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[1] We have analyzed thirteen years (1993 to 2005) of HALOE and over two years of
EOS MLS observations (September 2004 to December 2006) for QBO and annual
cycle trace variations in tropical H2O, HCl, ozone, N2O, CO, HF, and CH4. We use these
results to develop the theory explaining both Brewer-Dobson circulation (BDC) and QBO
driven fluctuations in tropical trace gases. For H2O, BDC variations drive part of the
tropopause annual forcing through annual variations in the temperature as has been shown
previously. For CO, the annual variations in the BDC amplify the annual fluctuations in
CO at the tropopause as has recently been shown by Randel et al (2007). In both cases, the
tropopause signal is carried upward by the mean BDC. For ozone, N2O, HCl and
other gases, photochemical processes force fluctuations in the trace gases to be
synchronized with annual and QBO variations in the zonal mean residual vertical velocity
as is shown using lag correlations.
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1. Introduction

[2] Annual cycle variations exhibited by lower strato-
spheric water vapor (i.e., the tape recorder) are a result of
tropical isolation, the mean Brewer-Dobson circulation
(BDC) upwelling and tropopause variations in temperature
during the annual cycle [Mote et al., 1996, 1998]. The
isolation and upwelling of the tropical lower stratosphere
are also evident in higher tropical mixing ratios of N2O and
CH4, and lower tropical amounts of inorganic chlorine,
compared to extratropical latitudes. Measurements of SF6
and CO2 show that tropical lower stratospheric air is
significantly younger than extra-tropical air [Waugh and
Hall, 2002], which also indicates the isolation of that
region.
[3] In the water vapor tape recorder, seasonal changes in

tropical tropopause water vapor mixing ratio rise nearly
unperturbed through the lower stratosphere to from 20–
30 km. Any trace gas that has seasonal variations in its
mixing ratio at the tropical tropopause and has a lifetime
greater than months in the lower stratosphere should pro-
duce a tape recorder signal as the variations are carried
upward by the tropical upwelling. For example, CO, which
seasonally varies at the tropical tropopause due to biomass
burning, also produces a tape recorder signal [Schoeberl et
al., 2006]. A tape recorder signal is also evident in HCN,

which is occasionally enhanced by biomass burning
[H. Pumphrey, personal communication, 2006] and CO2

[Andrews et al., 1999]. The tropical upwelling of the BDC
is driven by the dissipation of extratropical planetary waves
in the mid-stratosphere through the downward control
principal [Haynes et al., 1991] and may vary in magnitude
during the season and from year to year.
[4] The dynamical isolation of the tropics also makes the

tropical quasi-biennial oscillation (QBO) possible [e.g.,
Dunkerton, 1991]. The QBO consists of alternate East-West
direction stratospheric winds descending from about 30 km
to the tropopause with a period of about 26–27 months [see
review by Baldwin et al., 2001]. The QBO is confined to the
tropics although the oscillation induces secondary circula-
tions in the extratropics and affects the extra-tropical lat-
itudes through changes in planetary wave ducting. A
description of the QBO, its tropical and extratropical effects,
and the theory of the QBO are reviewed by Baldwin et al.
op. cit. The secondary circulation associated with the QBO
is superimposed upon the BDC. The QBO secondary
circulation consists of an increase in the upwelling during
the easterly shear phase and a suppression of the upwelling
during the westerly phase [Plumb and Bell, 1982]. At the
peak of the easterly circulation, the QBO secondary circu-
lation is divergent with air flowing away from the equator.
This flow reverses at the peak of the westerly circulation.
[5] The QBO and Brewer-Dobson circulations modified

the constituent distributions in the tropical stratosphere. The
QBO, for instance, is clearly evident in tropical ozonesonde
data [Logan et al., 2003 and references therein] as well as
satellite aerosol data [Trepte and Hitchman, 1992; Grant et
al., 1996] and satellite trace gas data [Hasebe, 1994;
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Hollandsworth et al., 1995; Randel and Wu, 1996; Schoeberl
et al., 1997; Randel et al., 1998].
[6] A good portion of the Halogen Occultation Experiment

(HALOE) trace gas data record has been analyzed for trace
gas fluctuations by Dunkerton [2001] (hereafter D2001).
D2001 used rotated principal component analysis to extract
QBO, semi-annual, annual and subbiennial components for
ozone, CH4, and H2O. The subbiennial components are
evidently due to non-linear interactions between the annual
cycle and the QBO. D2001 showed that the subtropical
anomalies were larger in the Northern Hemisphere, and he
was also able to reproduce the trace gas variations using
standard harmonics combined with a decadal variation.
D2001 was also able to identify the seasonal synchronization
of the annual cycle with the QBO in the trace gas data.
[7] In this paper we analyze 11 years of tropical HALOE

trace gas distributions from 1994–2005) of observations
from the aboard the UARS satellite and two years of Earth
Observing System Microwave Limb Sounder (MLS) data
aboard the Aura satellite. We extend the analysis of D2001
to include HCl and HF, and add CO and N2O from MLS.
[8] The MLS and HALOE instruments make measure-

ments in quite different ways: HALOE is an infrared solar
occultation instrument and MLS is a microwave limb
sounder. MLS makes measurements about every 1.5� in
latitude with fourteen passes across the equator each day.
HALOE made tropical measurements only a few times a
month. Between the two instruments, O3, H2O and HCl
were common measurements. HALOE also measured CH4

and HF as well as nitrogen radicals and aerosols. MLS also
measures N2O, CO and other trace gases.
[9] Our goal is to quantify and explain the annual and

QBO variations in the satellite trace gas measurements. We

are extending the D2001 analysis over a longer record using
a single value decomposition analysis employing standard
harmonics.

2. Analysis of the Trace Gas Data

[10] First, zonal monthly mean v19 HALOE [Russell et
al., 1993] and v1.5 MLS [Waters et al., 2006] data sets are
constructed. In the case of HALOE, the data are binned into
5� latitude zones; 2� latitude zones are used for MLS.
Where occasional missing data occurs in the monthly mean
time series, temporal linear interpolation from earlier and
subsequent data is used to fill the gap. We avoid the pre-
1993 HALOE data because of retrieval problems associated
with the dense Pinatubo stratospheric aerosols. The MLS
data sequence is from September 2004–December 2006,
barely encompassing a single QBO cycle.
[11] To perform the analysis, the data is reformed into a

time series for each latitude and altitude grid point. A least
squares fit is performed to a linear trend combined with
annual, semi-annual, and QBO harmonics. Following
D2001 and Randel and Wu [1996], the data are least squares
fit to a set of functions that includes a linear trend and
annual, semi-annual and QBO harmonics. Singular value
decomposition (SVD) is used derive coefficients. This
approach allows us to explain nearly all the variance in
the tropical trace gas data. Although the QBO can vary in
frequency, we assume a fixed frequency of 25.2 months for
HALOE and 28 months for MLS (due to the shorter data
record). The period is determined from a Fourier transform
power spectral analysis of the QBO wind field over the
period. For the HALOE data set, the discrete Fourier
transform periods near the standard QBO period of 26–

Figure 1. The equatorial water vapor anomalies from HALOE data (top). Water vapor field from the
SVD fit (bottom). Singapore winds (m/s) are over-plotted on the figure.
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