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ABSTRACT

We investigate the Madden–Julian Oscillation (MJO) signalin wintertime stratospheric ozone over the Tibetan Plateau
and East Asia using the harmonized dataset of satellite ozone profiles. Two different MJO indices — the all-season Real-Time
multivariate MJO index (RMM) and outgoing longwave radiation-based MJO index (OMI) — are used to compare the MJO-
related ozone anomalies. The results show that there are pronounced eastward-propagating MJO-related stratosphericozone
anomalies (mainly within 20–200 hPa) over the subtropics. The negative stratospheric ozone anomalies are over the Tibetan
Plateau and East Asia in MJO phases 4–7, when MJO-related tropical deep convective anomalies move from the equatorial
Indian Ocean towards the western Pacific Ocean. Compared with the results based on RMM, the MJO-related stratospheric
column ozone anomalies based on OMI are stronger and one phase ahead. Further analysis suggests that different sampling
errors, observation principles and retrieval algorithms may be responsible for the discrepancies among different satellite
measurements. The MJO-related stratospheric ozone anomalies can be attributed to the MJO-related circulation anomalies,
i.e., the uplifted tropopause and the northward shifted westerly jet in the upper troposphere. Compared to the result based
on RMM, the upper tropospheric westerly jet may play a less important role in generating the stratospheric column ozone
anomalies based on OMI. Our study indicates that the circulation-based MJO index (RMM) can better characterize the MJO-
related anomalies in tropopause pressure and thus the MJO influence on atmospheric trace gases in the upper troposphere and
lower stratosphere, especially over subtropical East Asia.
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1. Introduction

The Madden–Julian Oscillation (MJO) is a dominant
form of intraseasonal variability (30–60 days) in the tropi-
cal troposphere, especially during the extended boreal winter
(November–April) when the Indo-Pacific warm pool is cen-
tered near the equator. It is characterized by slow (∼5 m s−1),
eastward propagating, large-scale oscillations in tropical deep
convection, especially over the equatorial Indian and west-
ern Pacific oceans (e.g., Madden and Julian, 1971, 1972;
Zhang, 2005; Lau and Waliser, 2012). There are interac-
tions between the MJO and a wide range of high-impact
weather and climate processes, e.g., tropical weather, trop-
ical cyclones, ENSO, and monsoon migration. Recent studies
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have suggested that the MJO can disturb the winter strato-
spheric polar vortex, leading to stratospheric sudden warm-
ing events (e.g., Garfinkel et al., 2012; Liu et al., 2014). A
better understanding of the MJO may play an important role
in bridging the gap between climate prediction and weather
forecasting (e.g., Waliser, 2012; Zhang, 2013).

With the advent of the National Aeronautics and Space
Administration’s Aqua and Aura satellites, and the European
Space Agency’s enviromental satellite (ENVISAT), the foot-
prints of the MJO in atmospheric compositions are gradually
being discovered (e.g., Tian and Waliser, 2012). Based on
the Nimbus-7 Total Ozone Mapping Spectrometer, Sabutis
et al. (1987) first reported evidence for 30–50-day variabil-
ity in the total column ozone (TCO) over specific locations
over the southern Indian and southeast Pacific oceans. Gao
and Stanford (1990) went on to identify low-frequency varia-
tions (about 1–2 months) in the 8-year Nimbus-7 TOMS TCO
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data. Recently, as shown by Tian et al. (2007), the intrasea-
sonal TCO anomalies are mainly obvious in the subtropics
over the Eastern Hemisphere and the Pacific, while TCO
anomalies are rather small over the equator. MJO convec-
tion and related wave dynamics were well proven to have a
systematic relationship with subtropical TCO anomalies. For
example, the subtropical negative TCO anomalies typically
flank or lie to the west of equatorial enhanced convection and
are co-located with the subtropical upper-tropospheric anti-
cyclones generated by equatorial anomalous convective forc-
ing. A similar MJO-related ozone signal in the subtropics
was also discovered by Liu et al. (2009), who investigated
the dynamic formation of a record ozone minimum event
(also called ozone “mini-hole”) in mid-December 2003 over
the Tibetan Plateau using the satellite measurements of the
Michelson Interferometer for Passive Atmospheric Sounding
(MIPAS) and Global Ozone Monitoring by Occultation of
Stars (GOMOS) instruments and chemical transport model
simulations. Liu et al. (2010) further examined the formation
of ozone minimum events in December–January–February
over the Tibetan Plateau between 1979 and 2001, suggest-
ing that most of these events are contributed by both the
anomaly around the tropopause layer and stratospheric trans-
port related to polar vortex disturbances. Recently, Li et al.
(2012) investigated the vertical structure of boreal wintertime
MJO-related subtropical ozone variations (November 2004–
February 2010) using the ozone profiles from the Tropo-
spheric Emission Spectrometer (TES) and Aura Microwave
Limb Sounder (MLS) datasets, as well as in-situ measure-
ments in the Southern Hemisphere. This study suggested that
the spatiotemporal patterns of the subtropical ozone anoma-
lies in the lower stratosphere (60–100 hPa) are very similarto
those of the total column, which are both dynamically driven
by the vertical movement of the subtropical tropopause. It
indicates that the subtropical TCO anomalies mostly arise
from ozone anomalies in the lower stratosphere, supporting
the hypothesis of Tian et al. (2007). The robust connection
between the MJO and the intraseasonal variations of subtrop-
ical stratospheric ozone implies that the stratospheric ozone
variations might be predictable with similar lead times over
the subtropics.

Given that the tropopause height determines the length of
the stratospheric air column, in which most of the total ozone
column is contained, the variation in the tropopause height
plays a dominant role in initiating the MJO-related ozone
variation in the subtropics (e.g., Tian et al., 2007; Li et al.,
2012). In a recent case study, Liu et al. (2009) discovered
that the MJO can lead to substantial reduction of the TCO
over the Tibetan Plateau by shifting the upper-tropospheric
subtropical jet to the north of the plateau. It is therefore inter-
esting to examine the relative contribution of the tropopause
height and upper tropospheric subtropical jet to the formation
of MJO-related ozone anomalies, especially over the Tibetan
Plateau and East Asia.

In this study, we investigate the MJO-related ozone
anomalies over the Tibetan Plateau and East Asia using both
reanalysis data and satellite measurements. The results based

on two different definitions of MJO phases are compared.
Section 2 describes the data and methods. Section 3 presents
the main results. Conclusions are summarized in section 4.

2. Data and methods
2.1. Reanalysis and satellite measurements

In this study, the MJO-related circulation, tropopause
pressure and ozone anomalies are investigated based on the
daily mean European Centre for Medium Range Weather
Forecasts Reanalysis Interim (ERA-Interim) data between
2005 and 2011 (e.g., Dee et al., 2011). The daily outgoing
longwave radiation (OLR) is derived from the Advanced Very
High Resolution Radiometer instrument on board the Na-
tional Oceanic and Atmospheric Administration’s (NOAA)
polar orbiting spacecraft (Liebman and Smith, 1996).

The harmonized dataset of ozone profiles (HARMOZ,
2005–2011) is also used to study the variability of ozone over
the Tibetan Plateau and East Asia. These data are from the
MIPAS, the Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY), and GOMOS
instruments. The harmonized dataset has a common pres-
sure grid in netCDF format (network common data form).
There are 13 pressure levels (200, 170, 150, 130, 115, 100,
90, 80, 70, 50, 40, 30, and 20 hPa) between 200 and 20 hPa,
which correspond to a vertical resolution of∼1 km below
20 km and 2–3 km above 20 km (Sofieva et al., 2013). The
altitude ranges of the MIPAS, SCIAMACHY and GOMOS
ozone products are 400–0.05 hPa, 250–0.05 hPa, and 250–
10−4 hPa, respectively.

The MIPAS instrument on board ENVISAT is a Fourier
transform limb emission spectrometer, measuring the signa-
tures of various trace gases (Fischer et al., 2008). We use
a combination of the MIPAS version V5RO3 220 (2005–
April 2011) and V5RO3 221 (April 2011–2012) ozone
products. The vertical resolution of the MIPAS ozone pro-
file is 3–5 km in the stratosphere with an estimated error of
1%–4%.

The SCIAMACHY ozone profiles in HARMOZ are re-
trieved based on exploiting scattered radiances in the UV and
visible ranges. The vertical resolution is 3–5 km with an
estimated error of 10%–15% (Rahpoe et al., 2013). SCIA-
MACHY ozone profiles are usually of poor quality in cloudy
conditions. In the harmonized dataset, ozone data at altitudes
contaminated by clouds are filtered out to exclude poor qual-
ity in cloudy conditions (Sofieva et al., 2013). So, the actual
error of SCIAMACHY we use in our study is smaller than
10%–15%.

GOMOS on board ENVISAT is a self-calibrated medium-
resolution stellar occultation spectrometer (Kyrölä etal.,
2004; Bertaux et al., 2010). GOMOS ozone profiles gener-
ally cover a vertical range from 15 to 100 km, with a vertical
resolution of 2–3 km and an estimated error of 0.5%–1% in
the stratosphere (Tamminen et al., 2010).

2.2. Methods

Wheeler and Hendon (2004) developed the widely-used
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Real-time Multivariate MJO (RMM) index, based on circu-
lation and (OLR), to calculate the state of the MJO. Recent
studies have developed additional MJO indices, such as a ve-
locity potential MJO index, which replaces OLR with the 200
hPa velocity potential (Ventrice et al., 2013), and an MJO in-
dex based solely on the outgoing longwave index (OMI) (Ki-
ladis et al., 2014).

The daily RMM index (Wheeler and Hendon, 2004),
which determines the phases of MJO events, is obtained from
the Australian Bureau of Meteorology website (http://cawcr.
gov.au/staff/mwheeler/maproom/RMM/). Empirical orthog-
onal function (EOF) analysis decomposes the combined
fields of meridionally averaged satellite-observed OLR and
zonal winds at 850 and 200 hPa between 15◦S–15◦N. The
time series of the two leading EOFs (RMM1 and RMM2)
vary mostly on intraseasonal timescales (typically 30–60
days). The OMI index (Kiladis et al., 2014) is a straight-
forward application of an EOF of OLR. The daily values of
the OMI PC1 (first principal component) and OMI PC2 (sec-
ond principal component) are obtained from NOAA’s Earth
System Research Laboratory (http://www.esrl.noaa.gov/psd/
mjo/mjoindex/).

There are eight phases during a lifecycle of the MJO,
which indicate the geographic location of the MJO-related
convective anomalies. A comparison of MJO phases be-
tween RMM and OMI (Fig. 1a) in boreal winter 2005–2011
shows a slight delay of MJO phases in RMM compared to
OMI. Considering the strength of the MJO, only active MJO

phases—amplitudes of MJO indices (RMM12+RMM22)1/2

and (PC12+PC22)1/2 greater than 1.0—are considered in this
study (Fig. 1b).

To derive the MJO signal in stratospheric ozone (i.e.,
MJO-related ozone anomalies), the daily climatology has
been firstly removed from the daily mean value. Then, a 20–
100-day bandpass filter has been applied to the daily anoma-
lies. The stratospheric column ozone anomalies are defined
as the integrated value between 20 and 200 hPa. The band-
pass filter substantially reduces the effective sample size. As
a result, the regular Student’st-test is no longer suitable for
testing the significance of MJO-related composites (e.g., Tian
et al., 2011; Liu et al., 2014). In the present study, a two-
tailed Student’st-test with reduced degrees of freedom is ap-
plied to determine the significance of the MJO-related com-
posite. The effective sample number is estimated as

N′
= N

(

1− r1r2

1+ r1r2

)

,

whereN′ andN are the effective sample number and actual
sample number, respectively; andr1 andr2 are the 2-day lag
auto-correlations for RMM1 (PC1) and RMM2 (PC2), re-
spectively. As a result,N′

= 0.13N based on the RMM index
andN′

= 0.1N based on the OMI index, which are approxi-
mately consistent with previous studies (Tian et al., 2011;Liu
et al., 2014).

Given that the MJO is especially active over the equato-
rial Indian Ocean and western Pacific Ocean, we focus on the

Fig. 1. Evolution of MJO phases during boreal winter (December, January, and February) 2005–2011 based on
the RMM and OMI indices: (a) for all MJO phases; (b) for activephases only, whose amplitude is greater than
1.0.
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influence of the MJO on the subtropical stratospheric ozone
over the Tibetan Plateau and East Asia. The Tibetan Plateau
and East Asia are defined as the regions (25◦–40◦N, 75◦–
105◦E) and (25◦–40◦N, 105◦–135◦E), respectively. The lati-
tudinal location of the 200 hPa westerly jet over the Tibetan
Plateau and East Asia are defined as the mean latitudes of
the maximum 200 hPa westerly wind within 75◦–105◦E and
105◦–135◦E, respectively.

3. Results

3.1. Evolution of the MJO-related stratospheric column
ozone anomalies

To illustrate the influence of the MJO on stratospheric
ozone, Fig. 2 shows composites of the ERA-Interim MJO-
related ozone anomalies (i.e., a 20–100-day bandpass filter
has been applied) of the stratospheric column ozone (SCO)
during boreal winter (i.e., December, January, and February).
Limited by small sample sizes, some anomalies are not sta-
tistically significant.

In RMM phase 1, there are positive SCO anomalies over
the Tibetan Plateau, East Asia, and the western Pacific (Fig.
2a). In RMM phase 2 (Fig. 2b), the positive SCO anoma-
lies over the Tibetan Plateau and East Asia become stronger
and greater than +12 Dobson unit (DU). In addition, there
are negative SCO anomalies to the west of the positive SCO
anomalies. In RMM phase 3, as the negative OLR anoma-
lies move eastward to the south of Bay of Bengal, the pos-
itive SCO anomalies propagate eastward with less strength,
and the weak negative SCO anomalies over the west part of
the Tibetan Plateau move eastward (Fig. 2c). In RMM phase
4, the negative SCO anomalies become stronger and move
to the Tibetan Plateau (Fig. 2d) when OLR anomalies arrive
at the Maritime Continent. As the OLR anomalies enhance
over the Maritime Continent in RMM phase 5, the negative

SCO anomalies are significantly enhanced (less than−14
DU) with a center that propagates eastward to over East Asia
(Fig. 2e). In RMM phases 6–8, the negative SCO anomalies
quickly dissipate (Figs. 2f–h) after the negative OLR anoma-
lies arrive in the western equatorial Pacific. Meanwhile, as
the positive OLR anomalies are active over the equatorial
Indian Ocean, there are positive SCO anomalies developing
over the Tibetan Plateau and East Asia (Figs. 2f–h). The evo-
lution of SCO anomalies based on OMI MJO phases is simi-
lar to that based on RMM MJO phases (compare right to left
panels in Fig. 2). One of the major differences is that the
negative SCO anomalies are more persistent with a stronger
amplitude over East Asia based on OMI than those based on
RMM (compare Figs. 2m and n to 2e and f), especially in
phase 6. This can be attributed to different definitions of the
MJO phase based on the two MJO indices. As a result of
being ahead of phase based on OMI (Fig. 1), some negative
SCO anomalies in RMM phase 5 are shown in OMI phase
6, making stronger negative SCO anomalies in OMI phase 6
than in RMM phase 6 (compare Fig. 2n to 2f).

3.2. Vertical structure of the MJO-related stratospheric
ozone anomalies

In this section, we examine the vertical structure of the
MJO-related stratospheric ozone anomalies over the Tibetan
Plateau and East Asia using reanalysis data and satellite
ozone profiles.

The number of ozone profiles from three satellite mea-
surements between 2005 and 2011 over the Tibetan Plateau
and East Asia are given in Table 1. SCIAMACHY has al-
most twice the total profiles of MIPAS, over both the Ti-
betan Plateau (22 005 cf. 12 796) and East Asia (22 053
cf. 12 273) regions. The numbers of GOMOS profiles are
less than a quarter of those of MIPAS profiles, over both
the Tibetan Plateau (1937 cf. 12 796) and East Asia (1949
cf. 12 273). As a result, the GOMOS dataset is the least

Table 1. Number of ozone profiles from the different instrument measurements (MIPAS, SCIAMACHY and GOMOS) over the Tibetan
Plateau and East Asia for each MJO phase (according to the RMMand OMI indices) between 2005 and 2011.

Tibetan Plateau

MIPAS Phase 1 2 3 4 5 6 7 8 Total
RMM 1717 1736 1300 1594 1830 1624 1697 1298 12 796
OMI 1326 1645 1667 1461 1597 1710 1815 1575 12 796

SCIAMACHY RMM 3174 2905 2136 2786 3068 2873 2548 2515 22 005
OMI 2292 3143 2817 2461 2530 2938 3004 2820 22 005

GOMOS RMM 278 210 163 244 267 315 274 186 1937
OMI 237 239 195 237 265 276 246 242 1937

East Asia

MIPAS Phase 1 2 3 4 5 6 7 8 Total
RMM 1639 1674 1219 1536 1820 1570 1573 1242 12 273
OMI 1258 1637 1537 1494 1504 1686 1721 1436 12 273

SCIAMACHY RMM 3218 2961 2042 2769 3090 2902 2580 2491 22 053
OMI 2412 3142 2740 2431 2548 3028 2982 2770 22 053

GOMOS RMM 259 207 165 257 277 320 274 190 1949
OMI 229 237 202 252 274 275 247 233 1949
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Fig. 2. Composite of MJO-related SCO anomalies (units: DU; interval: 2 DU) between 200 and 20 hPa during
boreal winter 2005–2011 based on the RMM (left) and OMI (right) indices from ERA-Interim reanalysis data.
Positive and negative anomalies are indicated by red solid and blue dashed lines with an interval of 2 DU. The
shaded areas are statistically significant at the 95% confidence level based on a two-tailed Student’st-test with
reduced degrees of freedom. The top-right number in each panel indicates the number of days used for each
composite. The red and blue boxes indicate the geophysical locations of the Tibetan Plateau and East Asia,
respectively.
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Fig. 3. Vertical distribution of MJO-related ozone anomalies (units: DU km−1) for each MJO phase over the Tibetan Plateau
(RMM: a–d; OMI: e–h) and East Asia (RMM: i–l; OMI: m–p) duringboreal winter 2005–2011, based on ERA-Interim re-
analysis data (first column), and satellite measurements from the MIPAS (second column), SCIAMACHY (third column), and
GOMOS (fourth column) instruments. Positive, negative, and zero anomalies are indicated by red solid, blue dashed, and
magenta solid lines, respectively, with an interval of 0.2 DU km−1. The shaded areas are statistically significant at the 95%
confidence level based on a two-tailed Student’st-test with reduced degrees of freedom.

representative dataset among the three sets of satellite mea-
surements used in this study. Figure 3 shows the vertical
structure of the MJO-related ozone anomalies based on ERA-
Interim reanalysis and different satellite measurements from
MIPAS, SCIAMACHY, and GOMOS. The ozone anomalies
from ERA-Interim reanalysis (Figs. 3a, e, i and m) show that

there are significant MJO-related ozone anomalies between
20 and 200 hPa, which is generally consistent with previ-
ous studies (e.g., Li et al., 2012). This is also the reason
for defining the ozone column between 20 and 200 hPa as
the SCO in this study. The significant MJO-related ozone
anomalies derived from MIPAS (Figs. 3b, f, j and n) and
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SCIAMACHY (Figs. 3c, g, k and o) measurements are gen-
erally consistent with those from the ERA-Interim reanalysis.
However, the result from GOMOS measurement (Figs. 3d, h,
l and p) is different. This could be attributable to the scarcity
of GOMOS ozone profiles (Table 1). The different observa-
tion principles and retrieval algorithms may also contribute
to the discrepancies among the three sets of satellite mea-
surements. As shown in Figs. 3a–d and 3i–l, both reanalysis
data and satellite measurements suggest that there are neg-
ative SCO anomalies over the Tibetan Plateau (East Asia) in
RMM phases 4–6 (5–7), while there are positive SCO anoma-
lies over the Tibetan Plateau (East Asia) in RMM phases 7–8
and 1–3 (8 and 1–4). The one–phase delay between the re-
sults over the Tibetan Plateau and those over East Asia can be
attributed to the eastward propagation of the MJO and its cir-
culation anomalies. The minimal ozone anomalies over East
Asia are shown in RMM phase 5 and OMI phase 6, respec-
tively. This one-phase difference between RMM and OMI
indices has been explained in section 3.1. It is also noted
that there is vertical tilt with altitude in the ozone anomalies
between 200 and 20 hPa over the Tibetan Plateau (Figs. 3a–
h). Compared to ERA-Interim reanalysis, the vertical tilt is
clearer in the satellite measurements (compare Figs. 3a to 3b–
d). The vertical tilt structure has been reported in a previous
study (Li et al., 2012). In contrast, no vertical tilt structure
can be discerned over East Asia, in either ERA-Interim re-
analysis or satellite measurements (Figs. 3i–p).

To test if the satellite sampling errors can contribute to the
discrepancies among different satellite measurements andre-
analysis shown in Fig. 3, the MJO-related ozone anomalies
from ERA-Interim reanalysis have been interpolated to the
geophysical locations of ozone profiles from MIPAS (Figs.
4a, d, g and j), SCIAMACHY (Figs. 4b, e, h and k) and GO-
MOS (Figs. 4c, f, i and l) measurements. The differences
among the subsampled ERA-Interim at different satellite lo-
cations (compare the three columns in Fig. 4) indicate that
the sampling error is responsible for the differences among
satellite measurements shown in Fig. 3. Despite the simi-
larity of pressure–phase distribution, the strength of subsam-
pled ERA-Interim ozone anomalies over the Tibetan Plateau
at SCIAMACHY locations is slightly larger than those at MI-
PAS locations. In addition, the smaller anomalies at higher
altitudes over the Tibetan Plateau at GOMOS locations based
on RMM confirm the lesser representation of GOMOS mea-
surements than the other two measurements because of less
GOMOS samples. The correlations between satellite mea-
surements and subsampled ERA-Interim are generally larger
than the ones between satellite measurements and fully sam-
pled ERA-Interim (not shown), suggesting that the influence
of sampling error could be important.

As shown in Fig. 3, the result from GOMOS measure-
ments is quite noisy and somewhat different to that from MI-
PAS and SCIAMACHY measurements. Compared to the
original GOMOS measurements, the result of subsampled
ERA-Interim at GOMOS locations, shown in Fig. 4, is more
similar to the results from MIPAS and SCIAMACHY mea-
surements, shown in Fig. 3. The improved result indicates

that the observation principles and/or the retrieval algorithms
of GOMOS measurements also play an important role in gen-
erating the discrepancies among satellite measurements and
reanalysis.

It is also noted that the amplitude of MJO-related ozone
anomalies between 20 and 50 hPa is greater in ERA-Interim
reanalysis than those in satellite measurements (compare the
left column to the right three columns in Fig. 3). Figure 4
suggests that the amplitudes of ozone anomalies between 20
and 50 hPa are comparable to those in ERA-Interim reanaly-
sis after the interpolation. Therefore, the differences ofozone
anomalies in 20–50 hPa between ERA-Interim reanalysis and
satellite measurements shown in Fig. 3 could be a systematic
difference rather than caused by the satellite sampling errors.

3.3. Attribution of the MJO-related ozone anomalies

Previous studies have indicated that the wintertime strato-
spheric ozone anomalies over the Tibetan Plateau can be at-
tributed to the tropopause height and upper tropospheric cir-
culation pattern (i.e., 200 hPa subtropical westerly jet) (e.g.,
Liu et al., 2009, 2010). To better understand the mecha-
nism responsible for the negative stratospheric ozone anoma-
lies over the Tibetan Plateau and East Asia, Fig. 5 shows the
MJO-related anomalies in tropopause pressure and 200 hPa
horizontal winds during MJO phases 3–6.

In RMM phase 3, when the MJO convective anomalies
become active over the equatorial Indian Ocean, there is an
anticyclonic anomaly center in the upper troposphere mov-
ing towards the Tibetan Plateau (Fig. 5a). The anticyclonic
anomaly is coupled with an uplifted tropopause (Fig. 5a).
As a result, the negative stratospheric ozone anomalies move
towards the west part of the Tibetan Plateau (Fig. 2c). As
the MJO-related convective anomalies travel across the Mar-
itime Continent in RMM phases 4–5, the coupled anticy-
clonic anomaly intensifies and moves eastward (Figs. 5b–c),
leading to enhanced negative stratospheric ozone anomalies
over the Tibetan Plateau and East Asia (Figs. 2d–e). Af-
ter RMM phase 6 (Fig. 5d), as the MJO convective anoma-
lies move towards the equatorial western Pacific Ocean, the
MJO-related circulation anomalies weaken over the Tibetan
Plateau and East Asia.

The results based on the OMI index are quite similar
(Figs. 2i–p and 5e–h). The major difference is that the
coupled anticyclonic circulation anomaly and the uplifted
tropopause are stronger during MJO phases 5–6 over East
Asia based on OMI index than those based on RMM index
(compare Figs. 5g and h to 5c and d). This difference is
consistent with the difference of MJO-related SCO anoma-
lies (compare Figs. 2m and n to 2e and f).

It is also noted that, in Fig. 5, MJO-related anomalies in
tropopause pressure based on RMM show persistent eastward
propagation through phases 3–6 (Figs. 5a–d). In contrast, the
anomalies based on OMI show westward propagation from
phases 4 to phase 5 (Figs. 5f–g). This difference is amplified
by contrasting the different dates based on RMM and OMI
(i.e., removing the samples that have the same definition of
MJO phase based on RMM and OMI) (Fig. 6). Therefore,
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Fig. 4. As in Fig. 3 but for MJO-related ozone anomalies from ERA-Interim reanalysis interpolated to the geographic
locations of MIPAS (left column), SCIAMACHY (middle column), and GOMOS (right column) measurements.
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Fig. 5. As in Fig. 2 but for anomalies in tropopause pressure (units:hPa) and 200 hPa horizontal winds (purple
vectors, units: m s−1) related to MJO phases 3–6.

Fig. 6. As in Fig. 5 but for different dates based on the RMM and OMI indices.
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Fig. 7. Averaged SCO anomalies (histograms, units: DU) for each MJOphase over the Tibetan Plateau (RMM: a–
d; OMI: e–h) and East Asia (RMM: i–l; OMI: m–p) during boreal winter (December–February) 2005–2011 derived
from ERA-Interim reanalysis data (first column), and the MIPAS (second column), SCIAMACHY (third column) and
GOMOS (fourth column) satellite datasets. Black and purplelines indicate the MJO-related anomalies in tropopause
pressure (units: hPa) and the latitudinal location of the upper-tropospheric subtropical jet (units: degrees), respectively.

the circulation-based MJO index (i.e., RMM) can better char-
acterize the eastward propagation of the MJO-related anoma-
lies in tropopause pressure and thus the MJO influence on
atmospheric trace gases in the upper troposphere and lower
stratosphere over subtropical East Asia.

To explore the relative contributions of the tropopause
height and upper-tropospheric subtropical jet to the MJO-
related stratospheric ozone anomalies over the Tibetan
Plateau and East Asia, the MJO-related anomalies in
tropopause height and the latitudinal location of the 200 hPa
subtropical jet are compared with the amplitude of the SCO

anomalies for each MJO phase. Because of the regional aver-
age used in Fig. 7, the amplitude of MJO-related SCO anoma-
lies over the Tibetan Plateau (−8 to 10 DU) and East Asia
(−12 to 7 DU) are smaller than those shown in Fig. 2. Com-
pared to over the Tibetan Plateau, the amplitudes of nega-
tive SCO anomalies over East Asia are generally larger, espe-
cially in satellite measurements (compare Figs. 7a–h to Figs.
7i–p). Generally, the negative SCO anomalies are observed
during RMM phases 4–6 and OMI phases 4–7 over the Ti-
betan Plateau. As the eastward propagation of the MJO, they
are observed during phases 5–7 over East Asia. As a result
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of being ahead of phase in OMI, the minimal SCO anoma-
lies are shown in OMI phase 6, which are one phase ahead of
minima in RMM (phase 5). However, the timing of the neg-
ative ozone anomalies is slightly different based on different
satellite measurements due to the sampling error and different
retrieval algorithms, as discussed in section 3.2. Over both
regions, the peak of the negative SCO anomalies coincides
well with that of the negative anomalies of tropopause height
and that of the positive anomalies of the latitudinal location
of the 200 hPa subtropical jet. The result suggests that the
anomalies in both the tropopause height and westerly jet play
important roles in creating the negative stratospheric ozone
anomalies over both regions. However, compared to results
based on RMM, the 200 hPa westerly jet anomalies are rela-
tively smaller than the amplitudes of the tropopause anomaly
based on OMI (Figs. 7e–h and 7m–p). Therefore, the west-
erly jet in the upper troposphere may play a less important
role in generating the negative stratospheric ozone anomalies
based on the OMI index due to the fact that the OMI defini-
tion does not include the factor of circulation.

4. Conclusions

The MJO-related stratospheric ozone anomalies during
boreal winter were analyzed based on satellite-borne ozone
profiles from MIPAS, SCIAMACHY, and GOMOS measure-
ments. All the satellite measurements suggest pronounced
MJO-related ozone anomalies (greater than±10 DU) be-
tween 200 and 20 hPa over the Tibetan Plateau and East Asia.
According to the circulation-based MJO index (RMM), there
are negative stratospheric ozone anomalies over the Tibetan
Plateau in MJO phases 4–6, when the MJO-related convec-
tive anomalies are active over the Maritime Continent. In
MJO phases 5–7, as the MJO-related convective anomalies
move from the Maritime Continent towards the equatorial
western Pacific Ocean, there are negative stratospheric ozone
anomalies over East Asia. The MJO-related ozone anomalies
between 200 and 20 hPa show a vertical tilt structure over
the Tibetan Plateau. However, no vertical tilt structure can be
discerned over East Asia, in either ERA-Interim reanalysisor
satellite measurements.

The MJO-related stratospheric ozone anomalies are quan-
titatively different based on different satellite measurements.
Further analysis suggests that the discrepancies among dif-
ferent satellite datasets can be mainly attributed to the dif-
ferent sampling errors, observation principles, and retrieval
algorithms of the three satellite instruments.

The occurrence of the MJO-related stratospheric ozone
anomalies can be attributed to the uplift of the tropopause
and the northward shift of the subtropical jet in the upper tro-
posphere. Meteorological analysis suggests that the negative
SCO anomalies over both the Tibetan Plateau and East Asia
are dynamically associated with the uplifted tropopause and
northward shifted subtropical jet. Compared to the results
based on the RMM index, the upper tropospheric westerly jet
may play a less important role in generating the stratospheric

ozone anomalies, as shown by the results based on the OMI
index.

Because of the different definitions of the two MJO in-
dices, there are pronounced differences between the results
based on the circulation-based (RMM) and convection-based
(OMI) indices over East Asia. Compared to the results based
on the OMI index, the anomalies in tropopause pressure
based on the RMM index propagate eastward with steady
velocity, indicating that the circulation-based MJO index
(RMM) can better characterize the eastward propagation of
MJO-related anomalies in tropopause pressure, and thus the
MJO influence on the atmospheric trace gases in the upper
troposphere and lower stratosphere, especially over subtropi-
cal East Asia.
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Kyrölä, E., and Coauthors, 2004: GOMOS on Envisat: an
overview.Advances in Space Research, 33, 1020–1028.

Lau, W. K.-M., and D. E. Waliser, 2012:Intraseasonal Variability
in the Atmosphere-ocean Climate System. 2nd ed. Springer,
Heidelberg, Germany, 581 pp.

Li, K.-F., B. Tian, D. E. Waliser, M. J. Schwartz, J. L. Neu, J.R.
Worden, and Y. L. Yung, 2012: Vertical structure of MJO-
related subtropical ozone variations from MLS, TES, and
SHADOZ data.Atmos. Chem. Phys., 12, 425–436.

Liebman, B., and C. A. Smith, 1996: Description of a com-



1492 MJO IN STRATOSPHERIC OZONE OVER EAST ASIA VOLUME 32

plete (interpolated) outgoing longwave radiation dataset. Bull.
Amer. Meteor. Soc., 77, 1275–1277.

Liu, C. X., Y. Liu, Z. N. Cai, S. T. Gao, D. R. Lü, and E. Kyröl¨a,
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