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Abstract. Measurements of methane have been made fromhe 1950s to the present day (Etheridge et al., 1998). How-
various observational platforms in the atmosphere. In thisever, from the beginning of 1990s a dramatic decline i,CH
article, we have compared four high precision balloon-borneincrease rate has been observed globally (Dlugokencky et al.,
measurements from Hyderabad (M, India in the period  2001). Since its emission rate is changing very slowly and
of 1987 and 1998 with a part of HALOE/UARS global obser- its total photochemical loss rate in the lower/middle strato-
vations available since 1991. All the balloon measurementsphere is quite small, anomalies in its stratospheric distri-
correspond to boreal spring (March and April) but belong bution bear footprints of dynamics, such as quasi-biennial,
to different years. A comparison shows fairly good agree-annual and semi-annual oscillations etc. (see Baldwin et al.,
ment with each other. The gradient in gidrofiles in the 2001, for a review). It is established that the QBO consti-
troposphere is controlled by the variation in vertical trans-tutes a major part of the variabilities in Gldnd G anomaly
port. The strongest effect of dynamical influence on methaneawith a time period of about 27—-30 months in the stratosphere
vertical profiles is shown to be resulting from the dynami- (Tung and Yang, 1994; Randel et al., 1998). The QBO phase
cal quasi-biennial oscillation in the stratosphere, and that hagn O3 anomaly changes at around®1én either side of the
been consistently derived from both the measurement techequator and the higher latitude anomaly extends as deep as
nigues and chemistry-transport model simulations. It is ob-60° latitude (Randel and Wu, 1996). However, the latitu-
served that the QBO signal in GHanomaly exhibits inter-  dinal extent and interhemispheric differences of QBO influ-
hemispheric asymmetry caused by the tropics to midlatitudeence on ClJ anomaly have not been very well understood
circulation in the stratosphere. A mechanism is suggested tdue to shorter temporal coverage of data on the record. Only
explain how and to what extent the methane vertical profilesrecently, extensive discussions on observations of the QBO
over Hyderabad and higher latitudes could be modulated byn HALOE CH,4 have been made (Ruth et al., 1997; Ran-
the prevailing QBO winds in the tropics. We have also dis-del et al., 1998; Dunkerton, 2001). Two-dimensional (2-
cussed how the same mechanism would affect ozone distrib) chemistry-transport-radiation models of the stratosphere
bution in the stratosphere quite differently. based on analysed meteorological parameters (e.g. winds,
temperature) are being used to simulate the derived interan-
nual variations from the satellite measurements of GB4,

H>0 etc. (e.g Fleming et al., 2002; McCormak and Siskind,
2002). Their sensitivity tests are useful to visualize the ef-

. . . . fects of dynamical QBO and temperature QBO on trace gas
Methane (CH) plays important role in chemistry and radia distribution, or to study the role planetary wave amplitude

tive balance of the lower and middle atmosphere. It has been Con

. : A on QBO periodicity. Here we take advantage of some of
estimated that typically about 97% of Gldxidation by OH : . .

. these understandings in the explanation of observed features
takes place in the troposphere (Lawrence et al., 2001), anor| o ) o :
. . - . In CH, distributions over a tropical site in India.

this gas generates 20 times more radiative forcing compareé'I )
to that of CQ on a per molecule basis (IPCC, 1996). Inthe The measurements of GHn the stratosphere have been
stratosphere chemical reactions withdDand Cl dominate  Started with the advent of appropriate technology, and

CH, destruction. Its abundance has increased rapidly sinc&eCOrds are available since the early 1970s by using balloon-
borne cryogenic collection of air samples (Ehhalt, 1980;

Correspondence td?. K. Patra (prabir@jamstec.go.jp) Fabian, 1981), and from the satellite platforms only during
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the past two decades (Jones and Pyle, 1984; Russell et atimated to be in the range of 2—3%o0(lL The results from
1993). But quality CH data from a tropical latitude using these balloon flights have been published earlier (Borchers et
balloons, and more frequently by the satellite are availableal., 1989; Lal et al., 1996; Patra et al., 2000; Lal and Sheel,
since about past 15 and 10 years, respectively (Borchers ét000), but no systematic comparison has been made so far in
al., 1989; Russell et al., 1993; Lal et al., 1994, 1996). Thesderms of interannual variations and with satellite data.
observations provide us a unique opportunity to compare two The vertical profiles of Cll constructed from 4 different
different kinds of dataset spreading over a decade, coverringalloon flight experiments during boreal spring at an inter-
about 4 complete QBO cycles. The satellite data sets are alseal of about four years, are shown in Fig. 1la. As argued
being utilized extensively to study the influence of various using the stratospheric measurements of 8%er India in
dynamical, and chemical composition changes in the stratoa previous study (Patra et al., 1997), the dynamical condi-
sphere. However, no significant usage of satellite observation on the measurement day of 16 April 1994 represents a
tions together with in situ measurements in lower and middlenormal day at 17.5N, that is typical of the tropical strato-
stratosphere could be found in the literature. It could alsosphere (hereinafter referred to as “normal” profiles). The
be noted that though there have been some discussion on ti8®94 profiles of Sk, N2O, CF,Cl, etc. also match fairly well
differences in behaviour of vertical distribution of long-lived with two-dimensional model simulations (Patra et al., 1997,
gases over Hyderabad, India (Lal et al., 1996; Patra et al.2000). The location of the measurement station is subtle in
1997, 2000), no detailed study has been carried out so far. a sense that the tropical upwelling region in stratosphere is
Here we have attempted to find possible cause for the diflocated over Hyderabad during northern hemisphere (NH)
ferences in the vertical profiles observed over the tropics ussummer (May—June-July), and in NH winter (December—
ing balloon-borne techniques during March—April period of January—February) the upwelling region moves to the south-
four different years that are well separated by an interval ofern hemisphere (SH). Thus sometimes the balloon travelled
about 4 years. The satellite observations and 2-D model simelose to the stratospheric “surf zone”, and measured verti-
ulations over this location and its dynamical neighbourhoodcal distributions often deviate from the normal profile. The
are used to support our findings. In the next section detail®bservations on 27 March 1987 and 9 April 1990 are the ex-
about the data sources and analysis procedure are given, fakmples of disturbed profiles from the “normal” profile. It can
lowed by the results and discussion section. The major conbe noted that the magnitude of deviation as well as the alti-
clusions of this study are listed in Sect. 4. tude of occurrence could vary largely with time. The char-
acteristics of the profile observed on 18 April 1998 exhibit a
relatively better match with the 1994 profile compared to the
2 Data and Analysis other two. This also suggests that the transition from winter
to summer in the stratosphere takes place during late March
In the period of 1987 to 1998, four balloon flights have to early April period at 17.5N. We have checked the hor-
been conducted from the National Balloon-launching Facil-izontal distributions of monthly mean geopotential heights
ity (NBF) at Hyderabad (17N, 78.6 E), India on (1) 27  (z) from the NCEP/NCAR reanalysis datasets (Kistler et al.,
March 1987, (2) 9 April 1990, (3) 16 April 1994, and (4) 2001), which commonly show that the gradientzirstarts
18 April 1998. The first two balloon flights were conducted around 30N in April at 50 mb height. This behaviour af
jointly by Max Planck Institute for Aeronomy (MPAE), Lin- was quite similar at 10 mb pressure layer during April. How-
dau and Physical Research Laboratory (PRL), and the latever, in March the location af gradient region shifts over to
ter two flights by PRL only. The payload (balloon gondola) lower latitudes and lies over Hyderabad.
containing a 16-tube cyro-sampler along with its control unit  Figure 1b shows the zonal wind component as obtained
were flown with the help of large volume~(50 000 n3) from the NCEP/NCAR reanalysis at Hyderabad. It is well-
Pyrex rubber balloon filled with hydrogen gas. The ambi- known that the distribution of CiHin the free troposphere
ent air samples were collected at 15 separate altitudes in th@above the planetary boundary layer) is rather well-mixed
upper troposphere and stratosphere during both ascent arahd does not depend on local dynamics to a large extent.
descent of the balloon. Typically, a ceiling altitude of about Thus the mixing ratios of Cllin the middle troposphere re-
35km was attained during the experiments. The samplinggion (~6—12 km) do not deviate significantly (less than 10%)
tubes were then brought to the laboratory and analysed fofrom one another with time. More discussions on tropo-
several chemical constituents using GCs coupled with flamespheric data are given in a latter section. The main features
ionization detector (for ClHand CO), electron capture de- in this plot are observed at the stratospheric heights: 1) The
tector (Sk, N2O, chlofluorocarbons, Halons etc.) and mass 1994 profile is uniformly higher in methane above 20km
spectroscopy (for hydrogenated halocarbons). The calibrathan other profiles — from the wind profiles it is seen that
tion for absolute concentration of Givas done with respect magnitude of easterly winds (also the easterly wind shear)
to the standard gases supplied by Linde gas, UK and NISTwas maximum in 1994 compared to other years of mea-
USA. The precision of GC analyses is estimated to be withinsurements. 2) This also readily shows that the mixing ra-
5ppbv (Ir), and the errors in absolute concentration are estio minimum in 1990 around 25-33 km layer is related to
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Fig. 1. Vertical profiles of CH obtained by analyzing the ambient air collected during the cryo-sampler experiments in boreal spring of 1987,
1990, 1994 and 199&( left panel). The 1987 and 1990 profiles are obtained from the PRL-MPAE collaborative programme (Borchers et
al., 1989), and 1994 and 1998 profiles are from the PRL conducted experiments (Lal et al., 1996). On the righ} parial profiles of

zonal winds from the NCEP/NCAR reanalysis, corresponding to Hyderabad (1777 .5 E), are depicted.

the westerly wind shear and downwelling in the deep trop-tative vertical profiles for Hyderabad during March—April
ics and subtropics as GHoncentration decreases upward. months in the complete HALOE operation period. First the
The increase in Cldabove 32 km in 1990 is probably related HALOE CHjy profiles (Level 2, SPF formatted, both sunrise
to lofting in QBO easterly wind shear regime; indication of and sunset), observed between 15 March—15 April of each
strong easterly shear in the wind profile is appearing above/ear and in the 16—2N latitude band (Hyderabad location
27 km. 3) In 1987 the minimum in methane near 20—-26 km+1.5°), are selected and the values are interpolated to 30
should be related to a westerly wind shear regime and downpressure levels in the height region of 100.0-1.0 mb. Then
welling, but is not very clear from the zonal wind diagram. CH,4 concentrations at each pressure level are averaged to
Then there appears to be lofting in the easterly shear zone argtoduce one vertical profile representing the boreal spring of
the reversal in wind shear above 30 km seem to be causingach calendar year, which are depicted on Fig. 2 (error bars,
the very low CH concentration at 33 km. In addition to the 1o, are also shown). While the average values depict the in-
changes in vertical transport in different zonal wind regimes,terannual variations in CHdistributions, the spread of the
the secondary meridional circulation (Choi et al., 2002) canerror bars indicate the variability in observed concentrations
also contribute to the low CHvalues in the vertical profiles. during March/April months of a particular year. It is appar-
ent from the diagram that depending on dynamical condition
Atthe same time, global coverage of several chemical conin our study region, the characteristics of the vertical pro-
stituents are available since the launch of HALogen Occultajles change from year to year. For instance, the 1997 and
tion Experiment (HALOE) onboard the Upper Atmosphere 2001 profiles show clear deviation from the other profiles
Research Satellite (UARS) in September 1991. Though theyy an amount larger than the error bars, and also the alti-
UARS mission itself began with an expected lifetime of tyde of maximum deviation lies in the range of 25-35 km.
about 2-3 years, this satellite and many of the instrumentsrhe 1995 and 1993 profiles also show discernible difference
onboard continues to make equally good quality measurefrom the normal profiles, though the intensities and altitude
ments (as of April 2003). The datasets are being used for varregions are different. We have also used the 4-dimensional

ious other kinds of study; e.g. deriving trends infOHthe  CH, dataset produced by Patra and Santhanam (2001) later
stratosphere, timeseries correlation of OMth other con-  in this work.

stituents such as CIQ and also to create four dimensional

regular grid tracer distributions (Froidevaux et al., 2000; Pa- It is well-known that the long-lived trace gases (e.g.4CH
tra and Santhanam, 2001). For comparison with the balloonN>O, Oz) and aerosol distributions in the stratosphere are
borne measurements of GHve have created the represen- closely linked with zonal wind variations in the tropics

www.atmos-chem-phys.org/acp/3/1051/ Atmos. Chem. Phys., 3, 1051-1062, 2003
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Fig. 2. Observed HALOE CH profiles during 15 March—15 April of each year in the period of HALOE operation. All the available (sunset
and sunrise both) profiles in the latitude 1Z2E5° N band are averaged.

(Tung and Yang, 1994; Hitchman et al., 1994; Randel et al. the earlier decades (Tung and Yang, 1994). In addition the
1998; Jones et al., 1998). Some studies also highlighted th@BO and annual cycle are known to have interplay that in-
interaction between seasonal, subennial and quasi-biennidluence the constituent transport and distribution due to up-
oscillations in the meteorological parameters to explain thewelling motion in the equatorial lower stratosphere (Mote et
observed variations in CH(Ruth et al., 1997; Dunkerton, al., 1996; Hinsta et al., 1998). During this selection process,
2001). In Fig. 3, we show the altitude-time variation of the observed vertical profiles of GHrom Hyderbad were
zonal winds anomaly in the period of 1985 and 2002 as re-also kept in mind to ensure the best possible suitability.
vealed from the NCEP/NCAR reanalysis data (Huesmann

and Hitchman, 2001). This diagram shows the temporal ex- . )

tent and altitude distribution of QBO phase and intensity at> Results and Discussion

the equator. As it is discussed above only two out of four

balloon-borne observations of GHhave overlapping mea- -
G ppINg the balloon-borne measurements and the satellite observa-

surements using HALOE. To compare the balloon data Wlthtions are shown. Also shown are the NASA/Goddard Space

satellite_ ob_servations, we have identified the QBO phase1C5Iight Center (GSFC) 2-D chemistry-transport model simu-
from this diagram that year 2001 and 1997 closely matChlations (Fleming et al., 2002) for the corresponding balloon

with 1987 and 1990 boreal spring conditions, respectively..;. X
. . ; flight dates. The treatments of chemistry, meteorology and
This search was needed because the QBO is an irregular oS-, ..~ : 4
I . : . Tadiation in the GSFC 2-D model can be found in Fleming et
cillation, and its period has averaged about 30 months in ; :
. .al. (2002) and references therein. It uses interannually vary-
the period of 1980-1992 and averaged about 27 months in . o .
ing meteorological conditions (winds and temperature) based

In Fig. 4 a comparison of Chlvertical profiles obtained from

Atmos. Chem. Phys., 3, 1051-1062, 2003 www.atmos-chem-phys.org/acp/3/1051/
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Fig. 3. Temporal variations in monthly mean zonal wind anomalies (m/s) with respect to pressure (mb), produced by the NCEP/NCAR
reanalysis project over the equator. The contour interval is 5 m/s; negative wind speed represents the easterlies (denoted by dotted lines), an
the Westerly phase of QBO is seen as the positive winds (solid lines). Note that the height extent of QBO is approximately from 100 mb to
10 mb, and above 3 mb (not shown here due to the lack of NCEP/NCAR reanalysis data beyond 10 mb height) dominance of the semi-annual
oscillation (SAO, westerly near the equinox and easterly near the solstice) over QBO is apparent (Swinbank and O’Neill, 1994).

9“ the. 3-D UKMO (UK Meteorologlcgl Office) aSSImllate.d Table 1. Slopes in CH mixing ratios between the middle tropo-
fields in the stratosphere for the period 1992-2000. SinC&phere and near the tropopause as derived from the vertical pro-
this model has interannual transport variability during 1994jjes for different years. The relative humidity (RH) and omeg (
and 1998 balloon flight periods, it is seen that the comparisorfor vertical velocity values are given as the monthly means for the
between the model and observations improves significantlyglobal tropics (20 S to 20 N) from the NCEP/NCAR reanalysed
While the HALOE and balloon Cliprofiles match very well ~ dataset.

with the 2-D model results in 1998, during 1994 the model

simulation compares better with the HALOE measurements. Year of Slope  Monthly Means (Mar/Apr)
Apparently, the balloon observations overestimate thg CH ~ Measurements  (ppm)  RH (in %) € (in Pa/sec)

values in the stratosphere. The model simulations for 1987 1987 0.06 46/47 —0.004/-0.004
and 1990 periods do not have any features resulting from in- 1990 -0.02 55/55 —0.005/~0.003
terannual variability in transport and only accounts for the 1994 0.02 50/51  —0.005/-0.005
photochemical loss of CHthat give rise to monotonous de- 1998 0.12 41/42  —0.004/-0.003

crease in mixing ratio with altitude. Thus the model simu-
lations do not compare well with the observations from both* is the only outlier in this correlation analysis.
the platforms.

Since the HALOE observations were nonexistent before
1991, we have used 2001 and 1997 HALOE profiles, re-gradients with height. However, relatively faster decrease in
spectively, corresponding to the balloon observations in 198 7TCH4 mixing ratios can be found in the upper troposphere re-
and 1990 following the discussion in the previous section.gion during 1987 and 1998. This decrease can be attributed
We choose to show the best possible matches between the the slower vertically upward transport rates during 1987
disturbed in situ measurements of £flom Hyderabad on and 1998 compared to that during 1990 and 1994. The
March 1987 and April 1990, and the profiles from HALOE NCEP/NCAR reanalyses data show higher relative humid-
data. For the simultaneous measurement periods in 1994y and faster vertical transport parameter (Ome@adur-
and 1998, the profiles of HALOE CHin the latitude band  ing March/April of 1990 and 1994 relative to March/April of
of 17.5£1.5° are presented. The GHoncentrations in the 1987 and 1998 (see Table 1 for details). The anti-correlation
middle troposphere are found to be about 1.65, 1.67, 1.68petween the slopes in GHmixing ratios from middle tro-
1.68 ppmv, from the balloon measurements, respectively, foposphere to the tropopause with relative humidity at 300 mb
the years 1987, 1990, 1994, and 1998 (ref. Fig. 1). On a fews very compact (correlation coefficient?£0.99). Similar
occasions similar concentrations are also found in the uppecorrelations with Omega also produce compact linear rela-
troposphere and lower stratosphere (UT/LS) region due to intionships.
tense upwelling in the upper troposphere and across the trop- The magnitude of Chl mixing ratio variation are much
ical tropopause. It can be noticed here that the,@ldrease  larger in the middle stratospheric altitudes. Thes@dncen-
rate in middle troposphere has been fairly stabilized in the petrations at around 30-32 km altitude in 1990 and at 34 km in
riod of 1990-1998, which agrees well with the observations1987 are only about 60% of those observed in 1994 and 1998
on the ground (Dlugokencky et al., 2001). Further analysisin the same altitude regions. Such large changes cannot be
suggest that the CHconcentrations across the tropopauseexplained by the changes in atmospheric,Qidrden, solar
(at ~17 km or 100 mb) generally do not exhibit detectable irradiance variations, or shifts in the abundances of reactive

www.atmos-chem-phys.org/acp/3/1051/ Atmos. Chem. Phys., 3, 1051-1062, 2003
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Fig. 4. The overplots of the remote sensing and in situ measurements gfa@Hshown for different periods. The GSFC 2-D model
simulations are also shown (thick dashed line) for a comparison. The comparisons of 1994 and 1998 balloon measurements (filled circle)
with the HALOE CH, profiles are shown as they were observed in the respective years (panels on the left). Whereas for 1987 and 1990
balloon data (open circle), we have chosen the HALOE profiles from the years 2001 and 1997, respectively, for comparison (right panels)
due to the lack of contemporaneous HALOE measurements, which are selected based on the meteorology of the stratosphere. The tim
and type of all HALOE measurements can be designated as: 1) 5 April (22:17 GMT) to 6 April (04:43 GMT) in 1994 (Sunrise), 2) 12
April (17:36 GMT) to 13 April 04:50 GMT) in 1998 (Sunset), 3) 17 April (09:03-20:17 GMT) in 1997 (Sunset), and 4) 27 March (05:52—
17:05 GMT) in 2001 (Sunset). The HALOE profiles are chosen as close to balloon measurement dates as possible irrespective of sunset o
sunrise data retrieval.

radicals in the stratosphere (i.e. chemistry). It is also apparshown; because earlier studies have suggested that the mon-
ent that such events are not rare in this part of the tropicakoon structures in the upper troposphere could impose zonal
stratosphere, and are captured by the satellite measuremerasymmetries in lower 15-20km of the stratosphere, while
quite frequently, which has finer temporal resolution. Hereabove that level quasi-stationary planetary waves can cause
we argue that the dynamical conditions over Hyderabad inzonal asymmetries in the meteorological fields (e.g. Quiroz
March—April 2001 and 1997 were fairly similar to those ex- et al., 1975). As seen from the legends, the HALOE observa-
perienced during the balloon-borne experiments in Marchtions had large zonal coverage within a day in a narrow lat-
1987 and April 1990, respectively, based on the zonal winditude band. However, no gross feature could be extracted in
distribution in the stratosphere. This comparison between the@rder to find any zonal asymmetry in the gHistributions.
balloon and satellite measurements is shown in Fig. 4. Orin general, the balloon measurement closely matches with
this diagram individual profiles observed by the HALOE are the HALOE observations, except in 1994, when the balloon

Atmos. Chem. Phys., 3, 1051-1062, 2003 www.atmos-chem-phys.org/acp/3/1051/



P. K. Patra et al.: Interannual variability of GMertical profiles 1057

observed ChH mixing ratios are higher by 10-15% than an butions in the lower stratosphere (McCormak and Siskind,
average HALOE profile at all altitudes. Even though for 2002).
1987 and 1990 balloon measurements there are no contem- The CH; anomaly distribution with QBO periodicity is far
poraneous HALOE observations, the matches between twonore prominent in the case of NH than that in the SH (com-
compared datasets for different years are unexpectedly googhare left and right panels on Fig. 5), which could be caused
The HALOE observations in 2001 and 1997 reproduce theby the asymmetry of the low to middle latitude circulation
CH,4 concentrations at most altitudes and successfully capanomaly (Kinnersley, 1999). He also suggested that strong
ture the low values at 34 km in 1987 and around 30—32 km incross-equatorial flow occurs near the shear zone if the zonal
1990 balloon data, respectively. The HALOE gbbserva-  wind anomaly is easterly. From a plot (not shown here) of
tions in 2001 also have a tendency to create a kink at 25 kmzonal winds from the NCEP/NCAR reanalysis (Kistler et al.,
similar to that could be seen more prominently in 1987 bal-2001) as a function of time and latitude at 10 mb, it can be
loon profile. seen clearly that the latitude extent of QBO easterlies are
The obvious next step is to relate the observeds CH larger in the NH compared to that in the SH. Thus thesCH
anomalies with the known dynamical oscillations of the trop- anomalies in the NH are also larger compared to the anoma-
ical stratosphere, the QBO being the most dominant one. Ities corresponding to SH stratosphere. The strength of CH
should be made clear that the rest of the study uses the 4zoncentration change with height is in good agreement with
dimensional CH distribution produced by Patra and San- that which has been observed for the zonal winds, forming
thanam (2001). In Fig. 5, the time-height crosssections ofa maximum in the middle stratosphere and diminishing to
CH4 anomalies are plotted at four latitudes (3%, 25°, weaker speeds towards the lower and upper stratosphere (see
35°) in both the hemispheres. An oscillation in the £H Figs. 5 and 3). Though the NCEP/NCAR reanalysis winds
anomalies with similar time period like that of the QBOZ7 as well as the model assimilated winds of the UKMO (Swin-
months) can be seen in the whole height range of tropicabank and O’Neill, 1994) show that the QBO signal in the
stratosphere. The most surprising finding is the latitudinalzonal winds does not generally exist beyond the tropics, but
extent of the QBO features in GHanomalies, which is in  the CH; anomalies in the NH stratosphere do bear the QBO
contrast to the presence of in-phase QBO signals in the zonalignal well into the midlatitudes as shown in Fig. 5. The
winds as well as in ozone distribution; that generally is re-latitude-time plot of CH anomaly does not decipher oppo-
stricted to about 150n either side of the equator (Swinbank site QBO phases between the tropics and extratropics (or
and O’Neill, 1994; Baldwin et al., 2001). The panelsin Fig. 5 midlatitudes) (see also Randel et al., 1998; Dunkerton, 2001),
suggest that the height distribution of phase propagation ofvhich is contrary to observations of the @istribution (Ran-
CH4 anomaly (ascending in nature) to be opposite in phasalel and Wu, 1996).
with the zonal wind anomaly (descending). Another possi- The difference between the GHand ozone anomaly
ble explanation for this is the difference in QBO winds effect distribution is mainly caused by the dissimilarity in their
on transport of long-lived trace constituents from the tropi- source/sink regions, and hence the influence of stratospheric
cal stratosphere to the higher latitudes through the secondaryansport mechanisms. The source ofiithe stratosphere
meridional transport (Choi et al., 2002). It has also beenis located at the tropical tropopause; whereas ozone is pro-
shown in a previous study that the descending westerlies imuced largely in the middle to upper stratosphere region,
the tropics enhance transport out of the tropics in the lowerspreading over a greater latitude region around the equa-
stratosphere, whereas the descending easterly winds enhantme. The gross picture of latitude-altitude cross sections of
such transport in the middle stratosphere (Jones et al., 1998LH, distribution is relatively simple in the stratosphere; the
Because the descending limbs of zonal wind anomalies arenixing ratio decreases with the increase in both latitude and
already out-of-phase to a great extent by about 14 monthéeight. On the other hand the ozone mixing ratio decreases
between the lower (e.g. 50 mb 620 km) and middle (e.g. on either side of the equator only at the middle stratosphere,
5mb or~35 km) stratosphere near the equator, and the “ouforming a peak around 10 mb height over the tropics. While
of the tropics” transport acts oppositely in the two QBO wind the ozone mixing ratio increases with latitude at the base as
regimes. It could be possible to draw a changeover line atvell as in the top layers of the stratosphere (Fig. 6). Thus
around 8 mb for this regime shift from the time-height plots transport of @, in the lower and upper stratosphere (be-
of CH; anomalies (see Fig. 5). It may be relevant to pointlow 30 mb and above 3 mb, respectively), due to horizontal
out here that the Fig. 5 is quite similar to the time-height mixing (from low to high mixing ratio) and cross-equatorial
plot of water vapour anomaly in the stratosphere, depictingadvection (tropics to extratropics) counter each other. This
the “tape recorder effect” (Mote et al., 1996); except there ismechanism does not allow the in-phase QBO signal in O
an important difference that the variation of water vapour in distribution to propagate much across the latitudes. The 2-D
stratosphere is closely linked to the entrainment of dry andmodel study shows that QBO in transport and QBO in tem-
wet tropospheric air through the tropical tropopause, and haperature dominates ozone interannual variability in the lower
a periodicity of about a year. The modelling studies illustratestratosphere and upper stratosphere, respectively (Fleming
the differences between the QBO in gldnd HO distri- et al., 2002). The equator to midlatitude transport in the
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Fig. 5. Time-height variations of HALOE Clianomalies in the stratosphere at various latitudes. Note the out-of-phase relation of CH
anomaly in the stratosphere and zonal wind anomalies in the tropics (see Fig. 3).
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Fig. 6. Latitude-time cross section of GHanomaly showing the detailed latitudinal extent of QBO signal at 10 mb pressure layer. It can be
noticed that the Chlanomalies in NH and SH are separated by a time lag of about one year.

stratosphere works quite differently for Gldince the effects  species, i.e. ClHand &, as far as their sources, sinks
of meridional advection and horizontal mixing are additive. and distributions in the stratosphere are concerned. For this
The distribution of aerosols adds another dimension to condiagram we have assumed the tropical upwelling, associ-
strain the understanding of stratospheric transport. Hitchmarmted with the diabatic processes (see for a review Shepherd,
and coworkers (e.g. Hitchman et al., 1994, and reference2002), at the base of the stratosphere to be constant over
therein) diagnosed tropical reservoir regions with an “upper”’a QBO cycle as that signal in GHlistribution is not very
and “lower” transport regime, which divide the stratospherestrong in the lower stratosphere (ref. Fig. 5). However, the
around 22 km in the tropics. strength of the meridional transport due to advection is as-
The processes of stratospheric transport around the tropisumed to be variable, which is believed to be forcing the
cal region has been schematically represented in Fig. 7 durQBO signal in tracer distribution. The downwelling (loft-
ing both phases of the QBO, based on the two distinct tracéng) during the westerly (easterly) phase of QBO wind shear

www.atmos-chem-phys.org/acp/3/1051/ Atmos. Chem. Phys., 3, 1051-1062, 2003



1060 P. K. Patra et al.: Interannual variability of gtertical profiles
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Fig. 7. Schematic diagram of the stratospheric dynamics in two phases of the QBO. Different arrows have been used to indicate prevailing
dynamical components such as tropical upwelling, out of tropics (meridional) transport by the mean meridional circulation, horizontal mixing
arising from the concentration gradient (from high to low), ascending (descending) QBO return arms over midlatitude during westerly
(easterly) QBO phases, and the downward (upward) motion in the tropics that produce “double peak” structure in the stratosphere. The size
of CHy and Q3 symbols are varied to represent areas of high to low (by big, medium and small sizes) values of mixing ratios, which in
turn determines the direction of transport due to horizontal mixing. Similarly, thickness of arrow indicates the changes in strength of the
meridional transport during two QBO phases.

helps to produce the prominent “rabbit ears” in the,Glit- ent years in the period of 1987-1998, the HALOE/UARS
tribution in the upper stratosphere. In addition, the “returnmeasurements of CHduring 1991-2002, and 2-D model
arm” of tropical QBO circulation over midlatitude, which simulations have been made. The following are the major
is where the air descends (ascends) in the extratropics duconclusions drawn from this study:

ing the easterly (westerly) equatorial shear (Baldwin et al.,
2001), is considered to produce the mid- and high latitude
O3 anomaly. Thus the resulting anomaly in the subtropics is
out of phase with that in the tropics. Because the Gtiking

ratio decreases sharply with an increase in both latitude and
altitude, the effect of the return arm of the equatorial QBO is
not very significant (ref. Fig. 6). These transport processes
in the tropics and subtropics could explain the differences
in altitude and latitude variations in GHand G anomaly.
This discussion is not only restricted to the trace gases alone, 2. In the troposphere the gradients in £hhixing ra-
but is in compliance with the transport models derived from tio show tight anti-correlation with relative humidity at

1. The measurements from two observation techniques
show good agreement in lower stratospheric mixing
ratios of CH,, which are relatively less disturbed by
the prevalent meteorology and largely influenced by
the troposphere-stratosphere exchange. The chemistry-
transport model with interannually varying meteorology
also reproduces the dynamical disturbances observed in
CHg4 profiles.

the aerosol distribution in the stratosphere (Hitchman et al., 300 mb layer, suggesting that the vertical veloci®) (
1994). Lastly, if an analogy is drawn from the aerosol distri- controls the CH transport from the lower troposphere
bution in the tropics and on basis of the £&hd G distribu- to upper troposphere.

tions in the stratosphere, it could be suggested qualitatively
that the major part of @transport into the subtropics should
be occurring in the middle/upper stratosphere, whereas the
“out of tropics” transport of Ci would be far more stronger

in the lower part of stratosphere.

3. We show that the interannual @Hariability in the
middle stratosphere over Hyderabad during 1987, 1990,
1994 and 1998 are caused by the stratospheric dynam-
ics, primarily governed by the quasi-biennial oscilla-
tions. In general, this relationship would provide useful
information for planning the future balloon flight exper-

4 Conclusions iments from Hyderabad.

4. Our analysis of HALOE Chldata suggests that the ef-
The comparisons between balloon-borne measurements from  fect of QBO on the transport of tracers in the strato-
Hyderabad (17.5N), India in March—April months of differ- sphere are asymmetric across the equator and this signal
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