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[1] We investigate the intraseasonal (30–90 day) variations
in satellite-observed tropical total ozone (O3) and their
connection to theMadden-Julian Oscillation (MJO). Tropical
total O3 intraseasonal variations are large (�±10 DU)
and comparable to those in annual and interannual time
scales. These O3 anomalies are mainly evident in the
subtropics over the Pacific and eastern; hemisphere and
propagate slowly eastward (�5 m s�1). The subtropical
negative (positive) O3 anomalies are typically collocated
with the subtropical upper troposphere anticyclones
(cyclones) generated by equatorial MJO convection and
f lank or lie to the west of the equatorial enhanced
(suppressed) MJO convection. The subtropical O3 are anti-
correlated with geopotential height anomalies near the
tropopause and thus mainly associated with the O3

variability in the stratosphere rather the troposphere. Over
the equatorial regions, total O3 anomalies are small.
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1. Introduction

[2] The Madden-Julian Oscillation (MJO; aka Intrasea-
sonal Oscillation) [Madden and Julian, 1972, 1994] is the
dominant component of the intraseasonal (30–90 day)
variability in the tropical atmosphere. Since its discovery,
the MJO has continued to be a topic of significant interest
due to its extensive interactions with other components of
the climate system and the fact that it represents a
connection between the better understood weather and
seasonal-to-interannual climate variations. The MJO is
characterized by slowly (�5 m s�1) eastward-propagating,
large-scale oscillations in the tropical deep convection and
baroclinic wind field, especially over the warmest tropical
waters in the equatorial Indian and western Pacific Oceans
[e.g., Rui and Wang, 1990; Hendon and Salby, 1994;
Kiladis et al., 2001]. Such characteristics tend to be most
strongly exhibited during the boreal winter (Nov–Apr)
when the Indo-Pacific warm pool is centered near the
equator. For more comprehensive reviews of the MJO and

related issues, the reader is referred to Lau and Waliser
[2005]. From the discussion above and cited review materi-
als, it is apparent that the large-scale MJO convection and
circulation characteristics have been well documented and
in some cases understood. However, the impact of the MJO
on intraseasonal variations of atmospheric composition,
such as ozone (O3), has yet to be well documented.
[3] The total column O3 in the tropical atmosphere

depends on both chemical and dynamical processes and has
been extensively studied during the last few decades. Previ-
ous studies have investigated the tropical total O3’s secular
trend [e.g., Stolarski et al., 1992], annual cycle [e.g., Shiotani,
1992], and interannual variations associated with the quasi-
biennial oscillation (QBO) [e.g., Bowman, 1989], El Niño-
Southern Oscillation (ENSO) [e.g., Camp et al., 2003], and
solar cycle [e.g., Hood, 1997]. The tropical total O3 varies on
the order of ±10 Dobson Units (DU) (�3% of the mean) for
the annual cycle and ENSO, about ±15 DU (�5% of the
mean) for QBO, and about ±5 DU (�2% of the mean) for
the solar cycle. However, very few studies have investigated
the intraseasonal variations of the tropical total O3. Sabutis et
al. [1987] first reported evidence for 30–50 day variability in
the Total Ozone Mapping Spectrometer (TOMS) total O3

over specific locations in the southeast Pacific and southern
Indian Oceans. Gao and Stanford [1990] found that low-
frequency variations with periods of about 1–2 months exist
in 8-year TOMS O3 data. Based on ozonesonde data in
Indonesia, Fujiwara et al. [1998] suggested that the upper
troposphere (UT) O3 enhancement is tied to the passage of
Kelvin waves and the MJO. From estimates of tropospheric
O3 using differential measurements of total O3 from TOMS
and stratospheric O3 fromMicrowave Limb Sounder (MLS),
Ziemke and Chandra [2003] suggested an influence from the
MJO on tropospheric O3. While these studies have investi-
gated the intraseasonal variations of tropical O3 and sug-
gested tacit connections to the MJO, it is evident that the
spatial and temporal patterns of the intraseasonal variations
of tropical total O3 and their connection to the large-scale
MJO convection and dynamics have yet to be explained or
even comprehensively documented.
[4] This study is to investigate the spatial and temporal

patterns of the intraseasonal variations of tropical total O3

and their connection to the large-scale MJO convection and
circulation anomalies. Section 2 introduces the data and
methodology and section 3 presents the main results
followed by a summary in section 4.

2. Data and Methodology

[5] For this study, we mainly use the daily total O3 on a
5� � 10� lat-lon grid from a merged ozone data set (MOD)
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developed by Stolarski and Frith [2006]. The MOD was
constructed by combining total O3 measurements from six
satellite instruments: Nimbus-7 TOMS, Nimbus-7 Solar
Backscatter Ultraviolet (SBUV), NOAA 9, 11, and
16 SBUV2s, and Earth Probe TOMS. We have used the
Version 8 MOD data from Jan 1980 to Jun 2006. The
Version 8 TOMS and SBUV has many important improve-
ments from Version 7, such as including aerosol and sea
glint corrections, improved retrieval efficiency in the tropo-
sphere, and improved a priori O3 profiles.
[6] The Atmospheric Infrared Sounder (AIRS) [Chahine

et al., 2006] O3 is a research product that is currently
undergoing validation. Gettelman et al. [2004] compared
AIRS O3 with research aircraft measurements in the UT and
suggested AIRS O3 has a positive bias in the UT. Randel
and Park [2006] demonstrated that AIRS O3 can capture the
O3 variability in the UT associated with the Asian summer
monsoon anticyclones and deep convection over Southeast

Asia. To characterize the ability of AIRS O3 in capturing the
intraseasonal variability, we use AIRS L3-V.4 daily total O3

product from Sep 2002 to Jul 2006 and on a 5� � 10� lat-lon
grid averaged from its original 1� � 1� grid.
[7] To identify MJO events, we use global pentad rainfall

data from the NOAA Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) from 1 Jan 1979
to 31 May 2006 on a 2.5� � 2.5� grid. To characterize the
large-scale MJO circulation anomalies, daily geopotential
height and stream function (calculated from daily horizontal
winds) (2.5� � 2.5�, 1979–2006) from the National Centers
for Environmental Prediction/National Center for Atmo-
spheric Research reanalysis (NCEP) are used. For the
MJO analysis and composite procedure, we use the method
of Tian et al. [2006]. All data were first binned into 5-day
average (i.e. pentad) values. Intraseasonal anomalies were
obtained by removing the annual cycle and then band-pass
filtering (30–90 day) the data. To isolate the dominant

Figure 1. Composite MOD total O3 (DU, color shading) and CMAP rainfall (mm day�1, black
contours) MJO anomalies. For simplicity, only lags ±4, ±2, and 0 pentads of the MJO cycle are shown.
Also, only the total O3 anomalies with above 95% confidence limit are shown.
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