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ABSTRACT

Near-equatorial ozone observations from balloon and satellite measurements reveal a large annual cycle
in ozone above the tropical tropopause. The relative amplitude of the annual cycle is large in a narrow
vertical layer between ~16 and 19 km, with approximately a factor of 2 change in ozone between the
minimum (during NH winter) and maximum (during NH summer). The annual cycle in ozone occurs over
the same altitude region, and is approximately in phase with the well-known annual variation in tropical
temperature. This study shows that the large annual variation in ozone occurs primarily because of varia-
tions in vertical transport associated with mean upwelling in the lower stratosphere (the Brewer—-Dobson
circulation); the maximum relative amplitude peak in the lower stratosphere is collocated with the strongest
background vertical gradients in ozone. A similar large seasonal cycle is observed in carbon monoxide (CO)
above the tropical tropopause, which is approximately out of phase with ozone (associated with an oppo-
sitely signed vertical gradient). The observed ozone and CO variations can be used to constrain estimates

of the seasonal cycle in tropical upwelling.

1. Introduction

The seasonal variation of stratospheric ozone has
been well documented based on satellite data (McCor-
mick et al. 1989) and ozonesonde measurements (Lo-
gan 1999). One feature that has received relatively little
attention (beyond a mention in Logan 1999) is the pres-
ence of a large annual cycle in ozone over a narrow
region just above the tropical tropopause. This variabil-
ity is evident in analysis of high vertical resolution
ozonesonde data from the tropical Southern Hemi-
sphere Additional Ozonesondes (SHADOZ) network
(Thompson et al. 2003a,b). The large annual cycle near
the tropopause was noted in Thompson et al. (2003b),
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who focused on tropospheric ozone, and Randel et al.
(2006), who highlighted interannual changes in the
SHADOZ data. Folkins et al. (2006a) have recently
discussed the ozone seasonal cycle near the tropopause,
focusing on coupling to the seasonal cycle in vertical
circulation and convective outflow; they also discuss
related variability in tropical carbon monoxide (CO).
Our study is a complement to Folkins et al. (2006a),
focusing on the role of tropical upwelling in driving the
annual cycle in ozone (and CO), including the detailed
vertical structure and relationships to temperature in
the lower stratosphere.

Our analysis is organized as follows. We first present
the detailed vertical and latitudinal structure of the
ozone seasonal cycle based on ozonesonde and satellite
data. We then demonstrate that the observed sharply
peaked vertical structure is primarily a response to the
annual cycle of upwelling acting on the strong back-
ground vertical gradient in ozone near and above the
tropopause. This mechanism explains the close associa-
tion between the ozone and temperature seasonal
cycles in this region. We also explore the seasonal cycle
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in CO, and demonstrate that upwelling has a dominant
influence on seasonality in the lower stratosphere. Be-
cause variations in the circulation are the dominant
forcing mechanism above ~16 km, the ozone and CO
observations can be used to provide independent esti-
mates of the seasonal cycle in tropical upwelling (which
is not well quantified in the lower stratosphere).

2. Data and analyses

Time series of tropical ozone profiles are obtained
from the SHADOZ data archive (available online at
http://croc.gsfc.nasa.gov/shadoz/; Thompson et al.
2003a). SHADOZ consists of a set of 12 tropical sta-
tions with ozonesonde soundings several times per
month, beginning in 1998. The analyses here focus on
data from 7 near-equatorial stations with dense data
records covering 1998-2006. These stations include
Nairobi, Kenya (1°S); Kuala Lumpur, Malaysia (3°N);
San Cristobal Island (1°S); Ascension Island (8°S);
Wautesok, Java (8°S); Malindi, Kenya (3°S); and Para-
maribo, Suriname (6°N). The ozonesonde soundings
also include temperature profile measurements, which
we use to study the corresponding seasonal variation in
temperatures. We also use a high vertical resolution
global temperature climatology derived from Challeng-
ing Minisatellite Payload (CHAMP) GPS radio occul-
tation measurements over 2001-06 (Wickert et al. 2001)
as input to radiative heating calculations, used to esti-
mate seasonal variations in tropical upwelling. This
temperature climatology was derived from the
CHAMP data using a harmonic seasonal cycle fit, as
discussed in Randel et al. (2003). The upwelling calcu-
lations are described in detail in Randel et al. (2002).

We also include analysis of ozone observations from
satellite data, to provide a global perspective. We in-
clude results from the Halogen Occultation Experiment
(HALOE) covering 1992-2005 (Russell et al. 1993),
and also from Aura Microwave Limb Sounder (MLS)
observations covering 2004-06 (Waters et al. 2006).
HALOE has the advantage of high vertical resolution
(~2 km), but relatively few observations during indi-
vidual months (a total of approximately 1000 observa-
tions over 10°N-S during 1992-2005). MLS ozone re-
trievals have somewhat lower vertical resolution (~3
km), but have the advantage of daily tropical observa-
tions. We also include analysis of MLS CO data, moti-
vated by the analyses of Folkins et al. (2006a); these
retrievals have somewhat lower effective vertical reso-
lution of ~4.5 km. The MLS CO data are most useful
for pressure levels 46, 68, 100, and 147 hPa, and we
focus on these levels (note these are oversampled in the
vertical, given the ~4.5-km vertical resolution of the
retrieval).
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F1G. 1. (top) Ozone mixing ratio (ppmv) at 17.5 km derived
from ozonesonde measurements over Nairobi during 1998-2006,
plotted according to month of the observation. (bottom) HALOE
ozone observations at 83 hPa over 10°N-S, combining all obser-
vations over 1992-2005. The thin line in each panel shows the
harmonic seasonal cycle fit to the individual points.

3. Results

a. Seasonal cycle in ozone near the tropical
tropopause

The observed seasonal cycle in ozone from
SHADOZ data is characterized by combining observa-
tions from all years (1998-2006) to derive a composite
seasonal cycle for each station. Figure 1a shows ozone
measurements from Nairobi at 17.5 km, binned accord-
ing to month, showing a large annual cycle varying from
~0.1 ppmv during NH winter to ~0.25 ppmv during
NH summer. Figure 1b shows a corresponding plot
of equatorial ozone variations at 83 hPa derived from
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F1G. 2. Seasonal cycle fit of ozone mixing ratio (ppmv) at each
of the SHADOZ stations at 15, 17.5, and 20 km. Each line rep-
resents the harmonic fit of the data at the individual stations. The
heavy dashed line at 17.5 km is the corresponding result from
HALOE data over 10°N-S.

HALOE measurements, showing very similar variabil-
ity. The thin lines in Figs. 1a,b show harmonic seasonal
cycle fits to the monthly data, which we use to quantify
the seasonal variation. Figure 2 shows the seasonal fit
for each near-equatorial SHADOZ station, at 15, 17.5,
and 20 km. At 17.5 km each station shows a similarly
sized and approximately in-phase seasonal cycle; be-
cause the stations vary widely in longitude, this dem-
onstrates that the annual cycle at 17.5 km is primarily a
zonal mean feature (consistent with the HALOE data
included in Fig. 2). Figure 2 furthermore shows that
there are small annual cycles at 15 and 20 km, so that
the large annual cycle is confined to a relatively narrow
vertical layer.

The vertical structure of the tropical ozone annual
cycle at each station is quantified in Fig. 3a, which
shows the amplitude of the annual harmonic (A;) nor-
malized by the annual mean value (A) at each altitude.
A well-defined maximum is observed for this ratio (A,/
(A)) at each station, peaking with values of ~0.4, and
extending over a narrow vertical range (~16-19 km).
Note that a relative amplitude of 0.4 corresponds to a
maximum-minimum ratio of approximately 2.4 over
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FIG. 3. (top) Vertical structure of the relative amplitude of the
annual cycle in ozone at each of the SHADOZ stations. The
annual cycle amplitude is calculated by a harmonic fit to the data
at each station (same as in Fig. 1a), and normalized by the re-
spective annual mean ozone at each level. Corresponding results
are also shown for MLS and HALOE satellite data (wider and
narrower vertical bars, respectively), and the vertical width of the
symbols denotes the effective vertical averaging in the respec-
tive measurements. (bottom) Vertical structure of the quantity
din(0O5)/dz, calculated for annually averaged data at each
SHADOZ station.

the seasonal cycle. Large variability in ozone annual
cycle amplitude is observed among the different sta-
tions below ~15 km in Fig. 3a, and this reflects the
longitudinal dependence of seasonal ozone variability
in the tropical upper troposphere, as discussed in Th-
ompson et al. (2003b). Above 20 km, Fig. 3a shows that
the relative annual cycle amplitude is very small.
Figure 3a also includes the relative annual cycle am-
plitude for ozone derived from HALOE and MLS sat-
ellite data. The structure derived from HALOE data
agrees reasonably well with the ozonesonde profiles,
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F1G. 4. Meridional cross section of the relative amplitude of the
ozone seasonal cycle derived from HALOE data. Contour inter-
val is 0.05. The continuous heavy line denotes the tropopause, and
the vertical dashed lines near 25°N-S indicate the latitude range
of mean tropical upwelling.

with a clear maximum at the 83-hPa level. The MLS
data do not resolve the strong peak near 17.5 km,
but agree reasonably well with the ozonesonde and
HALOE results at 100 and 68 hPa (given the ~3 km
vertical resolution of MLS). These comparisons dem-
onstrate the need for high vertical resolution measure-
ments to adequately resolve the seasonal cycle above
the tropopause.

A near-global view of the normalized annual cycle
amplitude (A,/(A)) for ozone derived from zonally av-
eraged HALOE data is shown in Fig. 4. A narrow maxi-
mum is evident above the tropical tropopause, with ver-
tical structure very similar to the average ozonesonde
results (as shown by the HALOE data points in Fig.
3a). The HALOE data help define the latitudinal struc-
ture of this maximum, showing largest amplitude over
~15°N-15°S. Relatively large annual variations in
ozone are also evident in the extratropical lower strato-
sphere of both hemispheres in Fig. 4, and these are
associated with the well-known winter—spring maxima
and summer minima in each hemisphere (e.g., Pan et al.
1997). There is approximately a 6-month phase shift
between the annual ozone maximum in the Tropics and
that in the NH (and a corresponding annual amplitude
minimum near 25°N seen in Fig. 4), whereas there is a
relatively small phase shift (~1 month) between the
Tropics and SH midlatitudes. However, the tropical an-
nual cycle is probably a distinct phenomenon, as it has
a characteristic vertical structure that is distinct from
that in SH midlatitudes. The overall latitudinal struc-
ture of the tropical maximum is consistent with the
width of the tropical upwelling region, ~25°N-S
(Rosenlof 1995).
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FIG. 5. Vertical structure of the annual cycle amplitude in tropi-
cal temperatures, derived from radiosonde measurements at each
SHADOZ station. The heavy dashed line shows a corresponding
result derived from the zonal average GPS temperature climatol-

ogy.

b. Associations with the seasonal cycle in tropical
upwelling

A large annual cycle in temperature near the tropical
tropopause is a well-known feature of the general cir-
culation (Reed and Vlcek 1969; Yulaeva et al. 1994),
and this is primarily associated with an annual cycle in
vertical velocity (tropical upwelling). Figure 5 shows
the amplitude of the annual cycle in temperature de-
rived from radiosonde measurements at each of the
SHADOZ stations (sampled identically to ozone),
highlighting a sharply peaked maximum over ~16-21
km. Figure 5 also includes results for zonal mean tem-
perature over 10°N-S derived from GPS radio occulta-
tion measurements (as in Randel et al. 2003), showing a
very similar vertical structure. The vertical profile of
the temperature annual cycle is very similar to that for
ozone (Fig. 3a), and the two oscillations are nearly in
phase (Fig. 6), suggesting a similar forcing mechanism.
The annual cycle in tropical temperatures is reasonably
well understood to result from the annual variation in
tropical upwelling (Yulaeva et al. 1994), which in turn is
driven by wave forcing from the middle and/or low lati-
tudes (Rosenlof 1995; Plumb and Eluszkiewicz 1999;
Randel et al. 2002; Kerr-Munslow and Norton 2006).
The approximate thermodynamic balance in this re-
gion, assuming a linear relaxational approximation for
radiative heating, can be written as (Randel et al. 2002)

aT o
ar +w*S = —a (T —T,). (1)
Here T is zonal mean temperature, w* the vertical ve-
locity, S a static stability parameter, «, an inverse ra-
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F1G. 6. Time series of temperature, ozone, and upwelling in the
Tropics near 17.5 km. Temperature is from the GPS climatology,
and ozone is the average from all of the SHADOZ stations. Up-
welling (w$) is calculated from thermodynamic balance, incorpo-
rating GPS temperatures and an accurate radiative transfer
scheme. Also shown is upwelling estimated from the ERA-40
reanalysis.

diative damping time scale, and 7, the radiative equi-
librium temperature. The enhanced amplitude of the
temperature annual cycle near and above the tropo-
pause seen in Fig. 5 is attributable to the very long
radiative damping time scales (small «,) in the lower
stratosphere (Randel et al. 2002). Figure 6 shows the
zonal mean vertical velocity at 17.5 km over 15°N-S
estimated from thermodynamic balance, using an accu-
rate radiative transfer scheme (including seasonally
varying ozone) to calculate heating rates. For compari-
son we also include zonal mean w* derived from 40-yr
European Centre for Medium-Range Weather Fore-
casts (ECMWF) Re-Analysis (ERA-40) (Uppala et al.
2005), and this shows reasonable agreement with the
thermodynamic balance estimate, especially regarding
the seasonal cycle. The similarity in behavior of ozone
and temperature in Fig. 6, together with the fact that
both ozone and (potential) temperature have strong
positive vertical gradients in the lower stratosphere,
suggests that the ozone seasonal cycle may also result
primarily from the annual cycle in upwelling. We at-
tempt to quantify this relationship below.

The zonal average continuity equation for ozone
mixing ratio (¥) can be written as [Andrews et al. 1987,
their Eq. (9.4.13)]

ox

§+v*xy+w*xZ=V-M+P—L. )
Here v* and w* are components of the residual mean
circulation, V - M is an eddy transport term, and P — L
represents chemical production minus loss. We focus
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on variability associated with the seasonal cycle, and
separate the terms according to the annual average and
harmonic annual variations as ¥ = (}¥) + x,€'”", with
o = 2m/(365 days) [and likewise for each term in (2)].
For the region near the tropical tropopause, we neglect
the v* term (because of very small meridional ozone
gradients in this region), and the P — L terms (we
assume there is an insignificant annual cycle in photo-
chemical ozone production, because the solar zenith
angle has a semiannual variation over the equator). We
also neglect the V - M term in (2), which represents
eddy transport into and out of the Tropics. While such
eddy transports are likely to be important for the ozone
balance in the Tropics (Avalone and Prather 1996;
Volk et al. 1996), for simplicity we assume that this
contribution does not have a large systematic annual
variation (this is a limitation to this analysis, as dis-
cussed below). The resulting balance for the seasonal
variations (terms proportional to ¢’™) from (2) is then

iox; + wi(x.) = 0. 3)
In other words, the annual cycle in X is primarily driven
by the variation in vertical velocity acting on the back-
ground vertical gradient (). In getting to Eq. (3), we
have neglected a term (w*)x, ., which is small. To ana-
lyze fractional ozone variations, we divide by the an-
nual average ozone, giving
1 —{x)
—ioy; + wi—-=0. 4)
00" TR
Relabeling the zonal mean ozone ¥ = A and (w¥) as w,,
the approximate fractional continuity Eq. (4) is
A,y 9 In(A)
o — + w——— = 0.
io ) Wi, 0 (5)

Equation (5) relates the fractional ozone annual cycle
amplitude (A,/(A)) to the annual cycle in upwelling
(w;), multiplied by the factor (9ln{A)/9z). Figure 3b
shows this latter quantity calculated from the annual
average SHADOZ data, and this highlights a strong
maximum in the lower stratosphere, with a very similar
vertical structure as the maximum in annual cycle am-
plitude (Fig. 3a). This similar vertical structure suggests
that the approximate balance in Eq. (5) is reasonable,
and provides a simple physical mechanism for the lo-
cation and narrow vertical structure of the ozone an-
nual cycle (namely, it is due to the strongest vertical
gradients in background ozone).

Given the observed seasonal cycle and background
ozone structure from the SHADOZ data (Figs. 3a,b),
the approximate balance in Eq. (5) can be used to es-
timate the annual cycle amplitude in vertical velocity
(w,). Figure 7 shows the vertical profile of w, calculated
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F1G. 7. Vertical structure of the annual cycle amplitude in tropi-
cal upwelling (w,). Dashed line shows results derived using ver-
tical velocity fields estimated from thermodynamic balance. Solid
line shows the result estimated from the observed annual cycle in
ozone using Eq. (§), from measurements at the SHADOZ sta-
tions. Error bars on the ozone curve shows the range of results
among the 7 individual stations. The vertical bar shows the esti-
mate of w, derived from MLS CO data at 68 hPa, with details as
discussed in the text.

in this manner from the SHADOZ data, by first aver-
aging the (A;/{A)) and (dIn(A)/9z) over the individual
stations (the range of results from the individual sta-
tions is also shown, giving an estimate of uncertainty).
Figure 7 includes a comparison with the vertical struc-
ture of w, derived from thermodynamic balance. Over-
all there is quite reasonable agreement in the magni-
tude and vertical structure, with both estimates showing
largest values near 100 hPa, and an overall decrease
with altitude in the lower stratosphere. Note there is a
maximum in w; amplitude near 17 km in the thermo-
dynamic estimate that is not observed in the ozone re-
sults, but this difference is probably within uncertainty
levels for both estimates [the radiative heating calcula-
tions do not include the effects of cirrus or deep con-
vective clouds, which could be important near and
above the tropopause (Corti et al. 2006; Fueglistaler
and Fu 2006), and the ozone results are based on the
simplified balance in Eq. (5)].

c. Seasonal cycle in tropical carbon monoxide

Folkins et al. (2006a) have highlighted a seasonal
cycle in tropical CO, and we examine this variability
and the links to tropical upwelling using the MLS data.
Figure 8 shows time series of MLS CO at 147, 100, and
68 hPa over 10°S-20°N for the first 2 years of data
(2004-2006). The CO data at 147 hPa show a predomi-
nant semiannual variation, probably linked to the sea-
sonal cycle of biomass burning CO emissions in the
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Tropics lofted by deep convection (Folkins et al. 2006a;
Schoeberl et al. 2006). At 68 hPa, CO exhibits a strong
annual cycle (more than twice as large as at 147 hPa),
and this CO annual cycle is approximately out of phase
with ozone at this level (as shown using 68-hPa MLS
ozone in Fig. 8). The phase of the CO annual cycle at 68
hPa lags the annual cycle in ozone by slightly more than
6 months (~7 months), but this might be expected as a
result of the respective chemical lifetimes (see below).
In addition to the dominant annual cycle variations, the
time series in Fig. 8 show anticorrelated CO-ozone
variability on shorter time scales (such as during Janu-
ary-February 2005), which may be evidence of shorter-
term variability in tropical upwelling (as observed in
temperatures, e.g., Randel et al. 2002). Seasonal varia-
tions of CO at 100 hPa in Fig. 8 show a behavior mid-
way between the semiannual variation at 147 hPa and
the dominant annual harmonic at 68 hPa. It is impor-
tant to note the increase in (absolute) annual cycle am-
plitude between 147 and 68 hPa in Fig. 8, which implies
that the annual variation at 68 hPa is not simply a result
of vertical advection of the signal below the tropo-
pause.

The simplified tracer continuity equation for CO in
the tropical lower stratosphere can be written as

iU;(l + Wiik@i(z) = _ac;ﬁ' (6)

This is similar to Eq. (4), but with an additional term on
the right-hand side that represents chemical relaxation,
parameterized by an inverse chemical lifetime «. An
approximate damping time scale for CO in the tropical
lower stratosphere is ~4 months (J.-F. Lamarque 2006,
personal communication; Folkins et al. 2006b). This
equation can be simplified to a form like Eq. (5), but
with io replaced by (ic + «.). The inclusion of this
damping term [a. ~ (4 months)™'] will change the
phase relationship between A; and w; from 90° (for
ozone) to approximately 65° (for CO), which equates to
an approximate one month phase delay for CO com-
pared to ozone. This is reasonably consistent with the
phase behavior seen in the 68 hPa time series in Fig. 8.

Figure 9a shows the vertical profile of the relative
amplitude of the CO annual cycle (A,/{A)) derived
from the 2 years of MLS data, for pressure levels 147—
46 hPa. There is a strong peak in the annual cycle am-
plitude at the 68-hPa level (as seen in Fig. 8), and this
occurs in a region where the vertical gradient of CO is
large (Fig. 9b). Because of the limited vertical extent
and sensitivity of the MLS data, Fig. 9b includes the
vertical profile of tropical CO as derived from several
other data sources (taken from Folkins et al. 2006b).
Overall CO exhibits a well-mixed (relatively flat) ver-
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FiG. 8. Time series of MLS CO averaged over 10°S-20°N at 147, 100, and 68 hPa, for data
spanning 2004-06. The dashed lines show the respective annual harmonic fits to the time series,
and the amplitude of the annual and semiannual harmonics (ppmv) at each level are indicated. A
corresponding time series of MLS ozone is also shown for the 68-hPa level.

tical structure throughout the troposphere up to ~14
km, and then decreases in the lower stratosphere be-
cause of photochemical loss. Note that the large annual
cycle amplitude at 68 hPa occurs precisely in the region
of strongest vertical gradient in the background struc-
ture (Fig. 9b). Assuming the approximate continuity
equation with damping [Eq. (6)], the annual cycle am-
plitude in vertical velocity can be estimated as in Eq.
(5), but replacing io with (io + «.). The corresponding
amplitude of w, is then

N /)

The results of this calculation using d(InCO)/dz derived
from the Atmospheric Chemistry Experiment-Fourier
Transform Spectrometer (ACE-FTS) profile in Fig. 9b
give an estimate for w, of 0.13 mm s~ ' at the 68-hPa
level, which is comparable to the other estimates of w,
in Fig. 7. Note that the upward advection of the

)

(smaller) annual cycle in CO below the tropopause may
contribute to part of the seasonal cycle in the lower
stratosphere, so that the attribution to w, [Eq. (7)] pro-
vides an upper limit to estimating w;. If the ~7-ppmv
annual cycle at 147 hPa propagates unattenuated to 68
hPa, then the corresponding amplitude of w; could be
reduced by ~40%; a smaller reduction (~20% ) would
occur given the ~3-month propagation time and pho-
tochemical damping. We include this latter estimate of
wy (~0.1 mm s~ ') in Fig. 7, showing reasonable agree-
ment with the other results (especially given the low
vertical resolution of the MLS CO data). Overall the
presence of annual variations in CO below the tropo-
pause introduces larger uncertainties in estimates of w;
compared to the case for ozone. However, the clear
increase in CO annual cycle amplitude with height to-
gether with the observed phase structure (and relation
to ozone) are strong evidence that the CO annual cycle
above the tropopause is primarily driven by the annual
cycle in upwelling.



4486

MLS CO annual cycle
| [ L I | L I | 1
25 ] - 316
g 1+ .‘\ -46.4
| \ \\\
< 20 I - .
& 1 X | -68.1 @
e
E : -100.0%
= 15+ 5
< -146.8 &
5 | 21544
"& 10 ’
-316.2
< ]
5 | B 1)

0.00 0.05 0.10 0.15 0.20 0.25 0.30
annual cycle wrt mean

COmean  d(InCO)/dz

25 //— 31.6
o - 46.4
20
681 =
=
[ +100.0 5
—
5

€S

Approx. Altitude (km)
—_
a1

, +\ Ty lass
1 o——e MLS } E
1+——+ ACE-FTS L 215.4
107 o—— grE % &

- (Folkins et al., 2006) r316.2
] Y|

5 T I T ko 71 - 464.2
0 20 40 60 80 100-0.3-0.2-0.1 0.0

CO (ppbv) d(InCO)/dz

FiG. 9. (top) Relative annual cycle amplitude for CO derived
from MLS data over 10°S-20°N during 2004-06. The vertical bars
denote the width of the MLS sampling. The dashed line indicates
the relative amplitude of the semiannual harmonic. (bottom) Ver-
tical profile of background tropical CO mixing ratio derived from
MLS data (over 147-46 hPa), together with results presented in
Folkins et al. (2006b) (based on aircraft and satellite measure-
ments). Profile on the right is the quantity d(InCO)/dz based on
ACE-FTS data (Bernath et al. 2005).

4. Summary and discussion

Ozonesonde measurements from the SHADOZ net-
work reveal a large annual cycle in ozone near and
above the tropical tropopause. The relative annual
cycle amplitude is large in a relatively narrow vertical
layer spanning ~16-19 km, with approximately a factor
of 2 variation between maximum and minimum ozone
values during the year. The large ozone annual cycle is
also observed in satellite data, although measurements
with reduced vertical resolution can substantially un-
derestimate the amplitude. The ozone seasonal cycle is
approximately in phase with the well-known annual
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cycle in temperature, and the relative ozone amplitude
has a similar vertical structure to that of temperature
(with a peak near 17.5 km). We have shown that the
ozone annual cycle above the tropopause arises prima-
rily because of vertical transport associated with the
annual cycle in tropical upwelling. This is evidenced by
the approximate quadrature phase relationship be-
tween ozone and calculated upwelling (Fig. 6), which is
consistent with the approximate in-phase behavior be-
tween ozone and temperature. More importantly, this
mechanism explains the detailed vertical structure of
the ozone annual cycle, as the narrow vertical structure
arises as a result of the strong background vertical gra-
dient in ozone near and above the tropopause (specifi-
cally, the relative amplitude is proportional to dInO5/
dz). This background structure is fundamentally due to
the rapid photochemical increase in ozone in the lower
stratosphere. Hence, the similarity in vertical structure
between the ozone and temperature annual cycles
(Figs. 3a and 5) may be partly fortuitous, in that the
temperature maximum near 17.5 km is mainly due to
the long radiative relaxation time scales in this region
(Randel et al. 2002), whereas the ozone maximum oc-
curs because of the background photochemical struc-
ture. However, the radiative effect of these in-phase
ozone changes will probably enhance the temperature
seasonal cycle in the lower stratosphere, perhaps ac-
counting for some substantial fraction of the observed
temperature amplitude (i.e., temperature in a response
to both dynamically driven upwelling and ozone radia-
tive effects). This effect could be included as a forcing
term in the simplified thermodynamic balance [Eq. (1)],
and would reduce the radiative relaxation time scales in
this region deduced from dynamical upwelling in Ran-
del et al. (2002). Note this influence of ozone on tem-
perature is consistent with the results of Folkins et al.
(2006a), who demonstrate that tropical upwelling cal-
culated from observed temperature variations is re-
duced if the radiative effects of ozone are included (or
in other words, the temperature seasonal cycle associ-
ated with dynamical upwelling is smaller than the ob-
served variation).

The simplified ozone continuity equation [Eq. (5)]
provides a relation between the observed ozone vari-
ability and the annual cycle in tropical upwelling, and
we have used this to estimate the vertical structure and
magnitude of w,. The results in Fig. 6 show reasonable
agreement between w, calculated from detailed ther-
modynamic balance and that derived from ozone, and
we view this agreement as further evidence that the
simplified continuity equation represents a reasonable
approximation for ozone in the tropical lower strato-
sphere.
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While the SHADOZ observations show a consistent
annual cycle among the different stations above ~16
km (spanning a range of longitudes), there is less con-
sistency for the annual cycle below 15 km (Fig. 3a). This
behavior probably results from the strong local influ-
ence of ozone (and ozone precursor) sources in the
upper troposphere, related to the well-known ozone
maximum in the tropical Atlantic region (Thompson et
al. 2003b; Edwards et al. 2003). While the influence of
tropical deep convection will likely play some role in
the seasonal cycle over convectively active regions
(Folkins et al. 2006a), the evidence here suggests that
the coherent annual cycle above 16 km primarily results
from the annual cycle in zonal mean upwelling (which is
linked to large-scale wave forcing in both the Tropics
and extratropics; e.g., Yulaeva et al. 1994; Kerr-
Munslow and Norton 2006; Dima and Wallace 2007).

Prompted by the analysis of Folkins et al. (2006a), we
have examined the annual cycle of carbon monoxide
(CO) as observed in MLS satellite data. Time series of
data spanning 2 years show a strong annual cycle in CO
in the lower stratosphere, with a maximum relative am-
plitude near 68 hPa. The CO annual cycle at 68 hPa is
approximately out of phase with the ozone (and tem-
perature) annual cycle, and this is consistent with the
oppositely signed vertical gradient in CO in the tropical
lower stratosphere. The maximum relative amplitude in
CO occurs near the same altitude as the maximum in
d(InCO)/dz (Fig. 9), consistent with the approximate
continuity equation given by (6). Overall the space-
time characteristics of the CO annual cycle are consis-
tent with forcing by the seasonal variation in upwelling,
acting on the strong background vertical gradient in CO
(which is related to photochemical destruction of CO
above the tropopause).

We note that this interpretation of the CO annual
cycle in the tropical lower stratosphere is somewhat
different from the “tape recorder” signal discussed in
Schoeberl et al. (2006). The tape recorder signal is
based on vertical advection of relative CO extrema in
the upper troposphere into the lower stratosphere by
the mean upwelling circulation (which may or may not
have a seasonal variation). This mechanism is distinct
from a constituent seasonal cycle induced by the sea-
sonal cycle in upwelling acting on the background ver-
tical gradient in CO. MLS data (Figs. 8-9a) show that a
semiannual variation dominates tropical CO near and
below the tropopause (associated with tropospheric CO
sources), whereas the annual cycle amplitude increases
strongly above the tropopause. This is strong evidence
that stratospheric CO variability arises primarily from
the seasonal cycle in tropical upwelling, rather than
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from advection of the seasonal variation of CO in the
upper troposphere.
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