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Abstract. Evidence of chemical isolation in the Asian lation is a thermally direct circulation dominated by a low-
monsoon anticyclone is presented using chemical conievel thermal low and an upper-level anticyclone (Krishna-
stituents obtained from the Atmospheric Chemistry Exper-murti and Bhalme, 1976). Flanked by the equatorial and sub-
iment Fourier Transform Spectrometer instrument duringtropical jets, the anticyclone acts as strong transport barrier
summer (June—August) of 2004-2006. Carbon monoxideo chemical constituents, such as water vapor (Dethof et al.,
(CO) shows a broad maximum over the monsoon anticy-1999) and ozone (Randel and Park, 2006), in the upper tro-
clone region in the upper troposphere and lower stratospherposphere and lower stratosphere (UTLS). Carbon monoxide
(UTLS); these enhanced CO values are associated with aitransported upwards by the monsoon convection is trapped
pollution transported upward by convection, and confinedwithin the monsoon anticyclone in the upper troposphere (Li
by the strong anticyclonic circulation. Profiles inside the et al., 2005). Recent satellite observations have highlighted
anticyclone show enhancement of tropospheric tracers CQthe strong isolation of carbon monoxide within the monsoon
HCN, GHg, and GH» between~12 to 20 km, with max-  anticyclone, extending into the lower stratosphere (Fu et al.,
ima near 13-15 km. Strong correlations are observed among006; Park et al., 2007).

constituents, consistent with sources from near-surface pol- The Atmospheric Chemistry Experiment (ACE) is a
lution and biomass burning. Stratospheric tracees HNO3 Canadian-led satellite mission launched in 2003. The ACE
and HCI) exhibit decreased values inside the anticyclone beFourier Transform Spectrometer (ACE-FTS) instrument pro-
tween~12-20km. These observations are further evidencevides vertical profiles of a few dozen chemical species cover-
of transport of lower tropospheric air into the UTLS re- ing the middle troposphere to thermospherd §—100 km),
gion, and isolation of air within the anticyclone. The rel- with data available from the polar regions to the tropics
ative enhancements of tropospheric species inside the ar{Bernath et al., 2005). In this study we use ACE-FTS mea-
ticyclone are closely related to the photochemical lifetime surements to explore the consequences of vertical transport
of the species, with strongest enhancement for shorter liveavithin the Asian monsoon anticyclone. In particular, we
species. Vertical profiles of the ratio 0£B8,/CO (used to  focus on the ACE-FTS measurements of carbon monoxide
measure the relative age of air) suggest relatively rapid trans¢CO), hydrogen cyanide (HCN), ethane{ds) and acety-
port of fresh emissions up to the tropopause level inside thdene (GH2), which have common sources of biomass burn-
anticyclone. ing (Andreae and Merlet, 2001) and major sinks of reac-
tion with hydroxyl radical (Logan et al., 1981). The pho-
tochemical lifetimes of these species span the range of 0.5—
5 months, which make them useful as tracers of transport
in the troposphere and lower stratosphere. We also include

The Asian summer monsoon is the dominant circulation fea_analyses of methyl chloride (G€1), which is produced by

ture spanning Southeast Asia to Afghanistan during North-b'omass burning and has a lifetime of about a year (Blake et

ern Hemisphere (NH) summer. The Asian monsoon circu-al_" 1996; Yoshida et al., 200.4)’ and carb(_)nyl s_ulf!de (0Cs),
with sources of anthropogenic and oceanic emissions (Watts,

2000) and a lifetime of several years (Chin and Davis, 1995;

Correspondence to: M. Park Blake et al., 2004).
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Table 1. Photochemical lifetimes. (a) ACE CO 16.5 km

60N [ 53268 2 A 70

- — 2 Xjao et al., 2007 N
Species Lifetime b Logan et al., 1981 30N %
CcO 2-3 monthd Clietal., 2000 S0E
HCN  5month§&de d Zhao et al., 2002 §
CoHg  1-2 month&d feSmgh etal., 2003 EQ 40%D
CoHo 0.5—1 month&P Blake et al., 1996 30§
CHsCl  1yeaPfi 9Blake et al., 2004 305 z
0oCS  4.3yea@h h Chin and Davis, 1996 209

! Yoshida et al., 2004
60S 10

180W  120W  60W 0 60E  120E 180E

Numerous observational studies of tropospheric pollutants ON (b) ACE HCN 16.5 km
have been made based on aircraft observations (e.g., Smyt
et al., 1996; Blake et al., 1996; Talbot et al., 1999; Singh et
al., 2003; Russo et al., 2003). However, space-based obser0N |,
vations are limited and relatively new. Tropospheric CO has
been obtained from several satellite instruments, including g
Measurement of Air Pollution from Satellites (Connors et al.,
1999), Interferometric Monitor for Greenhouse gases (Cler-
baux et al., 2003), Measurements Of Pollution In The Tropo-
sphere (Deeter et al., 2004; Edwards et al., 2006), Microwave
Limb Sounder (Waters et al., 2006), and Tropospheric Emis- 60S
sion Spectrometer (Beer, 2006), and these data have been 180W 120W 60W 0 60E  120E  180E
used for studies of tropospheric pollution and Iong-'rangeFig_ 1. Global map ofa) CO and(b) HCN mixing ratios at 16.5 km
transport. _However, ACE-FTS ha_s the advf';\_ntage of SImUItaTor June—August (2004-2006). Approximate data range is 10-70
neous retrieval of numerous species in addition to CO. A fewparts per billion by volume (ppbv) for CO and 100-340 parts per
previous studies have used ACE-FTS measurements of CGyillion by volume (pptv) for HCN.

HCN, GHg, CoH2, and methanol (CkDH) to study the ef-
fect of biomass burning emissions in the UTLS region (Rins-

land et al., 2005; Dufour et al., 2006; Coheur et al., 2007),4,1ing NH summer (June—August) of 2004—2006. Due to the
and our work extends those analyses with focus on the Asiaiy it geometry, most of the low latitude observations occur
monsoon region. in August during this period.

The chemical species analyzed here include tropospheric

2 Datadescription constituents CO, HCN, £Hg, CoH», OCS, and CHCI, and
stratospheric speciessOHNO3, and HCI. The photochemi-

The ACE mission was launched on 12 August 2003 into acal lifetimes of these constituents, which span the range from
high inclination (74) circular orbit at 650 km altitude. The ~1 month to longer than 1 year, are provided in Table 1.
high resolution infrared ACE-FTS measures solar absorptionThese numbers are estimated in the troposphere but are al-
spectra from 750 to 4400 cmh using the solar occultation most constant up to the UTLS region. For data screening
technique. The primary goal of the ACE mission is focusedpurposes, we exclude profiles with values outside of three-
on polar ozone chemistry and dynamics, and the majoritysigma variance between 8 and 60 N. This method typ-
of measurements are obtained over high latitudes (Bernatically excludes less than 1% of profiles depending on the
et al., 2005). The vertical field of view of the instrument species. The estimated fitting errors of version 2.2. CO and
is 3km, and measurements during each occultation are obversion 2.2 updated ozone are 2-6% and 2—7% in the UTLS
tained with a vertical sampling of 2—6 km (depending on theregion, respectively. The CO retrieval errors are better than
angle of the sun with respect to the spacecraft velocity vec5% from the upper troposphere to 40 km (Clerbaux et al.,
tor); the constituent profile retrievals are available on a (over-2007). The ACE-FTS ozone reveals a high bias of up to 40%
sampled) 1 km vertical grid (Boone et al., 2005). The datain the comparison with non-coincident aircraft data in the up-
here are based on version 2.2 retrievals (including the upper troposphere (Hegglin et al., 2007). Papers detailing the
dated ozone). The £l and GH; data are research prod- validation studies for version 2.2 products (including the up-
ucts retrieved to higher altitudes (up to 21km faoiHg and ~ dated ozone, see Dupuy et al., 2008) will be available in a
18 km for GHy) for this study, and we focus on observations special issue of Atmos. Chem. Phys. on validation of ACE.

30S
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values are marked as dots and low G&B0 ppbv) values are shown Fig- 3. Average profile of tropospheric tracei@) CO, (b) HCN,

as pluses, respectively. (c) CoHg, (d) CoHy, () CH3CI, and(f) OCS) inside (solid) and
outside (dashed) of the monsoon anticyclone, respectively. Two-
sigma standard error from the mean is denoted as solid line.

3 Chemical isolation in the anticyclone

Figure 1a shows CO mixing ratio amounts at 16.5km forda_ta, and Fig. 2 showsa_scatter plot of the CO-EPV relation-
all of the ACE-FTS observations during June-August 2004-Ship for all the observations over 2640° N. The monsoon
2006. The majority of points at mid to high latitudes lie in anticyclone is in general characte_nzed by a region of low
the stratosphere (where GQO parts per billion by volume, EPy (Rand.el and Park, 2006). Figure 2 shows an 'overall
ppbv) and in the upper troposphere (where CO ranges 4panticorrelation between CO _and _EPV, sugh that t_he high CO
50 ppbv, see Clerbaux et al., 2005). There is a broad maxiMmeéasurements (dots) are primarily associated with low EPV,
mum in CO over the Asian monsoon regiori{@2C0 E and ~ 1-€., near or W|th|n_thelanpcyclone. Based_on this Qeflnltlon,
10°—4 N), and a similar maximum is evident for altitudes there are~40 profiles |n§|de and-240 profiles outside the
~12-20km (not shown). HCN mixing ratios (Fig. 1b) also anticyclone for observations over June—August 2004—2006.
exhibit a maximum in this region, roughly coincident with  We compare in Fig. 3 the average vertical profiles of tro-
the CO maximum. Daily observations of CO from MLS data pospheric constituents (CO, HCN;ids, CoH2, CH3Cl, and
have demonstrated that CO maxima at 100 hPE6(km) oc-  OCS) inside and outside of the anticyclone, respectively. For
cur within the Asian monsoon anticyclone throughout sum-each group of profiles we calculate the mean and the standard
mer (Li et al., 2005; Park et al., 2007). Based on these preerror of the mean (the sample standard deviation, divided by
vious observations, it is likely that the highest CO valuesthe square root of the number of observations, shown as error
seen in Fig. 1a represent individual ACE-FTS measurementbars in Fig. 3). Substantial enhancements within the anticy-
within the anticyclone. To examine the behavior of other at-clone are observed for CO, HCNB8g, and GH> in Fig. 3,
mospheric constituents in the monsoon anticyclone, we usavith significant differences up t&20 km. While the outside
the CO values to identify profiles within the boundary of the or background profiles exhibit monotonic decreases with alti-
anticyclone (i.e., the high values in Fig. 1a). Profiles “inside” tude, profiles inside the anticyclone show conspicuous max-
are defined where CO is higher than 60 ppbv betwelen 0 ima near 15km for CO, HCN andxElg, and near 13 km for
120° E and 10-40° N at 16.5km (see Fig. 1a) and the rest CoH> (which has a significantly shorter lifetime, Table 1).
of the profiles between 2840° N are regarded as “outside” The long-lived tracers (C¢Cl and OCS) show slight en-
the anticyclone (representing background conditions). Ashancements within the anticyclone ovet4-18 km (Fig. 3e

an additional confirmation that these high CO values occurand f). The higher mixing ratios within the anticyclone prob-
within the anticyclone, we calculated Ertel's potential vor- ably result from a combination of rapid vertical transport and
ticity (EPV) at the individual ACE observation locations us- horizontal confinement (Li et al., 2005; Randel and Park,
ing National Centers for Environmental Prediction/National 2006), and the elevated mixing ratios can be regarded as “fin-
Center for Atmospheric Research (NCEP/NCAR) reanalysisgerprints” of the near-surface pollutant concentrations. In

www.atmos-chem-phys.net/8/757/2008/ Atmos. Chem. Phys., 8, 757-764, 2008
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contrast, the outside or background profiles represent pho-

tochemically aged air, so that the inside-outside differencesig. 5. Scatter plots of CO (ppbv) vers(a) HCN (pptv),(b) CoHg

may be dependent on the lifetime of the individual species(PPtv), (¢) C2H2 (pptv), (d) CH3Cl (pptv) and(e) OCS (pptv), and

(as explored below). We note that the average mixing ra<f) O3 (ppbv) versus HCI (ppbv) at 16.5km. Pluses indicate mea-

tios shown in Fig. 3 are within the range of those obtainedS!réMents inside and dots indicate outside of the monsoon anticy-
in aircraft field measurements in the lower and middle tropo-Ctioner’] resphectl\_/el)ll.l_fThe daSkf'ed Illqe n e_ach panel |sfde3veo!lfrom
sphere (Smyth et al., 1999; Blake et al., 1999; Singh et aI.,t e photochemical litetimes of each species (see text for detail).

2003; Xiao et al., 2007).

Figure 4 compares inside versus outside profiles for the The compact linear relationships among CQHg and
stratospheric tracers —sPHNO3 and HCI. Each of these C,H, in Fig. 5 are consistent with common sources from
tracers shows reduced mixing ratios inside the anticyclonesiomass burning. In this case chemical loss is the primary
over ~12-20 km compared to outside profiles, and this be-mechanism that determines the slope of the scatter plots,
havior is consistent with enhanced transport of tropospheriyhich in turn is related to the relative chemical lifetimes of
air into the anticyclone. These observations are consistenthe species (Ehhalt et al., 1998). We test this in a simple
with the relative minimum in ozone within the anticyclone way, by including a line in the scatter plots associated with
shown in Randel and Park (2006) and Park et al. (2007).  the respective e-folding time of the two species assuming

Tracer-tracer correlations are useful to diagnose air masg; =xox exp(—1.,/t;). Herey; represents thegh chemical
characteristics and relationships among different speciesspeciesyg represents the initial concentratiagp, andz; are
Figure 5 shows scatter plots of tropospheric tracers versughe chemical lifetimes of CO and théh chemical species,
CO, for HCN, GHg, CoH», OCS, and CHCI (for data at  respectively. The initial concentrations are set to be the max-
16.5km). Overall, each of the tropospheric tracers showima for CO and theth speciesg,, is fixed as 2.5 months,
strong correlations with CO, with high CO values inside the and the othet; lifetimes are taken as the mean values from
anticyclone (orange plus signs) associated with high value§able 1. These slopes for each of the tropospheric tracers
of other species. §Hg and GH> exhibit relatively compact are included in Fig. 5. Note that these slopes are linear on a
correlations with CO, suggesting similar sources for thesdog-log plot (Ehhalt et al., 1998), but appear logarithmic on
species (Blake et al., 2003). There is significantly morethe linear axes in Fig. 5. Overall there is quite reasonable
scatter in the HCN versus CO diagram than other speciesgreement between the theoretical curves and the observed
(Fig. 5a), which is similar to results from the TRACE-P air- distributions for both @Hg and GH> versus CO. As noted
craft observations, and this may be a signature of differenfabove, there is significantly more scatter in the HCN versus
sources and sinks for HCN and CO (Singh et al., 2003).CO distribution (and likewise for C§Cl versus CO), prob-
CHzsCl and OCS also exhibit some correlation with CO, but ably signifying distinct sources, but the overall distribution
relatively smaller differences between inside and outside profollows the respective slopes calculated from the lifetimes.
files. Figure 5f shows a scatter plot for two stratospheric trac+or OCS, there is less agreement with the theoretical curve,
ers (HCl versus @), showing a highly compact relationship. but the application of such an idealized model is questionable
This occurs due mainly to the stratospheric chemical originfor such a long lifetime (over 4 years for OCS). However,
of the two species and long lifetime in the upper tropospherethe overall good agreement with theory for the other tropo-
(Marcy et al., 2004). Low ozone inside the anticyclone is spheric tracers is consistent with the differences between air
also correlated with high CO (not shown). The compact re-inside and outside the anticyclone being primarily a result of
lationships between ozone and the other stratospheric tracerslatively young air inside versus photochemically aged air
(e.g., HF and HN@) are consistently found between 15 and outside. Also, the agreement in slopes is consistent with the
18 km. approximate lifetimes of the constituents as listed in Table 1.

Atmos. Chem. Phys., 8, 757-764, 2008 www.atmos-chem-phys.net/8/757/2008/
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Fig. 6. (a) Normalized difference between average profiles inside Fig. 7. Level of enhancement (%) of the nine tropospheric trac-
and outside the anticyclone for the tropospheric tracers, i.e., CQers at 12.5, 14.5 and 16.5km. The log-scale x-axis represents the

(solid), HCN (dotted), GHg (dashed), and §H, (dash dot). (b) chemical lifetime of the tracers in years (g€l — 1 year).
Ratio of GH»/CO inside (open circle) and outside (plus) the anti-

cyclone, respectively.

In order to compare the average vertical profiles inside and
outside the anticyclone among the species, we calculate the
differences between the mean profiles in Fig. 3, and then nor-
malize the differences for each tropospheric constituent to
a maximum value of 1.0 (Fig. 6a). Here we focus on the
species CO, HCN, §Hg, and GHa», which show the largest
enhancements in Fig. 3. The tracer differences in Fig. 6a have
maxima near 15 km, and the exact altitudes of maximum val-
ues differ somewhat among the tracerd 6 km for CO and
HCN, ~17 for GHg and~13 km for GH>), although the
significance of these differences is unclear given-t3km
vertical resolution of the ACE-FTS data. We also include in ] "

Altitude (km)

Fig. 6b the ratio of GH,/CO for the inside and outside pro- e+ o F
files, as an indicator of the relative age of an air mass (Smyth 80 -60 -40 -20 0 20
etal., 1999; Xiao et al., 2007). The typical range of the ratio (in-out)/out x 100 (%)

is 0.2-2.2 (pptv/ppbv), consistent with the data in Fig. 6b,

and a ratio less than one indicates photochemically aged ankiig. 8. Level of enhancement (%) of the stratospheric tracegs, O

well-mixed air (Talbot et al., 1999). The,8,/CO ratio in-  (solid), HNO; (dashed), and HCI (dash dot).

side the anticyclone in Fig. 6b is larger than one, indicating

relatively young air transported up tel6 km. The ratio is

less than one outside the anticyclone, signifying photochemplume (Coheur et al., 2007). The overall increased enhance-

ically aged and well-mixed air mass as the background. ment for shorter lifetimes is consistent with relatively young
The level of enhancement inside the anticycloneairinside the anticyclone, and older air in the background (as

with respect to the background can be defined agmplied for the distributions seen in Fig. 5). There is also

A[X]1/[XToutsid®100, where X] represent the constituent a systematic increase in enhancement with altitude over 12—

mixing ratio andA[X] is [X linside—[ X Joutside (Se€ Coheur et 17 km for the shorter-lived species; this may be a signature

al., 2007). The enhancement of tropospheric tracers insid@f systematically older air with higher altitude for the outside

the anticyclone is compared in Fig. 7 for different altitudes, or background profiles.

plotted as a function of lifetime of the respective species. The Figure 8 shows the level of enhancement for the strato-

enhancement is larger for the shorter-lived constituents andpheric tracers. Here the values are negative because these

also systematically increases with altitude foH3, CoHe tracers are depleted within the anticyclone as shown in

and CO. The @H> level increases up to 190% in Fig. 7 and Figs. 4 and 5. There are systematic decreases in the

it can be as large as 2200% for a young biomass burningtratospheric tracers overl11-20km, with @ and HNG

www.atmos-chem-phys.net/8/757/2008/ Atmos. Chem. Phys., 8, 757-764, 2008



762 M. Park et al.: Chemical isolation in the Asian monsoon anticyclone

clone show strong enhancements for the tropospheric tracers
CO, HCN, GHg, and GH2 over approximately 10—-20 km
(Figs. 3 and 6), with relative maxima near 15km (some-
what lower for GH»). Relatively weak enhancements in-
side the anticyclone near 15 km are also observed foyGTH

and OCS. There are corresponding decreases in stratospheric

anticyclone ’

15km ¢ stratospheric | tropopsheric
\

\, tracers tracers tracers (@, HNO3z and HCI) inside the anticyclone over the
‘\ same altitude range (Figs. 4 and 8).
' . “ The maxima (minima) in the tropospheric (stratospheric)
~ convel > 12km " constituents over 13—-15 km may suggest that this is the alti-

tude of strongest outflow from deep convection in the mon-
soon region. However, this altitude is somewhat higher than
the maximum convective outflow levet(12 km) inferred
from tropical radiative balance (Folkins and Martin, 2005)
or cloud height estimates (Gettelman et al., 2002; Liu and
Fig. 9. Schematic diagram showing (left) level of maximum con- ZiPSer, 2005). Figure 9 shows a schematic diagram illus-
vective outflow (12 km) versus monsoon anticyclonic circulation trating the vertical profiles of the circulation features in the
(~15km). (Right) Level of maximum increase (decrease) in the monsoon region compared with the tracer profiles identified
tropospheric (stratospheric) tracers. in this study. The right panel of Fig. 9 shows the level of max-
imum increase (decrease) in the tropospheric (stratospheric)
tracers, which is close te-15km. The left panel high-
decreases up te40% and HCI decreases nea60%. The lights the main convective outflow level nea12 km, with
vertical profiles of these changes are consistent with the trothe strongest closed circulation of the anticyclone somewhat
pospheric tracer enhancement seen in Fig. 6a, and the stratabove this level £12—-16 km; Randel and Park, 2006). The
spheric tracers provide further evidence of transport of lowermechanism(s) of vertical transport above 12 km are a subject
tropospheric air to altitudes near and above the tropopause.of ongoing research, but likely involve large-scale circula-
tion in the anticyclone (Park et al., 2007), overshooting deep
convection (Dessler and Sherwood, 2004), or the dynami-
4 Summary and discussion cal divergence mechanism discussed in Folkins et al. (2007).
Although the detailed mechanism(s) leading to formation
The Asian summer monsoon circulation acts as a transporéind maintenance of the tracer profiles are not understood at
barrier to the chemical species from upper troposphere tgresent, the ACE-FTS data provide detailed observations to
lower stratosphere during NH summer (Li et al., 2005; Ran-test idealized or more realistic models.
del and Park, 2006; Park et al., 2007). Due to vertical There exist substantial correlations between CO and the
transport from deep convection and strong isolation withintropospheric tracers in the UTLS region. Compact correla-
the anticyclone, chemical constituents often show relativetions are found between CO andis, and between CO and
maxima or minima over the monsoon region. In this study, C,H,, suggesting common sources for these species. Some-
we show further evidence of chemical isolation in the an-what higher scatter is observed between CO and HCN, con-
ticyclone using chemical constituents observed by the ACE-sistent with aircraft observations, and this may signify dif-
FTS for the period covering summer (June—August) of 2004-ferent sources for the two species. The observed slopes of
2006. ACE-FTS data allow study of constituents with a va-the correlations among different tropospheric species are in
riety of photochemical lifetimes, and provide information on reasonable agreement with calculations based on published
the detailed vertical structure within the anticyclone. lifetimes (Fig. 5), and this demonstrates that the differences
CO vertical profiles show significant enhancement overbetween profiles inside and outside of the anticyclone are
the monsoon anticyclone fronmy12—20km altitude. The consistent with distinct photochemical ages. This conclusion
HCN profiles show maxima almost in the same region as COis consistent with the ratio of ((E2/CO) in Fig. 6b, which
Using the clear signal of high CO (Fig. 1a), we define pro- suggests relatively younger air inside the anticyclone.
files to be “inside” the anticyclone where CO is higher than The relative enhancements of tropospheric species inside
the threshold (60 ppbv at 16.5 km) and term “outside” the an-the anticyclone are closely related to the photochemical life-
ticyclone to be the rest of the observations over the latitudeiime of the species (Fig. 7). The largest enhancements are ob-
band 10-40 N. The observations with enhanced CO are as-served for species with the shortest lifetimes (namel 4,
sociated with relatively low potential vorticity (Fig. 2), con- with relatively small differences found for lifetimes of 1 year
sistent with the region of the anticyclone. The selection ofor longer. The enhancements are also larger for higher alti-
“inside” profiles is not very sensitive to the threshold CO val- tudes (between 12 and 17 km), and this may reflect the in-
ues chosen in this study. Averaged profiles inside the anticyerease in photochemical age with altitude of species in the
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