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Abstract. The Asian summer monsoon provides an impor- sphere (UTLS), more precisely in the Tropical Tropopause
tant pathway of tropospheric source gases and pollutiansint Layer TTL (e.g., Fueglistaler et al., 2009), the Asian mon-
the lower stratosphere. This transport is characterized byoon is characterized by a large-scale anticyclonic @rcul
deep convection and steady upwelling, combined with con-ion system, mainly a response to strong convective diabati
finement inside a large-scale anticyclonic circulationhia t heating at low levels (Gill, 1980). The anticyclonic circu-
upper troposphere and lower stratosphere (UTLS). In thidation confines the upward transported air and isolates it, t
paper, we show that a barrier to horizontal transport alengsome degree, from its surroundings. This confinement leads
the 380K isentrope in the monsoon anticyclone can be deto positive anomalies of tropospheric trace gases (e.g,, CO
termined from a local maximum in the gradient of poten- HCN, H,O) and to negative anomalies of stratospheric trace
tial vorticity (PV), following methods developed for thepo gases (e.g., ozone) in the anticyclone (e.g., Randel arikgj Par
lar vortex (e.g., Nash et al., 1996). Due to large dynamic2006; Park et al., 2007, 2008; James et al., 2008; Bian et al.,
variability of the anticyclone, this maximum in the PV gradi 2012).
ent is weak and additional constraints are needed (e.@, tim  For an improved understanding of the pollution trans-
averaging). Nevertheless, PV contours in the monsoon antipnort by the monsoon, understanding the confinement of
cyclone agree well with contours of trace gas mixing ratiostrace gases within the anticyclone is crucial. However, the
(CO, G;) and mean age from model simulations with a La- Asian monsoon anticyclone is characterized by large dy-
grangian chemistry transport model (CLaMS) and satellitenamic variability (Garny and Randel, 2013), strong easstwe
observations from the Microwave Limb Sounder (MLS) in- gisplacements (Krishnamurti et al., 1973), frequent shregid
strument. Hence, the PV-based transport barrier refleets thof small-scale eddies (Hsu and Plumb, 2000; Popovich and
separation between air inside the anticyclone core and the@jymb, 2001) and even splits. Moreover, strong diabatic
background atmosphere well. For the summer season 201geating processes play a role in the monsoon and, conse-
we find an average PV value of 3.6 PVU for the transport bar-quently, PV is not well conserved (e.g., Holton, 1992). For
rier in the anticyclone on the 380 K isentrope. these reasons, the confinement of air inside the Asian mon-
soon anticyclone appears much weaker than in the polar vor-
tex, and it turns out to be very challenging to locate a barrie
to horizontal transport (Garny and Randel, 2013). However,
o that such atransport barrier exists, at least to some dggree

An efficient pathway for anthropogenic pollution and tropo- r_eflected in the observed_t_race gas anomalies within the an-
spheric source gases into the stratosphere is linked to thiyclone. To date, simplified criteria have been adopted to
Asian summer monsoon, as has been shown from satellitdefine this transport barrier and to separate the core region
observations of HCN (Randel et al., 2010). Upward trans-Of the anticyclone from its surroundings. These criteri ar

port in the monsoon is caused by frequent high-reacking?®mmonly based on the positive geopotential height (GPH)
convection (e.g., Tzella and Legras, 2011; Bergman et al.2nomaly or the negative PV anomaly in the monsoon anti-
2012) and slower steady upwelling at higher levels aroundfyclone and assume a fixed GPH (on a fixed pressure level)

the tropopause. In the upper troposphere and lower stratd?’ PV value to represent the transport barrier (e.g., Randel
and Park, 2006; Bergman et al., 2013). These criteria have

Correspondenceto: F. Ploeger (f.ploeger@fz-juelich.de)  the advantage of being easy to apply, but they lack a clear
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APV EVY) finally discuss our results and conclude.
T T < 00
s 2 Methods
2.00
100 Meteorological fields to characterize the Asian monsoon
E ' anticyclone are taken from European Centre for Medium-
- 050 Range Weather Forecasts (ECMWF) ERA-Interim reanaly-
2 sis. ERA-Interim covers the period from 1979 until present,
= 0.10 100 assimilating observational data from several sourcesde pr
% vide a reliable state of the atmosphere (for details, see Dee
g -0.10 etal., 2011). We used 6-hourly data on°a<11° horizontal
2 grid and interpolated it on potential temperatuéd [evels
3 -0.50 ] : :
in the vertical. The presented analysis focuses on the sum-
-1.00 s mer season (June—August, JJA) 2011 and on the 380K isen-
tropic surface, which is a characteristic level for the Asia
-2.00 upper-level anticyclone in the UTLS. Note that in the trop-
ics 380K is close to the 100 hPa isobaric surface, which has
o 10 20 30 40 50 6 70 >0 been used in several studies to analyse transport in the Asia
Latitude [deg] 1o monsoon anticyclone (e.g., Randel and Park, 2006; Bergman
etal., 2013).

Fig. 1. Meteorological cond.itions in thg Asian monsoon anticy- The most relevant meteorological fields for this study are
clone (based on ERA-Interim reanalysis). Color shadingvsho Ertel's potential vorticity (PV), the circulatior™), and the

the PV anomaly of the monsoon longitude section®{620°E) . -
with respect to the zonal mean, averaged over summer (JuneIylontgomery stream function (M). PV'is calculated from the

August). Also shown is zonal wind (thick black, solid/dagimos-  horizontal winds (e.g., Holton, 1992)
itive/negative) and potential temperature (thin black¢raged be- PV — G‘l(Z ) (1)
tween 60-120°E. The first thermal tropopause (calculated using B ’

the definition of WMO, 1957) zonally averaged overX60°E is

with  the relative vorticity,f =2Qsing th rioli -
shown as dark-blue, averaged ovef @20’ E as cyan line. th ¢ the relative vorticity, sing the Coriolis pa

rameter, andr = —g~1dg p the isentropic mass density (
pressureg latitude,g acceleration due to gravity). PV is a
us  particularly well suited quantity for characterizing bars to
transport. In the absence of friction and diabatic processe
the PV of an air parcel is conserved following its motion
In this paper, we present a physically motivated criterion (e.g., Holton, 1992), and thus regions of enhanced PV gra-
to deduce the transport barrier in the Asian monsoon antidients are indicative of suppressed transport (transgort-b
cyclone based on conservation properties of the flow. Jhisers). This fact was used for the polar vortex to deduce the
criterion is closely related to a well-established methogp  transport barrier based on the gradient of PV along an isen-
using PV gradients on isentropic surfaces, which has beefropic surface (e.g., Manney et al., 1994; Nash et al., 1996)
originally developed for the polar vortex (e.g., Butchartia A related quantity, characterizing fluid rotation, is the ci

Remsberg, 1986; Manney et al., 1994; Nash et al., 1996)culationl" along a closed conto®(here, on an isentrope)
The method relies on the fact that PV is approximately con-

served, such that a maximum in the PV gradient on an isen- M= 7{ ds-v=/daZ, (2)
trope reflects the existence of a barrier to transport. We em- /S A

phasize already here that the terminology “transport 8elrri ith A the area enclosed by the cont@and v= (u,v) the
does not imply vanishing cross-transport. In fact, the-anti horizontal wind on an isentropic surfaces@hd da represent
cyclone transport barrier turns out to be rather leaky and igine and area elements). Therefore, cyclonic flow is char-
better interpreted as a region of reduced cross-transpeet ( acterized by positive circulation, while anticyclonic flas
Sect. 7). characterized by negative circulation.

We introduce the data, model and methods used in Sect. 2. The Montgomery stream function Mcp T 4+ @ (with ®
In Sect. 3 we motivate the use of PV as a basis for deducingieopotentiall temperature, and, the specific heat at con-
the anticyclone transport barrier, by comparing PV to sitn-stant pressure) is the isentropic analogue of geopotential
ulated and observed trace gas distributions (Cg),i®@the  which is frequently used to characterize the monsoon anticy
Asian monsoon region. The criterion for deducing the trans-clone (Randel and Park, 2006; Bergman et al., 2013). Under
port barrier is presented in Sect. 4, and validated by compargeostrophic approximations the horizontal flow on an isen-
ison to simulated CO, ozone and mean age in Sect. 5. Wérope is along contours of constant M (e.g., Holton, 1992).

physical reasoning.
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Due to the anticyclonic nature of the upper-level circula-
tion, 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 subtropicalwes
erly jet, to the south by the equatorial easterly jet. Furthe (Q)
more, 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 te: 20K in potential temperature. 40

60

To confirm the deduced location of the transport barrier,
which will be based on PV, we consider different trace gas 0
species (carbon monoxide, ozone) from model simulations
with the Chemical Lagrangian Model of the Stratosphere
CLaMS (McKenna et al., 2002b,a; Konopka et al., 2007), (b)
driven by ERA-Interim meteorological data. We further con-

Longitude

03-CLaMS / 380

(11070612)

ppbv

s T G I I ) i 500
sider simulated mean age of air, the average transit time for eo| I 412
transport from the tropical tropopause, calculated from an : gg?
inert tracer with a linearly increasing source in the model 040’” ' 232
(e.g., Waugh and Hall, 2002). CLaMS is a Lagrangian3 191
chemistry transport model (CTM), based on 3D forward tra- § 20 122
jectories, with an additional parameterization for snsatle 107
mixing, which depends on the deformation in the large-scale 5752
flow. Vertical transport in the model is purely diabatic abov 05 60
about 300hPa, with the total diabatic heating rates taken =0 50 100 150 50
from ERA-Interim forecast data. The vertical model resolu- Longitude
tion around the tropopause is about 400 m. For the simulation( ¢) O3-MLS / 380K (11070412-11070812) ppbv
of CO, alower boundary condition from MOPITT (Measure- § = Z insy] [ 500
ments of Pollution in the Troposphere satellite experiient 60 I 412
. . . L 340
used and chemical loss due to reaction with OH is included__ 281
as described in Pommrich et al. (2014). CLaMS ozone in-§’4o 232
cludes a zero mixing ratio lower boundary condition and ag LT ]g;
simplified chemistry comprising photolytical productiama 250l <\ 130
loss due to reaction with OH. For further details about this 3 | . 13;
specific CLaMS simulation see Pommrich et al. (2014). In N i 73
the UTLS, CLaMS CO and ozone agree well with various OJ—_-.qu s S T gg

observations, as shown in several recent publications, (e.g
Pommrich et al., 2014; Konopka et al., 2010).

50 100
Longitude [deg]

Fig. 2. Maps of (a) CLaMS CO and (b) CLaMS ozone on the 380 K
isentrope on 6 July 2011 within the Asian monsoon region. Se-
lected potential vorticity contours are shown in black (BVU) and
In addition, results will be compared to ozone observa-mMontgomery stream function contours in white §310°, 3.615-
tions from the Microwave Limb Sounder (MLS) instrument 10° m?/s?). Arrows show horizontal wind. (c) Same but for MLS
onboard the Aura satellite (Livesey et al., 2008). MLS scansozone during the period 4-8 July 2011, with the MLS data kinne
about 3500 profiles per day providing a dense sampling of thento 3° x 6° latitude/longitude bins (bins without measurements are
g|0ba| atmosphere, inc|uding the Asian monsoon region_ Théeft White). Meteorological data are taken from ERA-Inl:eri(Note
vertical resolution of MLS ozone is about 3km. For MLS the logarithmic color scale for ozone.)
CO, a standard tropospheric tracer for Asian monsoon stud-
ies, the vertical resolution is coarser 4.5 km) and therefore
we focus on ozone for this study. MLS profiles are originally
on pressure levels and were interpolated to potential tesnpe
ture surfaces for the purpose of this study. For furtheritdeta
about MLS data, see Livesey et al. (2008).
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(@) 380K (4-8 July 2011) 2011. Clearly visible is the positive anomaly of the tropo-
400E- E spheric tracer CO and the negative anomaly of the strato-
g "»‘ E 10 Spheric tracer ozone in the monsoon anticyclone, chaiscter
. 300E - tic for strong tropospheric impact and confinement withi th
é 'f anticyclone. Note that extratropical stratospheric aiads
ﬂ%— 200E o 3 vected around the eastern flank of the anticyclone, tratspor
o} “/‘ ing CO-poor and ozone-rich air equatorwards. This trartspor
1000 _‘,.—-" — MLS 3 s has recently been shown to strongly affect the ozone season-
b I v ality in the tropics (Konopka et al., 2010; Ploeger et al120
ok SE 59 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.
(b) 380K (4-8 July 2011) 20 Hoor etal., 2010). To create a similar map from ozone mea-
120gmmTT T surements, we bin ozone observations from MLS between 4
and 8 July 2011 (using version 3.3 data), in order to obtain
sufficiently dense observations (Fig. 2c). Lower ozone mix-
ing ratios in the model compared to MLS are likely related to
205 the broad satellite averaging kernel and the zero mixirig rat
lower boundary condition at the surface in the model (Pomm-

PV [PVU]

80
60

D
o

20 LS 3 rich et al._, 2014). However,_the patterns of the low ozone

0 - g\l;a_l\élasmer 3 anomaly in thg monsoon antlcyc!one reliably agree bgtween

20 . L L _ model simulations and observations (note also the five-day
5 6 7 8 ¢ 210 average for the satellite data).

PVIPVUI] Overlaid on the trace gas mixing ratios in Fig. 2 are con-
Fig. 3. (a) Ozone from MLS (solid) and CLaMS (dashed) versus tours of PV and Montgomery stream function. Both meteo-
potential vorticity in the Asian monsoon region (}60°N and  rglogical quantities show strong anomalies within the mon-
10°W-160°E) at 380 K, averaged over the period 4-8 June 2011. (b)gq0n, However, when compared to the trace gas mixing ratio
Same but for the ozone gradient with respect to potentidlolyt . 6rs the PV contours agree better than the Montgomery
Red lines show the transport barrier determined from PV eset: stream function contours, in particular for small-scale-va

ations. Even the separation of a smaller eddy to the east of

Monsoon-centered equivalent latitude the main anticyclone i; well reflected in the PV distribut_ion
PVIPVU] These small scale eddies, frequently shed from the main an-

eq. latitude=65> _S3~777 S LD Igjg 20 ticyclone, have the potential to transport air masses with e
o : ot 3:0 evated m_ixing ratios of_ troposphe_ric trac_:e gases (e.g., CO,

=y ,ﬁ,so,o o 7 .”AEWW. 70 H>0) rapidly into the middle and high latitude lower strato-

6-3 sphere (e.g., Ploeger et al., 2013; Vogel et al., 2014). 8eclo

- // 2N 55 relation between the distributions of CO and PV in the mon-
//// %% 2:2 225 soon was already found by Garny and Randel (2013). For

40

4.0 these reasons, we use PV as a basis for defining a criterion
35

L AL H o i = M30 for the transport barrier in the Asian monsoon.
° O : ‘ ‘= ; 25 Motivated by studies of the polar vortex where the trans-
O s b L 20 port barrier is characterized by particularly steep gnaidie
Fig. 4. lllustration of the calculation of monsoon-centered eqﬁfv of conserv.ed tra(.:e.rs, W.e map M.LS and.CLaMS ozqne ver-
- sus potential vorticity (Fig. 3). This mapping was carried o

alent latitude from the area within PV-contours (see textde- . . .
tails). Color-coded is the PV-field within the Asian monsaen by binning all data from the Asian monsoon region at 380K

gion at 380K (1ON-6C°N and 10W-160E) averaged for 5-7 (10°N-60°N and 10W-16C°E) with respect to potential vor-

July 2011, with the white contour highlighting 4 PVU. The ¢t tiCity (bin size 0.1 PVU). Figure 3 shows that, despite tHe of
contours show PV globally. s set between CLaMS and MLS ozone mentioned above, there

is agreementin the main structure, with low ozone in the core
of the anticyclone (at low PV values) and higher mixing ra-
tios towards higher PV. In particular, there is evidencerfro
3 Trace gas confinement in the anticyclone and PV model and observations for a two-step increase of ozone mix-
20 INQ ratios, resulting in two separate maxima in the gradient
Figure 2a/b show the distributions of CLaMS CO and ozoneof ozone with respect to PV. The stronger maximum around
in the monsoon region on the 380K isentrope on 6 July7 PVU is related to the transport barrier at the subtropetal j
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Fig. 5. (a) Potential vorticity map at 380 K on 6 July 2011, in the Asiaonsoon region betweent80°N and 10W-160°E (upper panel),
and PV as function of the monsoon centered equivalent datiflower panel). Monsoon equivalent latituglg, is calculated from the area
within PV contours (see text). Shown is Ri§) (black) together with the respective PV gradi@®V/d@q (red). Low PV and large
¢=q indicate the anticyclone center. (b) Same as (a) but for Wéiétd averaged between 5 and 7 July 2011. The anticyclaamesfort
barrier, deduced from a local maximum in the PV gradient {s&g), is shown as white thick contours (upper panels) addodéid vertical
lines (lower panels), respectively. White thin contourgp@r panels) and red dashed lines (lower panels) show 5 Plddk Blashed lines
(lower panels) highlight particular PV values. The PV-eabf the barrier is given in the grey box.

380K (6 July 2011)

L N L B TTT T

(@)

—
AAAAAAAA

| ]
75
Monsoon Eq. Latitude [deg]

Fig. 6. (a) Potential vorticity with respect to monsoon centered
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equivalent latitude on the 380K isentrope, with the PV field a
eraged over different periods centered around 6 July 200)ITHe
corresponding gradients of PV with respect to equivaletitulde.

Vertical lines show the PV-gradient maximum.
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(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 bar-
rier of the Asian monsoon anticyclone (red line shows the
transport barrier PV value, objectively determined usimg t
criterion derived in the following section).

4 A PV-gradient criterion for the Asian monsoon

Motivated by the good agreement between the PV and trace
gas varability in the monsoon region (Fig. 2) and the fact
that PV is an approximately conserved quantity, we follow
the approach developed for the polar vortex for deducing a
transport barrier (e.g., Butchart and Remsberg, 1986; Man-
ney et al., 1994; Nash et al., 1996). Nash et al. (1996) de-
fined the transport barrier of the vortex edge as the location
of the largest (isentropic) change in PV, with the additlona
constraint of close proximity to a strong zonal jet. Regentl
Kunz et al. (2011) deduced the location of the transport bar-
rier for the subtropical jet using an analogous approach.

The PV distribution on 6 July 2011 is shown in Fig. 4,
illustrating the anomalously low PV in the Asian monsoon
anticyclone. In a first step, we restrict all fields to a re-
gion including the monsoon anticyclone, which we define
as 10N < @< 60°N and 10W < A < 16CE (¢ latitude, A
longitude) to eliminate the interfering influence of low PV
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Fig. 7. Relative vorticity map at 380K, in the Asian monsoon re- : 3

gion between 1060°N and 10W-160E averaged over 5-7 July 5055 60 68 L 2678
2_011 (upper panel). The Iqwer panel shows the ho_rlzonteu_tar Monsoon Eq. Latitude [deg]
tion (calculated from area-integrated relative vortigig function ) ) S
of the monsoon centered equivalent latitude (black) andespec- ~ Fig- 8. (a) Potential vorticity with respect to monsoon centered

tive second derivative (red). PV-values correspondinghéorini-  €quivalent latitude on 6 July 2011, on different levels (B60
mum circulation are shown as thin grey contour (upper paared) 370K, 380K, 390K, 400 K isentropes). (b) The correspondikig P
red dashed line (lower), and PV-values corresponding tortivei- gradients with respect to equivalent latitude. Verticaé show the
mum in the second derivative of the circulation as thick grey-  9radient maxima (transport barriers).

tour (upper) and red solid line (lower). The black contoysper
panel) shows the transport barrier PV deduced from the maxim
PV-gradient, for comparison. (See text for further dejails

1. Restriction of PV to Asian monsoon region

values near the equator. The PV distribution on 6 July 2011
within this region is shown in Fig. 5a (top). A similar def-
inition of the Asian monsoon area was used by Garny and
Randel (2013). The chosen latitude/longitude range iresud
the anticyclone for all days during summer 2011. Slight-vari
ations to this range cause no significant change to our sesult
Following Butchart and Remsberg (1986), we define a
monsoon-centered equivalent latituplg of a given PV con-
tour in the anticyclone as the latitude of a circle around the :
North pole enclosing the same area, as illustrated in Fig. 4 e 4. Transport barrier: max. PV-gradient 0PV/0q,
(here, the 4 PVU contour is mapped ¢g= 65°). Hence,

for a PV contour enclosing an aréq the equivalent lati- Fig. 9. Method to localize the PV-based transport barrier in the

. ! P . ) )
tudg is defined byA= 27trg (1 —sing), with re the Earth's Asian monsoon anticyclone (at 380 K), summarized in foupste
radius. Consequently, the center of the monsoon occurs at

a monsoon equivalent latitude of Q@orresponding to the

location of minimum PV. In this sense, PV and equivalent

latitude are related to each other, exhibiting a unique func @q NamelydPV/d @q, shows no clear maximum indicative

tional dependence P¥q) as shown in Fig. 5a (bottom). As  for the anticyclone transport barrier, besides the maximum

already noted above, PV increases monotonically from lowaround 50 equivalent latitude (about 7-8 PVU) related to

values in the center of the anticyclone to higher valuessat it the transport barrier of the subtropical jet (Kunz et al120

edge. The absence of a clear secondary maximum, representing the
For 6 July 2011, the gradient of PV with respect to anticyclone transport barrier, has recently been atithtio

semeo] 2. Time-average of PV (around date)

3. Restriction to anticyclonic region (=5 PVU)
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the large dynamical varibility of the anticyclone (Garnydaa to monsoon equivalent latitude at different levels for 6yJul
Randel, 2013). However, if this variability is damped by av- 2011. The PV-gradient based transport barrier turns out to
eraging the PV field over a time window of 3 days between 5be clearest at the 380K level, still detectable at 370K and
and 7 July 2011, a clear secondary maximum in the PV gradi390 K, but becomes undetectable below (360K) and above
ent emerges around 6Bquivalent latitude (Fig. 5b, bottom). (400K). Strongest PV-gradients at 380 K emerge not only for
In the following, we interprete this maximum as the transgor the 6 July, but during the whole summer (not shown). Note
barrier of the Asian monsoon anticyclone, and show its physthat the corresponding PV-values change between different
ical significance by comparison to trace gas distributions i levels, due to the strong dependence of PV on altitude. At
Sect. 5. levels of the subtropical jet core around 360K, the strong
To calculate the time averaged PV for different dates wejet to the north of the monsoon masks the existence of the
use a variable time window. Therefore, we define an epti-anticyclone transport barrier (Garny and Randel, 2013).
mal window for each date as the smallest number of days The tropopause within the monsoon is located at particu-
(£3 days at most) such that the PV-gradient maximum ex-arly high altitudes (see Fig. 1). Compared to the zonal mean
ceeds the adjacent minima by 30%. Figure 6 illustrates thighe tropopause is upward bulging in the monsoon anticyclone
procedure for the example of the 6 July 2011, confirmingby about 20 K potential temperature (Fig. 1). Therefore, the
that for this date a1 day average (3-day time window) tg- detectable PV-gradient based transport barrier aroundK380
sults in the clearest gradient maximum. If the time window could likely be related to the tropopause, with air inside th
is chosen too large (e.gt3 days in Fig. 6), the maximumin anticyclone being tropospheric and surrounding air strato
the PV gradient degrades again because different dynamicapheric. Consequently, the diagnosed transport barrier ca
conditions contribute to the average. For that reason, we avalso be interpreted as a PV-based tropopause definition, sep
erage maximum over 7 days (given d&i8 days). Notably;, arating tropospheric and stratospheric air masses inside a
for some dates no time averaging is necessary to determine@utside of the anticyclone. Although enhanced PV gradi-
PV-gradient maximum. ents as a measure for confinement of air are detectable only
We apply an additional constraint to exclude from the cal-within a shallow layer around the tropopause, the transport
culation the subtropical jet, which generally shows muchprocesses in the Asian monsoon occur throughout a thick
larger PV-gradient values than the anticyclone transpart®  layer from the surface to the lower stratosphere. As pointed
rier. Empirically, for the summer 2011 a PV-limit of 5PVU out by Randel and Park (2006), the anticyclone at upper lev-
reliably separates the monsoon transport barrier from theels is strongly related to convective variability below.
subtropical jet at 380K, as illustrated in Fig. 5b for July?6. To summarize, the minimum circulation (approximately
physical motivation for this constraint can be deduced from5s PVU) defines thenticyclone boundary. The anticyclone
the horizontal circulation (also averaged ovet day, see, transport barrier is then calculated from the time-averaged
Fig. 7), as described in the following. Necessarily, tha-ant PV field as the maximum PV gradient at PV values smaller
cyclone transport barrier is located within the region of an than 5 PVU. The procedure is illustrated in Fig. 9, and gen-
ticyclonic motion (negative relative vorticity), and henn erally results in a well defined PV-value (e.g., 4 PVU for 6
the equivalent latitude range where the circulation desea July 2011, see Fig. 5b) characterizing the transport brfmie
when moving away from the anticyclone center (hence, withthe Asian monsoon anticyclone for most days between about
decreasing monsoon equivalent latitude). Consequehdy, t mid June and mid August 2011. For some days during the
PV-gradient maximum of the anticyclone transport barrier summer season, however, no clear maximum emerges in the
needs to be located at equivalent latitudes lower than th\-gradient even after averaging over a few days (see also
minimum circulation (4.8 PVU in Fig. 7). This circulation Fig. 12), possibly related to enhanced convective activity
constraint generally excludes the subtropical jet from.¢hethe anticyclone during these days (see Fig. 12, and compare
transport barrier calculation. For simplicity, we use 5PVU also Garny and Randel, 2013).
as an upper PV-limit for the transport barrier calculation a
380K in the following, which is a good approximation of
the circulation minimum. Note in addition that the second5 PV-based transport barrier and relation to trace gases
derivative of the circulation with respect to equivalerti-la
tude azr/a%qz is related to the first derivative of PV (see To investigate whether the diagnosed transport barrier is
Eq. 2). Therefore, the transport barrier related to thellocaphysically meaningful, in the sense of separating air ngsse
maximum in the PV gradient can be approximated bysstheof different chemical characteristics, we compare it tolsim
local maximum in the second derivativelo{see Fig. 7, bot-  lated CO in the Asian monsoon region. Figure 10 shows PV
tom), providing a consistency check of our procedure. and CO maps at 380K for the 6, 9, 12, 15, 18 and 21 July
A necessary condition for the transport barrier criteriont 2011, overlaid with the PV contours of the transport barrier
hold is the existence of a strong PV-anomaly. Therefore, thgthick white), as deduced for each date following the proce-
applicability is restricted to a shallow layer around 38GKéd« dure described in Sect. 4. First, the barrier calculatechfro
Fig. 1). Figure 8 compares PV and its gradient with respecthe time averaged fields results in reasonable PV values also
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Fig. 10. (a) Potential vorticity maps at 380K on 6/9/12/15/18/21yJ2011. The thick white contour shows the calculated ankirye
transport barrier (maximum PV gradient), the thin whitetoom 5 PVU. (b) Maps of CO from CLaMS on the same days, with R¥dal
transport barrier included as white contours.

when compared to the instantaneous PV maps on the:patransport barrier deduced from PV is reflected in the CO
ticular days. Second, in the CO distributions the diagnosedlistribution, we apply the barrier calculation to CO, exem-
barrier separates the high mixing ratios in the center of theplarily for 6 July 2011. Therefore, we restrict the CO field
anticyclone from the lower values around. to the monsoon region, average ovefl days (5-7 July

The sequence of plots in Fig. 10 illustrates the large vari-2011), transform to PV-based monsoon centered equivalent
ability of the anticyclone, with frequent shedding of sreef latitude ¢, restrict to tht_a anticyclonic region and calpulate
scale eddies (9 July) and even splits of the anticyclone (2the PV-value of the maximum CO gradief€0/d @ Fig-
July). Also for days of particularly large variability thé-d ~ Uré 11a shows that a clear CO-gradient maximum emerges
agnosed barrier separates the core region of the antigyclonaround 65, equivalent to a PV value of 4PVU, in agree-
characterized by high CO mixing ratios, well from its sur- Ment with the transport barrier deduced from the maximum
roundings. Even the shedding of the smaller eddy andthd”V-gradient. Likewise, distributions of simulated ozomela
vortex split are reflected in the transport barrier. It sacag ~ Mean age of air reflect the PV-based transport barrier within
further noted that the agreement between PV and CO is nd'€ Asian monsoon region (Fig. 11b/c).

perfect and that high CO mixing ratios may extend outside The p\.gradient based transport barrier for the Asian
the PV contour (e.g., on 17 July at the northeastern edge ofyonsoon anticyclone has been calculated for all days be-
the anticyclone), a potential indication for the leakine$s, tween 20 June and 20 August 2011. Before this period
the anticyclone transport barrier. and afterwards, almost no barrier could be found. CLaMS

To investigate more quantitatively to what degree theCO fields show trace gas confinement inside the anticyclone
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Fig. 11. (a) Map of CO from CLaMS on the 380 K isentrope, with the thidhite contour showing the PV-value of maximum CO-gradient,
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380 K. The bottom panel shows CO from CLaMS versus monsoadte@hequivalent latitude (black), and the respectiveigradred). (b)
Same for ozone from CLaMS, and (c) for mean age from CLaMSe @Y values of the maximum gradient are given in the upperlpane

from mid of June 2011 onwards, but obviously the trans-ing rate d/dt (Fig. 12e). Here, daily gridded OLR data from
port barrier during this early phase is not strong enough toNOAA-CIRES (see http://www.esrl.noaa.gov/psd/data/ and
be detectable by our method. Likewise, following the main Liebmann and Smith, 1996) were averaged over the monsoon
monsoon season first the PV-gradient maximum vanishes (byegion (153N-30°N and 60E-120E, as used also by Ran-
mid—end of August) but trace gas anomalies remain for afewdel and Park, 2006). The ERA—-Interim heating rates (only
weeks until mid September. Hence, only during the mainpositive values) were integrated over the vertical rang®-30
monsoon season the degree of confinement inside the ant870K and averaged over the same region to provide a reanal-
cyclone is strong enough for a PV-gradient maximum to beysis based proxy for large-scale convection. Both convecti
deducable. proxies show a correlation af= —0.62. As discussed by
Figure 12 (top) shows the evolution of the PV-gradiertvat Randel and Park (2006), diabatic heating related to strong
380K over the summer season. Although the gradient maxiconvection affects the anticyclonic monsoon circulatiod a
mum related to the anticyclone barrier appears weakergurinincreases the area of low PV values. Visual inspection af Fig
some periods, it shows smooth subseasonal variabilitp, wit 12 Suggests that increases in the barrier PV-value during be
higher PV values (around 4 PVU) at beginning of July and 9inning of July, end of July and mid-end of August follow
beginning of August and lower PV values (around 3.2 PyU) €nhanced convective activity. How significantly convestio
in mid July and mid August. Significant subseasonal dy-impacts the strength of the transport barrier, and whickroth
namic variability of the Asian monsoon, occurring with afre Processes are involved, needs to be further studied.
quency 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 gradients of CO, ozone and mean At 380K, the PV value at the determined transport barrier
age over the summer (Fig. 12b—d) consistently show a lois generally found between about 3 and 4 PVU, and shows
cal maximum throughout most of the season, well coincidingintraseasonal variability. The mean PV value of the trartspo
with the PV-based transport barrier. Only by the end of Julybarrier over the summer 2011 is 3.6 PVU (at 380K), in very
and after August 15, there is additional structure in thegtra good agreement with the mean PV of the related CO-gradient
gas distributions at PV values above 4 PVU, which is not re-maximum (Table 1). We calculated the transport barrier PV
flected in the PV gradients. During these periods, the maxivalues also for summers 2012 and 2013 (see Table 1) and
mum trace gas gradients are located at higher PV valuesthafound some weak interannual variability which needs to be
the PV-based transport barrier. In particular at the endlgf J  further investigated. Note that the interannual variabdind
this behaviour follows strong convective activity (arourtsi  model projected future changes of the Asian monsoon an-
July), as seen from minimum outgoing longwave radiationticyclone are largely uncertain, hitherto (e.g., Kunzelet a
(OLR) and maximum vertically integrated total diabaticthea 2010).
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Table 1. Transport barrier PV values for the Asian monsoon anti-
cyclone at 380K calculated from maximum PV and CO gradients
and maximum-minimum ranges for the years 2011-2013 (agsrag
over all dates between 20 June and 20 August of each year where
the transport barrier criterion holds).

2011 2012 2013

PV-barrier/PVU 3.6 (3.0-4.4) 3.8(2.6-4.4) 3.5(2.6-4.4)
CO-barrier/PVU 3.7 (3.2-4.4) 3.7 (2.4-4.6) 3.6 (2.6-4.2)

(a) Anticyclone core location occurrence (380K) %/days
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Fig. 12. (a) Time evolution of the gradient of PV with respect to Fig. 13. (a) Occurrence frequency of the Asian monsoon anticy-

monsoon centered equivalent latituglg, as a function of PV for
June-August 2011 at 380 K (note the logarithmic color sca(e)

clone at 380K (in percentage of days) for the period betwesn 2
June and 20 August 2011, calculated from the area covere&/by P

Same but for CO. Symbols show the PV-gradient maximum (gréyvalues lower than the anticyclone transport barrier. Rettaos
diamonds), and the CO-gradient maximum (green crosses@ Thshow selected percentage values, the thick cyan contourssifie

dashed line highlights 5 PVU. Dates without a clear gradieaxi-
mum are left white. (c) Same but forsQand (d) for mean age. (e)
Vertically integrated total diabatic heating rate from ER#erim
(black) and outgoing longwave radiation (red), averageet dle
monsoon region (see text for details). The correlation fameht
between the two quantities is given in the figure-(—0.62).

500

average PV value of the barrier in the average PV field (aeerag
over period considered). The bottom panel shows the piojeof
anticyclone occurrence frequency onto the longitude aiis gize
2.5°). (b) Occurrence frequency for PV values below 0.5PVU at
360K isentrope, for the same period.

6 Anticyclone location probability

The location probability for the region enclosed by the $ran
port barrier (“anticyclone core region”, in the followingy
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MLS dO,/dPV

ppbv/PVU

I 100

shown in Fig. 13. Presented is the local frequency of occur- -
rence 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 probability of lgein Es
located inside the anticyclone core occurs arourfdE7R0°N T4
(above 80% of the considered days). The whole region be- 3
tween about 25-40°N and 20—100E is located within the

anticyclone core for more than 50% of the days. Note that theFig 14. Time evolution of the gradient of ozone from MLS with
Zﬂﬁ:ﬁg'\?;ﬁ;;ﬁf;'?;gp“;bgggtgef‘jé tflg‘;‘gosrﬁ;"{('frfé‘é 'ir:]te respect to PV (from ERA-Interim) for June-August 2011 at B8O

. note the logarithmic color scale). At each date, MLS measa@nts
2012 compared to 2011 and 2013) which needs to be furth rom 2 days before to 2 days later have been collected, tad el

studied. sufficient coverage of the monsoon region. Grey symbols ghew
Zhang et al. (2002) and Yan et al. (2011) found an en-pyv-gradient maximum.

hanced probability for the anticyclone center (estimated a
geopotential height maximum) to occur at longitudes of the
Tibetan (around 70-10&) and the Iranian (around 45—
65°E) plateaus, resulting in a bimodal longitude occurrenceHowever, as the air is released from the conduit at greater al
frequency. Figure 13a shows no enhanced probability for thditudes, it stays confined and chemically isolated, at least
anticyclone core region to be located in these two regions. | some degree, inside the anticyclone, as shown from trace gas
spection of daily PV maps shows that the area of lowest P\observations (e.g., Park etal., 2007, 2008). Thereforeqs c
rotates clock-wise with the anticyclonic flow (not shown). plete understanding of pollution transport from the boupda
Similar to a children’s roundabout such a rotation wowld layer into the stratosphere requires understanding ofdhe ¢
cause no preferred locations for the anticyclone in the horfinementinside the upper level anticyclone.
izontal plane, if the rotation velocity was constant. Hoagv In this paper, we investigated to what extent meteorologi-
if projected onto the longitude axis, the anticyclone lamat  cal fields and trace gas distributions reflect the existehae o
probability indicates two weak maxima (Fig. 13a/bottom), barrier to (quasi-) horizontal transport along isentrogic-
located at about 5% and 85E. Hence, it could be thet faces in the Asian monsoon anticyclone. We refined the
the bimodality of the anticyclone longitude occurrence fre methodology developed for the polar vortex by additional
quency is related, at least partly, to the projection of tre ( constraints (e.g., time averaging, restriction to antimye)
ticyclonic) rotation onto the longitude axis, and henceris a and found a secondary maximum besides the subtropical
artifact of the projection. To what degree the bimodality in jet maximum in the gradient of potential vorticity with re-
the longitudinal geopotential height maximum distribntie  Spect to a monsoon centered equivalent latitude (related to
which is much clearer than for PV (see Zhang et al., 2002) the area enclosed within PV contours). We interpreted this
has a physical basis and originates from enhanced occerren®V-gradient maximum as the transport barrier in the mon-
probability in particular geographic regions needs to lre fu soon anticyclone. This PV-gradient based transport barrie
ther studied. for the monsoonis deducible in a layer around the tropopause
Note that the large zonal extent of the anticyclone oceur-(around 380K) for most days between mid June to mid Au-
rence probability at 380K in Fig. 13a is related to frequentgust 2011.
eddy shedding events, with the above analysis not distin- However, the PV-gradient based transport barrier, and
guishing between the main anticyclone and westward andence the related confinement of air masses, in the monsoon
eastward travelling eddies. Further note that at lower lev-anticyclone appears much weaker than the transport barrier
els (e.g., at 360K in Fig. 13b) the region of lowest PV vaksesat the edge of the polar vortex (e.g., Nash et al., 1996) and
is more confined and located further eastward and southwarélso weaker than the barrier at the subtropical jet (see Kunz
above the Tibetan plateau and Northern India, in the regioret al., 2011), likely related to the large dynamic varidbili
of the vertical conduit for upward transport in the monsoon of the monsoon anticyclone. Daily maps of the anticyclone
proposed by Bergman et al. (2013). show large displacements in east-west direction, shedding
sss Of smaller-scale eddies and even splits (Fig. 10), fredyent
causing air masses to be torn out of the anticyclone. In par-
7 Discussion ticular the strong diabatic heating related to deep commect
over South Asia affects the anticyclonic monsoon circalati
Recently, Bergman et al. (2013) showed evidence for upwarqRandel and Park, 2006) and likely the strength of the trans-
transport in the Asian monsoon occurring in a vertical e@n-port barrier (e.g., Fig. 12). Hence, the anticyclone tranisp
duit separated from the main anticyclone. Hence, it is notbarrier turns out to be leaky, allowing cross-barrier tpars
the anticyclone itself but this conduit which defines the mos to some degree, and the maximum PV gradient s better inter-
efficient pathway of polluted surface air to higher altitade preted as a measure of confinement of the air masses than de-

Jul 1 Jul 10 Jul 20 Aug 1 Aug 10 Aug 20
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scribing a rigid barrier to the flow. Nonetheless, for theesak 8 Conclusions

of a clear terminology we used the term “barrier” throughout

this study. s As shown by anomalies in several trace gas observations, the
air inside the Asian monsoon anticyclone appears, at least t

. . . . . m r nfin nd isol from i rroundings.
Despite the leakiness of the barrier, diagnosing the corre-SO e degree, confined and isolated from its surroundings

; Diagnosing the rel ransport barrier offers new r-
sponding PV-value offers a method to separate the core of th agnosing the related transport barrier offers new oppo

. . . . Funities for quantifying the transport of tropospheric 1s1®u
monsoon anticyclone from its surroundings. Hence, the size 9 ying P posp

of the anticyclone core may be determined and air maessoseggses_mto the UTLS (e_.g., determining anticyclone sig, @
ging air masses). In this paper, we showed that the potential

may be appropriately tagged. This offers new opportunities

. . . vorticity field reflects the existence of a barrier to horizon
for model studies of Asian monsoon impact and for evalua- . . )
. . tal transport between the anticyclone and its surroundings
tion of measurements from the monsoon region. The degre

Although th ion of the transport barrier is hamper
of confinementinside the anticyclone further determines ho though the detection of the transport barrier is hampered

. ) . . ess. by the large dynamic variability of the anticyclone and the
effectively air masses from the anticyclone core mix with ai . o ! . .
proximity to the subtropical jet a refined PV-gradient crite

from the anticyclone edge. Air masses from different trans- . . - .
2 . ; : rion may be used to deduce the barrier within the Asian mon-
port pathways may be injected into different regions of the . .
soon anticyclone, in a layer around 380 K. Therefore, we re-

anticyclone (e.g., into the core by convection and upwgliin fined the criterion developed for the polar vortex (e.g.,lNas

\é\"tcr;:)nnteh: dcoenguIfta(i?:czggng\?e?tsi.dtﬁgit), Ac;ri;n(t\(;oth; Z{&g I et al., 1996) and determine the anticyclone transportdarri
y ge by 9 “from the PV-gradient maximum, after restricting the PV field

2014)). Therefore, chemical reactions and lifetimes oftsho . . . .
to the monsoon region and averaging over a time window

lived species, and the effectivity of pollution transpartoi . . g .
the stratosphere will depend on the degree of confinement arOL_md the given date (summarized in F.'g' 9). Comparison
" to simulated CO shows that the PV-gradient based transport
o5 barrier is meaningful in the sense of separating air madses o
The smooth evolution of the anticyclone transport barrierdifferent chemical characteristics. The deduced PV values

over the season (Fig. 12) enhances our confidence in its re.9., 3.6 on average for 2011 at 380K) offer a physically
lation to a physical mechanism. Furthermore, enhanced graotivated criterion to separate the inner core of the anticy
dients in CLaMS simulated trace gas distributions (C@, O clone from the region around, crucial for the interpretatio
and mean age) clearly demonstrate the existence of theoP\2f trace gas observations and for model studies.

gradient based transport barrier. These enhanced trace gas

gradients are reflected in corresponding minima in mixing ra

tio PD.Fs (see Appendix)..However, apropervalidgtion of theAppendix A Transport barrier from trace gas mixing
meaningfulness of the diagnosed transport barrier can only ratio PDF

be achieved by comparison to trace gas measurements. Fig-

ure 14 compares the gradient of MLS observed ozone WlthTo further increase the confidence in the existence of the PV-
respect to PV in the monsoon region to the PV-based trans-

port barrier (grey symbols), similarly as in in Fig. 3 but for gradient transport barrier, we deduce the anticyclonestran
the entire season. Both réliably agree during béginnir?és 01port barrier also from simulated CO using a different method
July and middle t6 end of July. During mid of August, the .Olon ba}SEd on probabilitydensity functions (PDF) ‘.”md show
PV-based barrier is located at higher PV values, but sr;ows its consistency with the PV-based results (for a review ef th

similar temporal evolution as the maximum ozone gradient DF method, see Sparling, 2000). Therefore, we calculate
P 9 " the PDF of CLaMS simulated CO mixing ratios in the Asian

e0 Monsoonregion (XB60°N, 10°W-16CE) for a+1-day time

The disagreements between the model and MLS are nowindow around 6 July 2011 (Fig. Al). The PDF was con-
unexpected, mainly because of the different resolutioms,(e  Structed after assigning the appropriate area-weightitiget
vertical resolution around the tropopause of about 400 m indata points. Mean CO monotonically decreases with increas-
CLaMS versus about 3km in MLS). Unfortunately, high- ing PV, with high CO inside the monsoon (coinciding with
resolution in-situ observations from the Asian monsoorere-low PV) and low CO outside. Minima in the mixing ra-
gion are lacking. Current satellite observations are offen  tio PDF indicate regions of suppressed horizontal trartspor
fected by high clouds in this region, and their vertical teso  (Sparling, 2000).
tion and horizontal spatial sampling is limited. Nonetlssle The PDF in Fig. A1 shows one minimum at CO mixing
MLS ozone shows enhanced gradients coinciding with theratios around 35-40 ppbv, related to the subtropical jet,an
PV value of the transport barrier during several days, gresi  secondary minimum around 55 ppbv, related to the transport
ing further confidence in the PV-based anticyclone trartsporbarrier inside the Asian monsoon anticyclone. From the PDF
barrier. Further analysis of observations of sufficieniyhh  of PV values corresponding to CO mixing ratios around the
resolution would be strongly desirable. minimum, we find a corresponding PV value of 4.1 PVU, in
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