in agreement with the existence of the vertical
conduit proposed by Bergman et al. (2013).
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Finally, the PV-based anticyclone transport barrier needs to be further verified using
trace gas measurements. Unfortunately, high-resolution in-situ observations from the
Asian monsoon region are lacking. Current satellite observations are often affected by
high clouds in this region, and further their vertical resolution and horizontal spatial
sampling is limited. Nonetheless, MLS ozone shows enhanced gradients coinciding
with the PV value of the transport barrier (Fig. 3), providing evidence for the anticyclone
transport barrier to exist. Further analysis of observations of sufficiently high resolution
would be strongly desirable.

8 Conclusions

As shown by anomalies in several trace gas observations, the air inside the Asian
monsoon anticyclone appears, at least to some degree, confined and isolated from
its surroundings. Diagnosing the related transport barrier is crucial for quantifying the
transport of tropospheric source gases into the UTLS. In this paper, we showed that the
potential vorticity field reflects the existence of a barrier to horizontal transport between
the anticyclone and its surroundings. Although the detection of the transport barrier is
hampered by the large dynamic variability of the anticyclone and the proximity to the
subtropical jet a refined PV-gradient criterion may be used to deduce the barrier within
the Asian monsoon anticyclone, in a layer around 380 K. Therefore, we refined the cri-
terion of Nash et al. (1996) and determine the anticyclone transport barrier from the
PV-gradient maximum, after restricting the PV field to the monsoon region and aver-
aging over a time window around the given date (summarized in Fig. 8). Comparison
to simulated CO shows that the PV-gradient based transport barrier is meaningful in
the sense of separating air masses of different chemical characteristics. The deduced
PV values (e.g., 3.6 on average for 2011 at 380 K) offer a physically motivated criterion
to separate the inner core of the anticyclone from the region around, crucial for the
interpretation of trace gas observations and for model studies.
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Figure 1. Meteorological conditions in the Asian monsoon anticyclone. Color shading shows
the PV anomaly of the monsoon longitude section (60—120° E) with respect to the zonal mean,
averaged over summer (June—August). Also shown is zonal wind (thick black, solid/dashed
positive/negative) and potential temperature (thin black) averaged between 60—120° E. The first
thermal tropopause (calculated using the definition of WMO, 1957) zonally averaged over 0—
360° E is shown as dark-blue, averaged over 60—120° E as cyan line.
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Figure 2. Maps of (a) CLaMS CO and (b) CLaMS ozone on the 380 K isentrope on 6 July 2011
within the Asian monsoon region. Selected potential vorticity contours are shown in black
(4,7 PVU) and Montgomery stream function contours in white (3.6 x 10°, 3.615 x 10° m®s ™).
Arrows show horizontal wind. (¢) Same but for MLS ozone during the period 4-8 July 2011,
with the MLS data binned into 3° x 6° latitude/longitude bins (bins without measurements are
left white). Meteorological data is taken from ERA-Interim. (Note the logarithmic color scale for
ozone.)
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Figure 3. (a) Ozone from MLS (solid) and CLaMS (dashed) vs. potential vorticity in the
Asian monsoon region (10-60° N and 10° W—160° E) at 380K, averaged over the period 4-8
June 2011. (b) Same but for the ozone gradient with respect to potential vorticity. Red lines

show the transport barrier determined from PV (see text).
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Figure 5. (a) Potential vorticity map at 380K on 6 July 2011, in the Asian monsoon region be-
tween 10-60° N and 10° W—160° E (upper panel), and PV as function of the monsoon centered
equivalent latitude (lower panel). Monsoon equivalent latitude ¢, is calculated from the area
within PV contours (see text). Shown is PV(¢,,) (black) together with the respective PV gradient
0 PV/&‘d)eq (red). Low PV and large ¢, indicate the anticyclone center. (b) Same as (a) but for
the PV-field averaged between 5 and 7 July 2011. The anticyclone transport barrier, deduced
from the maximum PV gradient (see text), is shown as white thick contours (upper panels) and
red solid vertical lines (lower panels), respectively. White thin contours (upper panels) and red
dashed lines (lower panels) show 5 PVU. Black dashed lines (lower panels) highlight particular
PV values. The PV value of the barrier is given in the grey box.
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Figure 6. (a) Potential vorticity with respect to monsoon centered equivalent latitude on the
380K isentrope, with the PV field averaged over different periods centered around 6 July 2011.
(b) The corresponding gradients of PV with respect to equivalent latitude. Vertical lines show

the PV-gradient maximum.
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Figure 7. Relative vorticity map at 380K, in the Asian monsoon region between 10-60°N and
10°W-160° E averaged over 5-7 July 2011 (upper panel). The lower panel shows the hori-
zontal circulation (calculated from area-integrated relative vorticity) as function of the monsoon
centered equivalent latitude (black) and the respective second derivative (red). PV values cor-
responding to the minimum circulation are shown as thin grey contour (upper panel) and red
dashed line (lower), and PV values corresponding to the maximum in the second derivative of
the circulation as thick grey contour (upper) and red solid line (lower). The black contour (upper
panel) shows the transport barrier PV deduced from the maximum PV-gradient, for comparison.
(See text for further details.)
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Figure 10. (a) Map of CO from CLaMS on the 380K isentrope, with the thick white contour
showing the PV value of maximum CO-gradient, the black contour showing the PV value of
maximum PV-gradient (thin white line shows 5 PVU), averaged between 5 and 7 July 2011 at
380 K. The bottom panel shows CO from CLaMS vs. monsoon centered equivalent latitude
(black), and the respective gradient (red). (b) Same for ozone from CLaMS, and (c) for mean
age from CLaMS. (The PV values of the maximum gradient are given in the upper panels.)

10624

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

(®)
S

Jaded uoissnosiq

ACPD
15, 10593-10628, 2015

Monsoon transport
barrier

F. Ploeger et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/10593/2015/acpd-15-10593-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/10593/2015/acpd-15-10593-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

(a) [PVU/deg]
7 E 0.30
0.22

6 Io.1 7
Ssb-— - B ST __ D _TTTew 0.13
= 0.09
a4 0.07

0.05
0.04
0.03

| | | B
Jul 10 Jul 20 Aug 1 Aug 20

dCO/d¢,, (380K) [ppbv/deg]
1.80

Jul 1 Aug 10

1.28

6 0.91
25 0.65
o 0.46
z4 0.33

0.24
0.17
0.12

Jult Jul 10 Jul 20 Aug1  Aug10  Aug 20

Figure 11. (a) Time evolution of the gradient of PV with respect to monsoon centered equivalent
latitude @4 as a function of PV for June-August 2011 at 380K (note the logarithmic color
scale). (b) Same but for CO. Black symbols show the PV-gradient maximum (diamonds), and
the CO-gradient maximum (crosses). The dashed line highlights 5 PVU. Dates without a clear
gradient maximum are left white.
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Figure 12. Asian monsoon transport barrier at 380K on 6 July 2011 from CO mixing ratio
PDF. Shown is CLaMS CO (monsoon region average, 5—7 July time average) vs. PV with one
standard deviation as grey shading (upper left panel), and the corresponding mixing ratio PDF
with the monsoon transport barrier highlighted as red dashed line (upper right). The lower panel
shows the PDF of PV values around the barrier (between the thin red lines in upper right panel).
(See text for further details.)
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Figure 13. (a) Potential vorticity with respect to monsoon centered equivalent latitude on 6
July 2011, on different levels (360, 370, 380, 390, 400 K isentropes). (b) The corresponding PV-
gradients with respect to equivalent latitude. Vertical lines show the gradient maxima (transport
barriers).
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Figure 14. (a) Occurrence frequency of the Asian monsoon anticyclone at 380K (in percentage
of days) for the period between 20 June and 20 August 2011, calculated from the area covered
by PV values lower than the anticyclone transport barrier. Red contours show selected percent-
age values, the thick cyan contour shows the average PV value of the barrier in the average PV
field (average over period considered). The bottom panel shows the projection of anticyclone
occurrence frequency onto the longitude axis (bin size 2.5°). (b) Occurrence frequency for PV
values below 0.5 PVU at 360 K isentrope, for the same period.
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