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[1] Long‐term observations of stratospheric ozone from the Stratospheric Aerosol and Gas
Experiment II (SAGE II) satellite (1984–2005) are combined with ozonesonde
measurements from the Southern Hemisphere Additional Ozonesondes (SHADOZ) network
(1998–2009) to study interannual variability and trends in tropical ozone. Excellent
agreement is found comparing the two data sets for the overlap period 1998–2005, and the
data are combined to form a continuous time series covering 1984–2009. SHADOZ
measurements also provide temperature profiles, and interannual changes in ozone and
temperature are highly correlated throughout the tropical lower stratosphere (16–27 km).
Interannual variability in stratospheric ozone is dominated by effects of the quasi‐biennial
oscillation and El Niño–Southern Oscillation, and there are also significant negative
trends (−2 to −4% per decade) in the tropical lower stratosphere (over 17–21 km). These
tropical ozone trends are consistent with results from chemistry‐climate model
simulations, wherein the trends result from increases in upwelling circulation in the
tropical lower stratosphere.
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1. Introduction

[2] Quantifying ozone variability and trends from his-
torical observations is a key component to understanding
past changes and validating models used to predict future
evolution of global ozone. While the tropics cover a large
fraction of the globe, there are few data sets that provide
long‐term observations of ozone with high vertical reso-
lution over the tropics. One particularly useful long‐term
record for stratospheric ozone was provided by the
Stratospheric Aerosol and Gas Experiment II (SAGE II)
satellite instrument, which operated from 1984 to 2005.
These high‐quality observations, based on solar occultation
measurements, provided the basis for monitoring global
ozone variability and trends over two decades, and formed
a benchmark for UNEP/WMO Ozone Assessments [e.g.,
World Meteorological Organization (WMO), 2006]. The
SAGE II data have also been combined with measurements
from the previous SAGE I instrument (1979–1982) to extend
the record, although there are uncertainties in combining data
from nonoverlapping (in time) satellite instruments. Unfor-
tunately the SAGE II data record ended in 2005, and sub-
sequent satellite instruments have very different vertical
resolution and sampling patterns which hamper construction
of a continuous global satellite record.

[3] Beginning in 1998 a series of ozonesonde stations was
established in the tropics to provide regular ozone observa-
tions in this historically poorly sampled region. These stations
are collectively termed the Southern Hemisphere Additional
Ozonesonde (SHADOZ) network [Thompson et al., 2003a],
and consist of ∼12 stations covering a range of longitudes
over the latitude band ∼10°N–20°S. This network of stations
continues to provide regular measurements, with the time
series for many locations now covering 1998–2010. There is
a significant temporal overlap between the SHADOZ ozo-
nesondes and SAGE II satellite observations (1998–2005).
The objective of this paper is to explore combining these data
sets to (1) document data quality for each data set (on the basis
of the overlap period) and (2) construct a continuous data set
for 1984–2009 to quantify interannual variability and trends
for this extended record. As the SHADOZ measurements are
expected to continue in the future, this combined data set will
provide an opportunity to continue monitoring long‐term
ozone variability in the tropics.
[4] One key science topic addressed here regards long‐

term ozone trends in the tropical lower stratosphere. As
noted above, there have been few long‐term observational
data sets to quantify such trends. Calculations using the
combined SAGE I+II data reveal significant negative trends
in this region [Randel and Wu, 2007], although there are
uncertainties regarding the details of combining two sepa-
rate (nonoverlapping) satellite data sets, and in addition the
SAGE I data do not extend below 20 km. Furthermore, these
trend results have not been validated using other ozone
measurements. Decadal‐scale ozone trends in the tropical
lower stratosphere are especially interesting because they
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are found to occur in chemistry‐climate model (CCM) si-
mulations of the recent past [Eyring et al., 2010, chapter 9],
driven primarily by increases in tropical upwelling in the
models (and not chemistry effects; see Lamarque and
Solomon [2010]). Lower stratospheric ozone is especially
sensitive to such upwelling changes because of the strong
vertical gradient in this region. In fact, because there are no
direct measurements of upwelling near the tropical tropo-
pause, and there are large uncertainties in indirect mea-
surements or assimilated data products [Iwasaki et al.,
2009], ozone observations can provide a sensitive measure
of upwelling changes in the real atmosphere.

2. Data and Analysis

[5] The SAGE II satellite instrument provided high‐
quality vertical profiles of ozone on the basis of solar
occultation measurements [McCormick et al., 1989], with
observations covering the period November 1984 to August
2005. The profiles span an altitude range from 15 to 50 km,
with a vertical resolution of 1 km. The SAGE II data used
here are based on the v6.2 retrieval algorithm, and the data
are screened for cloud and aerosol contamination according
to the procedure described in the work of Wang et al.
[2002]. Data are omitted for 2 years following the volca-
nic eruption of Mt. Pinatubo in June 1991, when high levels
of stratospheric aerosols influenced the SAGE retrievals
[Wang et al., 2002]. The SAGE II solar occultation mea-
surements have relatively sparse spatial sampling, with 14
measurements per day over a narrow latitude range (which
slowly progresses over one month to cover the latitude range
∼55°N–S; see McCormick et al. [1989]). We analyze the
SAGE II data binned into monthly samples, combining all
measurements over 20°N–S. There was a slow drift in the
SAGE II orbit, so that the tropical sampling changed slightly
over time; there are some months with no observations prior
to 1995, and less afterward.
[6] The SHADOZ ozone and pressure‐temperature‐wind

profiles are collected by coupled ozonesonde‐radiosonde
instrumentation [Thompson et al., 2003a, 2003b, 2007].
Owing to response times of the ozonesonde electrochemical
concentration cell solution, the effective vertical resolution
of the ozone data is 50–100 m, considerably better than
SAGE II and other profiling satellites. The data used here

are sampled with a 0.5 km vertical spacing. We focus on
analysis of observations from 7 SHADOZ stations within
+/−10° of the equator with long and continuous records;
the seven sites are illustrated in Figure 1, along with
Samoa (14°S; included in the ENSO analysis below).
There are ∼2–4 observations per month at each of the
SHADOZ stations, which we combine in simple monthly
averages for each station. The upper level of the ozonesonde
observations can reach ∼35 km, but the overall number of
observations decreases rapidly with altitude above ∼30 km,
so that the sampling is limited for altitudes 30–35 km. The
stratospheric segment of the ozone profile exhibits a high
degree of longitudinal symmetry [Thompson et al., 2003a],

Figure 1. Location of the near‐equatorial SHADOZ stations used in this study.

Figure 2. Time series of deseasonalized ozone anomalies
at 24 km for each of 7 near‐equatorial SHADOZ stations.
Ozone density given in Dobson units (DU) per kilometer.
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which facilitates averaging of the different SHADOZ sta-
tions for comparison and combining with the zonal mean
SAGE II data. Both the SAGE II and SHADOZ data are
deseasonalized by removing the respective long‐term
monthly means, and in all of the analysis below we focus on
deseasonalized anomalies.

3. Results

3.1. SHADOZ Data

[7] Time series of deseasonalized ozone anomalies at
24 km for each of the7 SHADOZ stations is shown in
Figure 2. The predominant variability in Figure 2 is an
approximate 2 year cycle linked to the quasi‐biennial
oscillation (QBO), and the time series show similar sized
variations and an approximate in‐phase behavior among
the different stations. This behavior is further illustrated in
Figure 3a, where the 24 km anomalies from the individual
stations are overlaid, together with the 7 station average. A
corresponding result for 20 km is shown in Figure 3b,
which also shows correlated interannual variability among
the different stations. Hereafter we focus on the seven

station average anomalies (black lines in Figure 3) to
represent the SHADOZ tropical ozone anomalies.
[8] Figure 4a shows a height‐time section of the SHADOZ

ozone anomalies (in terms of ozone density, in Dobson
units (DU)/km) for the entire 1998–2009 record. This shows
the clear signature of downward propagating anomalies
linked to the QBO, with large amplitudes over ∼20–27 km.
Smaller amplitude variations are observed in the middle
stratosphere (∼28–35 km), approximately out of phase with
the lower stratosphere. This behavior is consistent with

Figure 3. Time series of deseasonalized ozone anomalies
from SHADOZ data at (a) 24 km and (b) 20 km. Color lines
show results from each of the seven SHADOZ stations in
Figure 1, and the thick black line shows the average of
the seven stations.

Figure 4. Height‐time sections of deseasonalized anoma-
lies in (a) ozone (Dobson units (DU) per kilometer) and
(b) temperature (K) from SHADOZ measurements during
1998–2009. Results are derived from an average of seven
stations, as in Figure 2. The thin dashed black line de-
notes the tropical tropopause.
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previous analyses of the ozone QBO [Chipperfield et al.,
1994; Randel and Wu, 1996; Logan et al., 2003; Witte et
al., 2008; Lee et al., 2010], and is linked to dynamical ver-
sus chemical control of ozone in the lower and middle‐upper
stratosphere, respectively. There are also some irregular
ozone variations in the lower stratosphere in Figure 4a (i.e.,
the large positive anomaly in 1999–2000), which are linked to
the combined effects of the QBO and ENSO (as shown
below).
[9] An equivalent height‐time section of temperature

anomalies is shown in Figure 4b, constructed from an
average of the individual SHADOZ temperature measure-
ments (analogous to Figure 3a). The temperature data show
coherent QBO variations of +/−3K with continuous down-
ward propagation throughout the middle and lower strato-
sphere (∼35–20 km). The temperature patterns are highly
correlated with ozone over altitudes ∼16–27 km (Figure 5),
and anticorrelated over 30–35 km. Note that the irregular
ozone variations in the lowermost stratosphere (∼17–21 km)
are echoed in correlated temperature anomalies in Figure 4.

3.2. Combined SHADOZ and SAGE II Data

[10] Time series of the SAGE II and SHADOZ ozone
anomalies at 20, 24 and 32 km are shown in Figure 6,
including the overlap period covered by both measurements
(1998–2005). The time series in Figure 6 have been con-
structed by setting the time average for the overlap period
equal to zero for each data set. The comparisons for the
overlap period show remarkably good agreement between
the SAGE II and SHADOZ anomalies, with correlations of
order 0.8–0.9 over altitudes ∼18–27 km (where the largest
variability occurs), and 0.4–0.6 for altitudes 28–35 km
(where, as noted above, the ozonesonde sampling becomes
limited). This agreement prompts confidence in the quality
of each data set independently, and also suggests it is rea-
sonable to combine the data to form a continuous time series
over 1984–2009. We create a single time series from the
combined data by simply averaging the SAGE II and
SHADOZ results for the overlap period.

[11] Time series of the combined data are shown in
Figure 7, highlighting ozone variations over altitudes 17–
21, 22–28 and 29–35 km. Largest QBO variations (of
+/−10 DU) occur over 22–28 km, and this accounts for the
majority of the QBO signal observed in equatorial column
ozone [Randel and Wu, 1996]. Although less evident to the
eye, smaller amplitude QBO variations are also embedded in
the time series for 17–21 and 29–35 km, as shown in the
regression analysis below.
[12] Components of variability in the combined SAGE II

and SHADOZ data are analyzed using a standard multivariate
linear regression analysis, including terms representing long‐

Figure 5. Vertical profile of correlation between com-
bined (seven‐station average) SHADOZ ozone and temper-
ature anomalies over 1998–2009 (data from Figure 3). The
approximate 95% significance level is near 0.17.

Figure 6. Time series of deseasonalized ozone anomalies
at 20, 24, and 32 km, combining results from SAGE II
(black lines) and SHADOZ data (red lines). The left axes
denote ozone concentration in DU per kilometer, and the
right axes indicate the relative percentage variations at each
altitude. The time series of these data overlap for the period
1998–2005, and the correlation between the two data sets is
noted in each panel.
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term linear trend, 11 year solar cycle, QBO and ENSO vari-
ability [e.g., Randel and Wu, 2007]. We use a linear trend
basis function for the long‐term changes, rather than a term
proportional to equivalent effective stratospheric chlorine
(EESC), for simplicity of analysis and interpretation, plus
acknowledgment of the fact that EESC is less well defined
for the tropical lower stratosphere [Lary et al., 2007]. The
solar cycle proxy (10.7 cm radio index) is included as a
standard regression term for stratospheric ozone, although
we find little evidence of statistically significant results for
these tropical data, and the solar term is not discussed
further here. QBO variability is based on two orthogonal
QBO time series [Wallace et al., 1993; Randel and Wu,
1996], and ENSO variability is based on the Multivariate
ENSO Index (MEI) obtained from the NOAA Climate
Diagnostics Center (see http://www.cdc.noaa.gov/people/
klaus.wolter/MEI/) with atmospheric variables lagged by
two months. Uncertainty estimates for the statistical fits are
calculated using a bootstrap resampling technique [Efron
and Tibshirani, 1993], which includes the effects of
serial autocorrelation. Note that the period following the

Figure 7. Time series of ozone anomalies (DU) from com-
bined SAGE II and SHADOZ data for altitude layers 17–21,
22–28, and 29–35 km.

Figure 8. Vertical profile of components of ozone variability in combined SAGE II and SHADOZ data
derived from regression analysis. Results are shown for (a) the two orthogonal components of the quasi‐
biennial oscillation (QBO; units of percent ozone per unit of normalized QBO index), (b) ENSO (percent
ozone per normalized Multivariate ENSO Index (MEI)), and (c) linear trends (percent ozone per decade).
Error bars denote two‐sigma statistical uncertainties in the regression fits.
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eruption of Mt. Pinatubo is effectively excluded in this
analysis because of the missing SAGE II observations. As
a note, the regression model accounts for ∼60–80% of the
overall variance in the combined SAGE II and SHADOZ
data for altitudes 20–27 km, and smaller fractions (20–
40%) above and below.
[13] Figure 8 shows vertical profiles of the regression fits

for the QBO, ENSO and trend variations, with results
expressed as local percent variations (compared to the
background time average vertical profile). The QBO shows
statistically significant components over the entire depth of
the stratosphere (16–35 km); the global behavior of the
ozone QBO is discussed in further detail in the work of
Randel and Wu [2007]. The ENSO pattern exhibits a large
negative signal in the lower stratosphere (∼17–21 km),
with magnitude approximately −6% per standard MEI
index. This is similar to the result for the SAGE II data
alone, and this is also consistent with ENSO variations found
in chemistry climate model simulations [Randel et al., 2009].
This variability is interpreted as a coherent decrease in
tropical ozone associated with enhanced tropical upwelling
during so‐called ENSO warm events [Randel et al., 2009;
Calvo et al., 2010].
[14] The combined SAGE II and SHADOZ data cover the

altitude range 15–35 km, but the ENSO variability can be
explored over a broader altitude range 0–35 km on the basis
of the shorter record of SHADOZ data alone (1998–2009).
Figure 9 shows the results of a similar regression fit for
ENSO for this period, including results for each of the
individual SHADOZ stations (and additionally including
Samoa). As a note, there is some substantial correlation
between the MEI and QBO proxies for this short 1998–2009
record (up to +/−0.35), so that there could be possible
confusion of these signals in the stratosphere, although this
is probably not a large effect. Each of the stations shows a
negative ENSO projection in the lower stratosphere, similar
to the result in Figure 8b, demonstrating that this is mainly a
longitude‐independent (zonal mean) signal. In contrast,

there is a wide range of ENSO projections in the upper
troposphere (∼10–16 km), with strong negative signals in
the eastern Pacific (Samoa and San Cristobal), positive
signals over Indonesia (Kuala Lumpur and Java), and
smaller signals elsewhere. This longitudinally dependent
response of tropical tropospheric ozone to ENSO variability
is consistent with structure derived from previous analysis
of satellite observations [Chandra et al., 1998; Ziemke and
Chandra, 2003; Logan et al., 2008; Ziemke et al., 2010]. In
particular, these studies document a response to ENSO
warm events of increased tropospheric ozone over In-
donesia and the western Pacific ocean, coupled with a
decrease in ozone over the eastern Pacific. These variations
are linked to ENSO‐associated changes in burning and
surface emissions, deep convective transport, plus photo-
chemical response to variations in upper tropospheric water
vapor [Chandra et al., 1998; Fujiwara et al., 1999;
Thompson et al., 2001; Sudo and Takahashi, 2001]. We
note that the results in Figure 9 (based on a relatively short
observational record) suggest somewhat different vertical
structure response for the Indonesian ozone increases (over
∼7–15 km) versus eastern Pacific decreases (mainly in the
TTL, ∼13–17 km; see also Lee et al. [2010]).
[15] Figure 10 shows a similar calculation of the ENSO

signal in temperature for each of the SHADOZ stations.
Here the behavior is similar to that for ozone in the lower
stratosphere, with a coherent negative ENSO signal evident
at each station (peaking near 18–19 km); that is, cold strato-
spheric anomalies during so‐called ENSO warm events.
However, in contrast to the ozone behavior in Figure 9, the
ENSO temperature signal in the upper troposphere is more
similar among the different stations, with positive projec-
tions (i.e., warm anomalies for ENSO warm events) which
increase with altitude from lower levels. This tropo-
spheric temperature response is consistent with well‐known
behavior for ENSO [e.g., Reid et al., 1989; Yulaeva and

Figure 9. Vertical profiles of ENSO projection of ozone
variability for each of eight SHADOZ stations (during
1998–2009) covering altitudes 0–30 km. Units are percent
ozone per normalized Multivariate ENSO Index (MEI).

Figure 10. Vertical profiles of ENSO projection of temper-
ature variability for the individual SHADOZ stations, as in
Figure 9. Units are K per normalized Multivariate ENSO
Index (MEI). Heavy dashed line indicates the vertical
structure of an approximate moist adiabat.
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Wallace, 1994]; note that the vertical structure of the tro-
pospheric temperature is reasonably consistent with a moist
adiabatic temperature response [e.g., Santer et al., 2005].
[16] The long‐term trend projection of the SAGE II and

SHADOZ data (Figure 8c) shows a statistically significant
negative trend in the lower stratosphere, peaking near 17–
21 km, with a maximum near −4% per decade at 19 km.
This is similar to the negative trends in the tropical lower
stratosphere evident in the combined SAGE I+II data in
the work of Randel and Wu [2007]. Overall the regression
results show that the QBO, ENSO and trend components
all contribute significant variability for lower stratosphere
ozone. This is illustrated in the time series of ozone for the
17–21 km layer in Figure 11, showing each of the QBO,
ENSO and trend components, together with the residual to
the regression fit. Large anomalies in the observed time
series often correspond to in‐phase variations of the QBO
and ENSO signals (e.g., 1988–1989 and 1999–2000).
Overall nearly identical behavior is observed for lower
stratospheric temperatures [Randel et al., 2009, Figure 4],
consistent with the strong coherence between ozone and
temperature in this region shown in Figures 4–5. While the
QBO, ENSO and trend components are all statistically
significant for the time series in Figure 11 (see Figure 8),
the residual ozone variability is relatively large. We note that
the nature of this residual variability (i.e., some combination
of natural high‐frequency fluctuations versus observational
uncertainties) is not well understood at present.

4. Summary and Discussion

[17] The SAGE II satellite instrument had a remarkable
lifetime of over two decades, but ceased operation in 2005,
and since this time there are not similar high vertical reso-
lution (∼1 km) satellite measurements of tropical ozone

available. This study has explored the utility of combining
the SAGE II observations with tropical measurements from
the SHADOZ ozonesonde network, to study interannual
variability and trends. There is a long overlap period
between the two data sets (1998–2005), and comparisons
show excellent agreement (Figure 6). This agreement fos-
ters confidence in each of the separate data sets, and
prompts combining the data to create a single time series
over 1984–2009.
[18] Variability in tropical stratospheric ozone is primarily

linked to the QBO and ENSO, consistent with previous
results [e.g., Shiotani and Hasebe, 1994]. The SHADOZ
data record now covers over 5 complete QBO cycles, and
the complementary temperature measurements reveal high
correlation between ozone and temperature over altitudes
16–27 km. ENSO variability in ozone is mainly evident as a
zonal mean response in the tropical lower stratosphere
(∼17–21 km), with typical variations of ∼10% local back-
ground levels (and strong correlation to temperature). The
interpretation is that these ozone and temperature changes
are linked to enhanced zonal mean tropical stratospheric
upwelling in ENSO warm events [Randel et al., 2009; Calvo
et al., 2010]. The ozone ENSO signal derived from the
SAGE II and SHADOZ record is reasonably consistent with
results from recent chemistry‐climate model (CCM) simu-
lations forced by imposed sea surface temperatures, as
shown in the work of Randel et al. [2009]. Overall similar
behavior is found for other CCM simulations [Eyring et al.,
2010, chapter 8].
[19] The SHADOZ data also allow examination of the

ENSO influence on tropical tropospheric ozone, albeit for a
shorter record (1998–2009). Results show a strongly longi-
tudinally dependent behavior, with out‐of‐phase patterns
between the Indonesian/western Pacific and eastern Pacific
regions. This behavior is consistent with previous satellite‐
based results, which were mainly focused on tropospheric
column ozone [Chandra et al., 1998; Ziemke and Chandra,
2003; Logan et al., 2008; Ziemke et al., 2010]. The rela-
tively short record of SHADOZ data suggests distinct vertical
structure for these different regions (Figure 9), and a con-
tinuing record from SHADOZ may allow more detailed
understanding of tropospheric ozone vertical structure linked
to ENSO.
[20] The combined SAGE II and SHADOZ data also

exhibit statistically significant negative trends in the tropical
lower stratosphere (approximately −2 to −4% per decade
over ∼17–21 km). As noted in the Introduction, such an
ozone trend is simulated in many current chemistry‐climate
models, as a result of systematic increased tropical strato-
spheric upwelling [Eyring et al., 2010, chapter 9; Lamarque
and Solomon, 2010]. Figure 12 shows a comparison of the
SAGE II and SHADOZ trends with trend results from
twelve different CCMval2 simulations from Eyring et al.
[2010], derived for the period 1980–2005 using a multi-
variate regression analysis. As a note, results from six other
CCMval2 models were not included in Figure 12, because
the trends were substantially different (outliers) from the
group shown. The results in Figure 12 show a reasonably
similar vertical structure and magnitude of trends between
the SAGE II and SHADOZ results and the models. The
SAGE II and SHADOZ trends are somewhat more negative
and centered slightly higher in altitude than the model results,

Figure 11. Top curve shows time series of SAGE II and
SHADOZ ozone anomalies (in DU) for the 17–21 km layer.
Lower curves show components of variability associated
with QBO, trend and ENSO components, derived from linear
regression, together with the residual.
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but note that most of these models do not include detailed
tropospheric ozone chemistry, and hence are not expected
to simulate realistic behavior for altitudes near and below
the tropopause (∼17 km). One interpretation of the agree-
ment in Figure 12 is that there have been increases in
tropical upwelling in the real atmosphere for the most
recent 25 years, comparable in magnitude (and somewhat
larger) to those simulated in the CCMval2 model results
(the upwelling increases in the models are of the order
2% per decade; see Eyring et al. [2010, chapter 4].
[21] This study has demonstrated the utility of regular

measurements from the SHADOZ network for monitoring
interannual variability and trends in tropical ozone, and these
are likely to be the primary source of high vertical resolution
tropical ozone measurements for the foreseeable future.
As such, it will be important to maintain the SHADOZ
measurements on a regular and continuing basis.
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