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[1] The Asian summer monsoon anticyclone is linked to climatological deep convection
over Southeast Asia, and the coupling of circulation and convection strongly influences
constituent behavior in the upper troposphere — lower stratosphere (UTLS). This work
explores the variability of the Asian monsoon circulation and trace constituents linked to
transient deep convection, on the basis of dynamical fields and outgoing longwave
radiation (OLR) data, plus water vapor and ozone retrievals from the Atmospheric Infrared
Sounder (AIRS) instrument. Within the monsoon region, transient deep convection varies
with a timescale of ~10-20 days, linked to active/break cycles in the monsoon
circulation. We show that these convective events trigger variations of the anticyclone
itself, with strong correlations between OLR and the area of low potential vorticity (PV)
defining the anticyclone. Relatively high PV (stratospheric air) is also advected to low
latitudes to the east of the anticyclone following enhanced convection. AIRS data show
that the transient convective events are associated with the vertical transport of low ozone
and high water vapor into the UTLS region, with significant effects over potential
temperature levels 340—360 K (~7—13 km). Idealized transport calculations are used to

demonstrate that constituent anomalies are confined within the upper tropospheric
anticyclone, and this confinement contributes to the climatological constituent patterns

observed during summer.

Citation: Randel, W. J., and M. Park (2006), Deep convective influence on the Asian summer monsoon anticyclone and associated
tracer variability observed with Atmospheric Infrared Sounder (AIRS), J. Geophys. Res., 111, D12314, doi:10.1029/2005JD006490.

1. Introduction

[2] The Asian summer monsoon is a dominant climato-
logical feature of the global circulation during Northern
summer (~June to September). The monsoon circulation
consists of cyclonic flow and convergence in the lower
troposphere together with strong anticyclonic circulation
and divergence in the upper troposphere. This circulation
is coupled with persistent deep convection over the south
Asia region during summer, and Hoskins and Rodwell
[1995] have shown that the climatological monsoon struc-
ture is primarily a response to diabatic heating associated
with the convection. The upper tropospheric anticyclonic
circulation extends into the lower stratosphere; the monsoon
tropopause is relatively high and cold [Highwood and
Hoskins, 1998], with frequent occurrence of cirrus clouds
[Wang et al., 1996].

[3] In addition to the strong dynamical signature in the
upper troposphere, the influence of the monsoon is also
evident in chemical constituents. In fact, constituent fields
throughout the upper troposphere—lower stratosphere
(UTLS) region often exhibit a monsoon signature during
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summer. For example, within the monsoon anticyclone
UTLS water vapor is relatively high [Rosenlof et al.,
1997; Jackson et al., 1998], ozone is relatively low [Randel
et al., 2001], and methane, nitrogen oxides [Park et al.,
2004], and carbon monoxide [Li et al., 2005a, 2005b] are
relatively high. However, the mechanism(s) that maintain
these climatological features, or their detailed synoptic
variability, are not well known. The monsoon circulation
also probably plays an important role in stratosphere-tropo-
sphere exchange (STE) during summer [Dethof et al., 1999;
Bannister et al., 2004; Gettelman et al., 2004a].

[4] The monsoon is not a steady circulation but exhibits
substantial intraseasonal variability, often referred to as
active/break cycles. These cycles are evident as coupled
oscillations of circulation and deep convection within the
monsoon region, and observational studies have identified
oscillations with timescales 10—20 and 30-60 days
[Krishnamurti and Bhalme, 1976; Annamalai and Slingo,
2001, and references therein]. The 30—60 day (or 40-day)
mode is associated with northward propagation of convec-
tion, often during the onset phase of the monsoon [e.g.,
Yasunari, 1981], whereas the 10-20 day mode is a west-
ward propagating feature that is prominent during the
mature phase of the monsoon [e.g., Krishnamurti and
Ardanuy, 1980]. In addition to these convectively coupled
modes, Hsu and Plumb [2000] have studied the behavior of
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Figure 1. Horizontal structures of 2-month (July and August 2003) average (a) National Centers for

Environmental Prediction (NCEP) geopotential height (zkm) and horizontal winds (m s~ ') at 150 hPa,
(b) modified potential vorticity (MPV) (PVU, 10~° Km” kg~ ' s "), (c) Atmospheric Infrared Sounder
(AIRS) water vapor (ppmv), and (d) ozone (ppbv) centered in Asian monsoon region at 360 K. White
contours in Figures la and 1b show the OLR less than or equal to 205 (W m ™). Thick dotted lines in
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Figures la, lc, and 1d mark the 14,320 m geopotential height contour.

an idealized monsoon anticyclonic circulation and find
dynamic instability leading to periodic shedding of second-
ary anticyclones. Evidence suggesting eddy shedding in
observational data was shown by Popovic and Plumb [2001].

[5] The objective of our work is an observational study of
dynamical and constituent variability of the Asian monsoon
anticyclone and its coupling to transient deep convection.
We analyze daily variability of dynamical fields and outgo-
ing longwave radiation (OLR) measurements (as a proxy for
deep convection), together with ozone and water vapor
measurements from the Atmospheric Infrared Sounder
(AIRS) instrument. The OLR data reveal strong variations
associated with the monsoon active/break cycles discussed
above, and these variations in convection are evident in the
monsoon dynamical and constituent fields. We use this
variability to characterize the influence of transient convec-
tion on circulation and transport within the monsoon, and
understand the processes that contribute to maintenance of
the climatological behavior discussed above. The observa-
tions suggest that constituents are confined in the upper
troposphere by the strong anticyclonic circulation, and we
include some idealized transport calculations within the
monsoon region to quantify this behavior.

2. Data and Analyses
2.1. Meteorological Data

[6] The meteorological data and some relevant dynamical
calculations are briefly described here. Temperature and
three dimensional wind fields are obtained from the Na-
tional Centers for Environmental Prediction/National Center

for Atmospheric Research (NCEP/NCAR) reanalysis pres-
sure level data, with 2.5° x 2.5° horizontal resolution
[Kalnay et al., 1996]. From these data we derive potential
vorticity (PV) fields, following standard calculations
[Andrews et al., 1987]. Because we wish to analyze PV
over a range of altitudes, we use a modified potential
vorticity (MPV) from Lait [1994]. MPV reduces the expo-
nential variability of PV with height by applying a scaling
factor, which is a function of potential temperature (0), and
is defined as MPV = PV(9/90)79/2, with 6y a reference
potential temperature (400 K). We calculate MPV from
the NCEP/NCAR reanalysis data and interpolate to isentro-
pic levels.

[7] As a measure of the overall strength of the monsoon
anticyclonic flow, we also calculate the circulation along a
constant contour of geopotential height (as an approxima-
tion to a material streamline). Circulation (C) is defined as

CE?{UOdl:%(udx—f—vdy), (1)

where U is a velocity vector locally tangent to the contour 1
[Holton, 2004, chap. 4]. The circulation is calculated along
a closed contour of geopotential height, chosen such that the
associated streamline is near the wind maximum in the
upper troposphere. We choose the 14,320 m geopotential
height contour on the 150 hPa pressure surface (red dashed
lines shown in Figure 1a), which exists as a closed contour
every day during Northern summer after early May. We note

that the circulation C is equal to the area integrated relative
vorticity within the contour via Stokes’ theorem [Holton,
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Figure 2. Vertical structures of 2-month (July and August)
average NCEP zonal wind (shaded) and temperature
anomalies (thin lines) averaged in 60°—120°E longitudes.
The westerly and easterly jets are shaded separately and
denoted by “W” and “E,” respectively. The shaded
contours are at intervals of 8 m s~ '; the maximum westerly
winds are near 36 m s, and the maximum easterlies near
31 m s~ '. The temperature anomaly contours are +1.5, 3.0,
and 4.5 K, shown as solid (positive) and dotted (negative)
lines, respectively. Dashed lines denote isentropic surfaces
(320, 340, 360, 380, and 450 K), and thermal tropopause
from NCEP/NCAR reanalysis is noted by a thick solid line.
The regional topography is added at the bottom.

2004]. Because the relative vorticity is related to the PV
(MPV) field, it is reasonable that variations in circulation
(on a pressure surface) are closely linked to the area of low
MPYV on nearby isentropes (as shown below); thus these are
complementary but closely related diagnostics.

[8] We use OLR as a measure of deep convection in the
monsoon region. Daily interpolated OLR data is obtained
by the NOAA-CIRES Climate Diagnostics Center (http://
www.cdc.noaa.gov). These data are discussed in detail by
Liebman and Smith [1996].

2.2. AIRS Ozone and Water Vapor

[o] Vertical profiles of water vapor and ozone mixing
ratios are obtained from AIRS measurements. AIRS is one
of six instruments on board the NASA Aqua spacecraft, and
has been operational since September 2002 [Aumann et al.,
2003]. In this work we focus on the Northern summer (May
to September) of 2003. We use AIRS level 3 retrieval
products on a 1° x 1° grid, with missing data filled by
interpolation [Renka, 1982]. The water vapor and ozone
retrieval products are available on 12 standard pressure
levels over 1000—100 hPa, with data on each pressure level
representing the layer mean between adjacent levels. For
some diagnostics we have interpolated the AIRS pressure
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level data to isentropic levels. Validation of the AIRS water
vapor retrieval (an operational product) is discussed by
Hagan et al. [2004]; the AIRS ozone retrieval is a research
product that is currently undergoing validation. Gettelman
et al. [2004b] have compared AIRS retrievals with research
aircraft measurements in the UTLS region; their limited
comparisons suggest that the AIRS water vapor is within
+25% of aircraft observations for mixing ratios above
10 ppmv, and AIRS ozone has a ~30% positive bias in the
upper troposphere but can reasonably track variability over a
range of mixing ratios from approximately 50—500 ppbv.

3. Monsoon Climatological Structure

[10] Climatological structure of the south Asian monsoon
anticyclone is shown in Figure 1, based on a 2-month
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Figure 3. Hovmdller diagram of outgoing longwave
radiation (OLR) (W m %) averaged over 15°—30°N from
May to September 2003.
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Figure 4. Bottom (red) curve shows OLR reference time series, averaged over 15°-30°N and 60°—
120°E. Black line shows area of MPV less than 1.5 PVU at 360 K, as a fraction (%) of the region 20°—
40°N and 20°-140°E. Blue line shows time series of circulation (equation (1)) in the anticyclone at
150 hPa. Arrows denote episodes of enhanced deep convection and associated changes in intensity of the

anticyclone.

average during the mature phase (July and August, 2003).
The dynamical structure is shown by two diagnostics:
the 150 hPa geopotential height and horizontal winds
(Figure la) and the 360 K MPV (Figure 1b). A strong
anticyclonic circulation is evident in Figure la, and this is
associated with relatively low MPV over the region ~15°—
35°N and ~40°—120°E in Figure 1b. We consider (1) the
circulation around the anticyclone (equations (1)) and (2)
the area of low MPV as identifying the strength of the
anticyclone. The time variability of these two quantities is
discussed below. Figures la and 1b also indicate the
location of time-averaged deep convection (low OLR) for
July and August 2003. The time-averaged deep convection
is not co-located with the center of the anticyclone but
rather lies in the southeast quadrant.

[11] Aspects of the vertical structure of the time average
monsoon circulation are shown in Figure 2. This shows a
zonal slice, averaged over longitudes 60°—120°E, of the
zonal winds and potential temperatures, the tropopause, and
the local temperature anomalies (deviations from the zonal
mean). The balanced structure in Figure 2 shows the
monsoon circulation has a warm core up to ~13 km,
overlaid by cold anomalies in the lower stratosphere; the
monsoon tropopause is relatively high and cold near 30°N.
The westerly jet on the northern flank of the monsoon
extends from near the surface to the lower stratosphere, with
a core near 12 km. In contrast, the easterly jet on the
equatorial side is centered substantially higher (~16 km);
these monsoon easterlies extend into the stratosphere, and
merge with the climatological summer easterly winds.
During NH summer in 2003, the equatorial quasi-biennial
oscillation (QBO) was in a weak easterly phase in the lower
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Figure 5. Lag correlations between the OLR reference
time series (Figure 4) and the area of MPV (<1.5 PVU) on
different potential temperature levels. Calculations are for
June and August 2003. Contour interval is 0.1. The 5%
significance level for these correlations, evaluated using a
resampling technique [Efron and Tibshirani, 1993], is near
0.3.
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Figure 6. (a) Correlation between OLR proxy time series
for monsoon convection and temperature anomalies aver-
aged over longitudes 20°—120°E, calculated for May to
September, where the dashed line denotes the tropopause.
(b) Correlation between OLR reference time series
(representing the region denoted by the heavy dashed line)
and temperature at 300 hPa.

stratosphere. In terms of strong winds that act to restrict
meridional tracer transport [e.g., Haynes and Shuckburgh,
2000; Bowman, 2006], the time mean structure in Figure 2
suggests that the monsoon winds may provide effective
containment over altitudes spanning the upper troposphere
to lower stratosphere (~10—16 km). This vertical range
is confirmed in our transport calculations discussed in
section 6.

[12] The time-averaged structure of upper tropospheric
water vapor and ozone derived from AIRS data are shown
in Figures 1c and 1d, calculated for the 360 K isentropic
level. These figures also show the location of the upper
tropospheric anticyclone, denoted by the 14,320 m contour
of the 150 hPa geopotential height (from Figure 1a). Water
vapor (Figure 1¢) shows high values within the core of the
anticyclone, with the maximum values extending to the
northeast (following the westerly winds near 40°N). Ozone
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shows relatively low values over the anticyclonic region,
with a clear minimum near the center (~30°N, 80°E). We
note that the extrema for both water vapor and ozone in
Figure 1 are not co-located with the time-averaged deep
convection (low OLR values shown in Figures la and 1b)
but rather with the overall circulation patterns, and in
particular with the region of low MPV.

4. Variability and Coupling to Convection

[13] Our focus here is to understand the coupling of
transient deep convection (associated with the active/break
spells of the monsoon) with the monsoon temperatures,
anticyclonic circulation, and upper troposphere tracer vari-
ability. Figure 3 shows a Hovmdller diagram of OLR over
15°~30°N during May to September 2003, which high-
lights variability of deep convection within the monsoon
region. Deep convection (low OLR in Figure 3) exhibits
fluctuations on timescales of ~5-20 days, with some
eastward propagation during May to June, followed by
westward propagation over this latitude range during July
to September. This transience follows evolution of the upper
tropospheric zonal winds in this latitude band, which
become easterly (see Figures la—2) after the middle of
June. The OLR variability in Figure 3 is consistent with the
10—-20 day active/break monsoon periods identified in
previous studies [e.g., Krishnamurti and Ardanuy, 1980;
Fujinami and Yasunari, 2004]. In order to quantify the
strength of convective forcing, we use an average of OLR
over 15°-30°N and 60°—120°E as a proxy for monsoon
convection in the rest of this work. This is a subjective
choice, based on overall correlations with various dynam-
ical and tracer variations. We note a large convective event
occurs over longitudes ~120°~150°E (outside of our aver-
aging area) during August 3—12 in Figure 3; while this
event also influences the monsoon circulation and constit-
uents, we find the 60°—120°E average to be the best overall
proxy.

[14] Time series of the monsoon convection proxy over
May to September 2003 is shown in Figure 4, together with
two diagnostics of the upper tropospheric anticyclonic flow:
(1) the circulation (equation (1)) evaluated along the 14,320 m
geopotential height contour at 150 hPa, and (2) the area of
low MPV on the 360 K isentrope (specifically, the area of
MPV <1.5). As discussed above, these diagnostics are
related (stronger anticyclonic circulation is associated with
increased area of low MPV) but provide complementary
information. The monsoon convection and circulation diag-
nostics in Figure 4 show similar seasonal variability, with
maxima during late June to August. More importantly, the
circulation diagnostics exhibit ~10—-20 day fluctuations that
are coupled to the variations in convection; there are five
events highlighted by arrows in Figure 4, plus a sixth in
early August associated with the convective event over
120°~150°E discussed above. There is an apparent time
lag between the OLR maxima and the circulation changes,
such that the maximum circulation effects occur ~5 days
after the convective maxima. The relationship between OLR
and area of low MPV over a range of isentropic levels is
quantified in Figure 5, showing the correlation as a function
of altitude (potential temperature) and time lag. Significant
correlations are found over theta levels ~340-370 K
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Figure 7. Time and latitude sections of (a) MPV (PVU), (b) AIRS water vapor (ppmv), and (¢) ozone
(ppbv) averaged over 60°—120°E on the 360 K isentrope (May to September 2003). The white solid
contours overlaid on the AIRS data show MPV contours of 1.5 (solid) and 3.0 (dashed) PVU.

(altitudes ~8—14 km), with maximum values near time lag
5 days (convection preceding low MPV area). This time lag
is consistent with convective-associated diabatic heating in
the middle troposphere being an important component for
the UTLS potential vorticity tendency equation [Andrews et
al., 1987]; that is, the PV itself responds as an integral to the
episodic forcing.

[15] Variations in deep convection are also correlated
with tropospheric and lower stratospheric temperatures
throughout the monsoon region. Figure 6a shows correla-
tions between temperature anomalies (deviations from the
zonal mean) over 20°~120°E and the OLR convection
proxy (lower curve in Figure 4) during May to September.
Strong positive (negative) correlations are found for temper-
atures in the middle troposphere (lower stratosphere), and
these patterns reflect the climatological mean temperature
structure seen in Figure 2. Together with the fluctuations in
anticyclonic circulation seen in Figure 4, this demonstrates
that the entire balanced anticyclonic circulation varies in
concert with transient deep convection. The horizontal
structure of upper tropospheric (300 hPa) temperature

fluctuations coherent with deep convection (OLR proxy)
is shown in Figure 6b. The strongest correlations (near 0.8)
occur over the broad monsoon region extending from 20°—
100°E and 15°—40°N. This temperature response is signif-
icantly northwest of the region of strong monsoon convec-
tion (as illustrated in Figure 6b), but this structure is
consistent with the expected response to low-latitude heat-
ing centered off the equator [Gill, 1980; Hoskins and
Rodwell, 1995; Dima et al., 2005]. Note there is also a
symmetric temperature response observed in the Southern
Hemisphere subtropics in Figure 6b (over ~60°—100°E and
15°-40°S), consistent with such a dynamical response to
off-equatorial low-frequency forcing.

[16] Time and latitude variations of MPV, water vapor
and ozone over the central monsoon region (60°—120°E) at
360 K are shown in Figure 7. In Figure 7a, episodes of low
MPYV are observed over ~20°-35°N throughout the sum-
mer, following the deep convective events in lower latitudes
(15°-30°N) in Figure 4. For events during the mature phase
(late June to August), the low MPV regions in midlatitudes
are accompanied by relatively high MPV in low latitudes
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Figure 8. Time series of AIRS water vapor (ppmv) and ozone (ppbv) averaged over 20°—~30°N and
60°—120°E at 350 K, together with the OLR reference time series. (Red curve is the same as in Figure 4.)

(equatorward of 20°N), so that there is a north-south dipole
structure in MPV. These low-latitude maxima are related to
anticyclonic advection of high MPV (stratospheric air) on
the east side of the monsoon region, as discussed further
below.

[17] The corresponding time sections of AIRS water
vapor and ozone in the monsoon region are shown in
Figures 7b and 7c, with MPV values of 1.5 and 3.0 PVU
(from Figure 7a) overlaid as white contours. These time
series show the development of high water vapor and low
ozone within the monsoon region (over latitudes ~20°—
35°N), with extrema during late June through August.
Variations in both water vapor and ozone are closely linked
to changes in MPV, both within the central monsoon region
(latitudes ~20°—35°N), and also over lower latitudes (equa-
torward of 20°N). Ozone in particular exhibits episodic
north-south dipole patterns very similar to MPV. It is
noteworthy that MPV and AIRS tracers are completely
independent data sets, so that this coherent variability
provides a consistency check for the relatively new AIRS
data products.

[18] To further illustrate the coupling of deep convection
with UTLS tracers, Figure 8 shows time series of monsoon
convection proxy (OLR) together with AIRS water vapor
and ozone at 350 K, averaged over the central monsoon
region (20°-30°N, 60°—120°E), during May to September.
The 10-20 day variability in convection is clearly evident
in the water vapor data, with correlated maxima evident
during the mature monsoon phase. For ozone, there is a
significant drop with the onset of the monsoon in June,
followed by relatively small variations associated with the
convective events (phased such that ozone decreases in
association with deep convection). The different behavior
of water vapor and ozone in the upper troposphere follow-
ing deep convection reflects the relative convective source

strength and background environment for each constituent,
as discussed in more detail below (see also the work of
Dessler and Sherwood [2004], who discuss similar convec-
tive influence on the lower stratosphere).

[19] We note that when the strongest deep convective
events begin in late June, as the monsoon circulation
becomes mature (Figure 4), water vapor abruptly increases,
then remains relatively high throughout the monsoon sea-
son. Similar behavior is observed for ozone but with low
values during the mature phase. During the mature phase
the constituents vary coherently with convection (OLR),
and after the breakdown of the anticyclone in September,
they return to their premonsoon conditions.

5. Synoptic Evolution

[20] In this section we study the detailed behavior of one
particular deep convective event, tracing the synoptic evo-
lution of the monsoon circulation and constituents. Each of
the events highlighted with arrows in Figure 4 are different
in detail, but here we attempt to focus on features that are
typical. Figure 9 shows the evolution of 360 K MPV and
deep convection for July 8, 10, and 13 (following the OLR
minimum over ~July 3-8 in Figure 4). The relative
maximum in deep convection on July 8 (near 80°E) is
associated with a local minimum in MPV. We have not
performed a detailed budget analysis for PV (MPV), but the
association of deep convection and local minimum MPV in
the upper troposphere is consistent with PV decreasing via
the vertical gradient of diabatic heating associated with deep
convection [see Andrews et al., 1987, equation (3.8.5)]. This
region of low MPV is then advected clockwise by the
anticyclonic circulation, wrapping into a spiral structure to
the west of convection on July 10, followed by a ring-like
structure in MPV on July 13. Both the area of low MPV and
the intensity of the anticyclonic circulation have increased
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during this time (see Figure 4). Furthermore, relatively high
MPV is advected around the east side of the anticyclone,
forming a maximum to the southeast on July 13. This
equatorward advection of high MPV is a consistent feature
of the convective events, as seen in the repeated MPV
maxima near 10°-20°N in Figure 7a.

[21] Figure 10a shows the circulation of the anticyclone at
100 hPa on July 10, and Figure 10b shows the
corresponding structure of water vapor at 350 K. Note that
for this day the circulation is particularly strong on the
western side of the anticyclone, and this corresponds to the
wrapped local MPV minima seen in Figure 9b. The water
vapor structure in Figure 10b shows an overall maximum
within the anticyclone (denoted by the 14,320 m 150 hPa
geopotential contour in Figure 10b), and furthermore exhib-
its approximate correlation with MPV; note especially that
the spiral structure in MPV (Figure 9b) is evident in the
water vapor measurements. This behavior, together with the
strong temporal coupling of convection and water vapor
seen in Figure 8, is consistent with deep convection being
a source of both low MPV and high water vapor, which
are subsequently advected similarly by the anticyclonic
circulation.

[22] Ozone behaves in a similar overall manner to water
vapor (with anomalies of opposite sign), but the background
gradients give rise to different behavior. Figure 11 shows
AIRS ozone on July 13, revealing low ozone within the
anticyclone. Note there is a tongue of high ozone on the
southeastern edge of the anticyclone that has been advected
by the circulation in a manner similar to the MPV field in
Figure 9c. As with MPV, this is a characteristic feature of
ozone variability associated with deep convection and
enhanced anticyclonic circulation (note the corresponding
episodic ozone dipole patterns in Figure 7c). This circula-
tion and transport on the eastern edge of the anticyclone is
also evident for the North American summer monsoon, as
discussed recently by Gettelman et al. [2004a] and Li et al.
[2005b].

[23] To explore the vertical structure of convective influ-
ence on water vapor and ozone, we take differences of
observations before and after particular events (i.e., differ-
ences between the constituent maxima and minima in
Figure 8). The strongest such changes in Figure 8 occur
during the onset of the mature phase of the anticyclone, near
the middle of June. Note that the ozone changes are
relatively large at this time, with smaller changes seen
throughout the rest of the mature monsoon phase; in
contrast, water vapor in Figure 8 shows large changes
associated with each convective event. Figure 12 shows
cross sections of percent changes in water vapor and ozone
during June 15—19. Both constituents show largest changes
over isentropes ~340-360 K, or altitudes near ~7—13 km;
the overall water vapor changes are slightly poleward of the
ozone changes, although the origin of this difference is
unclear. The relative increase in water vapor over these days
is above 100%, while ozone shows decreases of ~20%.

Figure 9. Synoptic evolution of MPV (PVU) at 360 K for
(a) July 8, (b) July 10, and (c) July 13. White lines show
corresponding variations of deep convection (OLR values
<210 W m™).
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Figure 10. Map of (a) NCEP geopotential height (m) and horizontal winds (m s~ ') at 100 hPa and
(b) AIRS water vapor (ppmv) at 350 K for July 10. The deep convective regions (OLR < 190 Wm ) are
marked by white filled contours in Figure 10a. The white dashed line in Figure 10b shows the 14,320 m
geopotential height contour at 150 hPa, which is near the axis of maximum anticyclonic winds.

Figure 12 also indicates the altitude of deep convection
within the monsoon region (20°~30°N) during these days
(dots in Figure 12), as derived from the OLR brightness
temperatures combined with the background temperature
structure; this altitude is probably close to the region of
detrainment for deep convection. There is reasonable agree-
ment between the altitude of the inferred detrainment
(~10 km) and the altitude of observed changes in water
vapor and ozone, and we view this as a consistency check
between these independent data sets. These diagnostics are
consistent with episodic deep convection transporting air
with high moisture and low ozone into the upper tropo-
sphere. The persistence of the constituent patterns within the
monsoon region (for example, Figure 1) suggests the air is
confined by the anticyclonic circulation (as discussed by Li
et al. [2005a, 2005b]), and this is quantified below.

6. Confinement Within the Monsoon Anticyclone

[24] We investigate confinement within the monsoon
anticyclone on the basis of 3-D trajectory calculations
using the NCEP/NCAR wind fields, following Bowman
[1993]. A group of 2400 particles are initialized on
isobaric surfaces within the anticyclone, as shown in
Figure 13a, and a series of trajectory calculations is run
for 20 days. The simulations are begun every 5 days
during July and August 2003, and the ensemble of runs
allows estimates of transport that are not dependent on
the specific starting date. Results are shown in Figures
13b and 13c for transport after 10 and 20 days, for
particles initialized at 150 hPa on July 1, 2003. In both
cases a majority of particles have remained within the
monsoon region. For this particular case, a coherent
group of particles has been advected outside and to the
east of the monsoon anticyclone on day 10 (Figure 13b),
but this represents a relatively small fraction of the total.
This is a common feature of the calculations.

[25] The net transport out of the anticyclone can be
quantified by counting the fraction of particles that remain
within the boundary as a function of time. For simplicity, we
choose the climatological anticyclone structure shown in
Figure 13 as this boundary, taken from the time average
structure shown in Figure 1 (the 14,320 m geopotential
height contour of the 150 hPa level); the overall results are
not sensitive to this specific choice. Figure 14a shows time
evolution of the fraction of particles inside the anticyclone,

AIRS O, 350K (JUL/13)

Figure 11. Synoptic map of AIRS ozone (ppbv) at 350 K
with MPV (July 13). White dashed line denotes the
approximate axis of maximum anticyclonic winds in the
upper troposphere, as in Figure 10b.
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Figure 12. Percent differences in constituent mixing ratios before and after an episode of deep
convection (June 15-19, 2003), for longitudes 60°—120°E, and showing results for (a) water vapor and
(b) ozone, with changes in percent of the beginning value. Dots indicate estimated maximum altitude of

convection over 20°-30°N, estimated from OLR data (as discussed in text).

for particles initialized at 150 hPa, for the separate calcu-
lations begun 5 days apart. For this pressure level, results
show that approximately 70% of the particles remain inside
the anticyclone after 10 days, and approximately 50% after
20 days. There is a relatively small spread of results from
the six different starting dates, demonstrating this result is
not sensitive to the specific initial conditions. These results
suggest that the upper tropospheric anticyclonic circulation
effectively acts to confine air for timescales of several
weeks. Figure 14b shows results for similar calculations
with particles initialized in the middle troposphere (400 hPa)
showing much less confinement: only 40% (30%) of the
particles remain inside after 10 (20) days.

[26] A summary of the vertical structure of particle
confinement derived from these trajectory calculations is
shown in Figure 15, derived from calculations as in Figure
14 for each pressure level (extending down to 500 hPa,
although topography in this region reaches near this level,
i.e., Figure 2). This shows that maximum confinement
occurs in the upper troposphere, particularly over pressure
levels ~200—-100 hPa (~11-16 km). Note this derived
structure matches the region of strongest anticyclonic winds
in the monsoon region, as shown in Figure 2. Overall these
transport calculations are consistent with the persistent
localized water vapor and ozone structures observed in the
UTLS monsoon region throughout summer (for example,
Figure 1).

7. Summary and Discussion

[27] The Asian monsoon anticyclone is the dominant
circulation feature in the UTLS region during Northern
summer, forced by persistent deep convection coupled with
the circulation [Hoskins and Rodwell, 1995]. The monsoon
region is characterized by a warm core over the depth of the
troposphere, overlaid by a cold lower stratosphere, in

balance with anticyclonic winds (Figure 2) and relatively
low potential vorticity (Figure 1). The monsoon is also
characterized by localized extrema in UTLS constituent
fields, including water vapor, ozone, methane, carbon
monoxide, and other species [Rosenlof et al., 1997; Jackson
et al., 1998; Randel et al., 2001; Park et al., 2004; Li et al.,
2005a]. Li et al. [2001] suggest that this circulation may
also contribute to a summer tropospheric ozone maximum
over the Middle East. This work has focused on under-
standing variability of the monsoon circulation and trace
constituents during summer, including their relation to
fluctuations in deep convection, and mechanisms for main-
tenance of the observed climatological structures.

[28] The monsoon anticyclone exhibits substantial intra-
seasonal oscillations, which are tied to variable forcing
from transient deep convection over the Indian subconti-
nent and the Bay of Bengal. This variability is typically
referred to as active/break cycles of the monsoon, with
timescales of ~10—20 days. The daily OLR data show
traveling and transient variability over the monsoon
region (Figure 3), and the overall intensity of convection
varies with a ~10-20 day timescale (Figure 4). The
strength of the monsoon anticyclone, as diagnosed by the
area of low MPV and intensity of the circulation (equa-
tion (1)), shows variations that are coherent with the
convection (Figure 4). Significant correlations exist be-
tween OLR (deep convection) and temperature and cir-
culation within the monsoon region, such that the entire
balanced anticyclone varies in concert with convective
heating: enhanced convection leads to warmer tropospheric
temperatures, stronger anticyclonic circulation, and colder
lower stratospheric (and tropopause) temperatures. The
spatial patterns of temperature correlations with deep
convection (Figure 6b) reveal structure consistent with a
large-scale response to off-equatorial heating [e.g., Gill,
1980; Dima et al., 2005].
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Figure 13. Map of particles initialized on the 150 hPa
level on (a) July 1, 2003, and (b) after 10 days and (c) 20
days trajectory runs. Long dashed lines indicate July and
August average 14,320 m geopotential height at 150 hPa
(see Figure 1), which we use as a simplified boundary for
the monsoon anticyclone.

[29] Upper tropospheric water vapor and ozone measured
by AIRS show strong localized extrema associated with the
monsoon (Figure 1). Furthermore, both the seasonal and
synoptic timescale variations in water vapor and ozone
exhibit variations linked to convection in the monsoon
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region (Figures 7 and 8). Water vapor exhibits enhanced
values within the anticyclone, owing to vertical transport of
moist air during deep convection. Conversely, ozone shows
relatively low values within the monsoon, owing to the
convective transport of air with low ozone mixing ratio
from near surface levels. The direct association between the
constituents and deep convection is evidenced by correlated
time variations (Figure 8), and also the fact that constituent
changes occur over altitudes that are consistent with outflow
from deep convection (Figure 12). We note that Dessler and
Sherwood [2004] have used idealized calculations to study
convective effects on water vapor and ozone in the mon-
soon region, focusing on the lower stratosphere (380 K
potential temperature). They find that convection has a
stronger influence on water vapor than ozone in this region,
because of contrasts between the convective outflow and
background environment. While a similar observational
result is found in the analysis here, the details of their
calculations do not extend to the upper troposphere; among
other things, the convective turnover time is very different
between the upper troposphere and lower stratosphere.

[30] The synoptic evolution of the monsoon anticyclone
following enhanced deep convection shows localized min-
ima in MPV near the convective region, followed by
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Figure 14. Time series of fraction of particles inside
anticyclone for six trajectory simulations during July and
August 2003 (each run starts 5 days apart). Results
are shown for particles initialized at (a) 150 hPa and
(b) 400 hPa.
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Figure 15. Fraction of particles inside the anticyclone as a
function of pressure level and time, derived from the
ensemble of transport calculations (as in Figure 14).

anticyclonic advection which can result in a wrapping up of
MPV to the west of convection, or even a ring-like structure
spanning the anticyclone (Figure 9). These variations in
MPV can also be observed in water vapor (Figure 10), and
in general there can be reasonable synoptic correlation
between these fields. The enhanced anticyclonic circulation
is also associated with strong equatorward advection on the
eastern flank of the anticyclone, with regions of high MPV
and low ozone characteristic of stratospheric air brought to
low latitudes (Figures 9c and 11). The result is a region of
reversed meridional gradients on the eastern side of the
anticyclone, and these occur repeatedly during summer in
response to enhanced convection (Figure 7). We note this is
a region of chronic Rossby-wave breaking, as identified by
reversed PV gradients [Postel and Hitchman, 1999].

[31] The persistence of the constituent patterns within the
monsoon region, together with the climatological wind
structure (Figure 2), suggests that air is confined by the
UTLS anticyclonic circulation. We have studied this con-
finement using idealized transport calculations for particles
initialized on individual pressure levels within the anticy-
clone. Results show that the anticyclone can confine a large
fraction of particles initialized in the upper troposphere for
timescales of several weeks, whereas particles in the middle
troposphere or lower stratosphere disperse more quickly
(Figures 13—15). The maximum confinement occurs over
pressure levels ~200—100 hPa, and this agrees qualitatively
with the vertical structure of the strongest monsoon winds
(Figure 2). While these are idealized calculations and more
systematic studies should be pursued, the results suggest
that dynamical confinement within the anticyclone is an
important component of understanding the structure of
constituents in the monsoon region.
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