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Abstract. Tian et al. (2007) found that the MJO-related total 1 Introduction
column ozone (@) anomalies of 10 DU (peak-to-trough) are

mainly evident over the subtropics and dynamically driven The Madden-Julian oscillation (MJO), aka intraseasonal os-
by the vertical movement of the subtropical tropopause layercillation (Madden and Julian, 1971, 1972), is the dominant
It was then hypothesized that the subtropical total columnform of intraseasonal variability in the tropical atmosphere.
O3 anomalies are primarily associated with the variabil- Itis characterized by slow~5m S_l) eastward-propagating,

ity in the stratosphere rather the troposphere. In this papelgrge-scale oscillations in tropical deep convection and baro-
we investigate the vertical structure of MJO-related SUbtrOp-C"niC WindS, especia”y over the warmest waters in the equa-
ical Oz variations using the vertical Oprofiles from the  torial Indian Ocean and western Pacific during boreal win-
Aura Microwave Limb Sounder (MLS) and Tropospheric ter (November—April) when the Indo-Pacific Warm Pool is
Emission Spectrometer (TES), as well as in-situ measurecentered near the equator (Lau and Waliser, 2006; Zhang,
ments by the Southern Hemisphere Additional OzoneSOHQOOS)_ To date, influences of the MJO on the physica] com-
des (SHADOZ) project. Our analysis indicates that theponent of the global climate system have been well recog-
subtropical Q@ anomalies maximize approximately in the nized and documented, and have also been well understood
lower stratosphere (60-100 hPa). Furthermore, the spatiain some cases (e.g., monsoon, ENSO, hurricane, and extrat-
temporal patterns of the subtropicak @nomalies in the  ropjcal weather). However, the impact of the MJO on atmo-
lower stratosphere are very similar to that of the total col-spheric composition has been realized only recently (Ziemke
umn. In particular, they are both dynamically driven by the and Chandra, 2003; Tian et al., 2007, 2008, 2011; Wong and
vertical movement of subtropical tropopause. The subtropDessler, 2007; Li et al., 2010; Weare, 2010). Please see a

ical partial G column anomalies between 30-200 hPa ac-recent review on this topic by Tian and Waliser (2011).
counts for more than 50 % of the totak@olumn anoma- In the case of ozone, Tian et al. (2007) documented
lies. TES measuremgnts show that at most 27% of the t_ofhe spatial and temporal patterns of the tropical total col-
tal Oz column anomalies are contributed by the tropospherlcumn ozone (@) in connection with large-scale MJO con-
components. This indicates that the subtropical total col-

i W f h lies in th vection and circulation anomalies. It was found from the
umn G anomalies are mostly from thes@nomalies in the 055 ,rements of the Total Ozone Mapping Spectrometer

lower stratosphere, which supports the hypothesis of Tian eETOMS; Stolarski and Frith, 2006) and the Atmospheric In-

al. (200,7)' The strong gonnec_tiqn between the intr'asegsonﬁared Sounder (AIRS; Chahine et al., 2006) that the total
subtropical stratospheric{ariations and the MJO implies column G anomalies of 5-10 DU are mainly evident over

that_ the stratqspherlca()/arlanons may be predictable with the subtropics in the Pacific Ocean and the eastern hemi-
_S|m|Iar Iea(_j t_|mes over the subtropics. FutL_Jre V\_/ork could sphere. The subtropical positive (negative) total colurgn O
involve a similar study or an £budget analysis using a so- Fnomalies flank or lie to the west of equatorial suppressed

phigticated chemical transport model in the near-equatoria enhanced) MJO convection and propagate slowly eastward
regions where the observed MJO signals of total colurgn O (~5ms-1). The subtropical total column{anomalies are

are weak. typically collocated with the subtropical upper-tropospheric
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426 K.-F. Li et al.: Vertical structure of MJO-related subtropical ozone variations

cyclones/anticyclones and are anticorrelated with geopotenerbital track on 6 levels per decade of pressure from 215 hPa
tial height anomalies near the tropopause. This indicateshrough the stratosphere, with vertical resolutionr~& km
that the subtropical total columnsGnomalies are dynam- in the upper troposphere. These profiles have been screened
ically driven by the vertical movement of the subtropical per the MLS data quality document (Livesey et al., 2007)
tropopause layer and mainly associated with thes&@iabil- and gridded by averaging data over IBngitudex 4° lat-
ity in the stratosphere rather the troposphere. itude into daily values. With this gridding resolution the
A number of additional studies have examined vertical global coverage is completed in about 1 week. No crite-
structure of ozone variation in the upper troposphere andion has been applied to select the line of sight angles or the
lower stratosphere that may be related to the MJO. Basedolar zenith angels. Given the relatively long wavelengths
on ozonesonde data in Indonesia, Fujiwara et al. (1998) sugef MLS observations, retrievals are negligibly perturbed by
gested that the upper tropospheric ozone enhancement is tigdany clouds that strongly perturb observations at infrared
to the passage of Kelvin waves and the MJO. In studying arand visible wavelengths. Recommended screening is gener-
“Ozone Mini-Hole” (OMH) event over the Tibetan Plateau ally successful in removing v2.2 profiles that are significantly
during December 2003, Liu et al. (2009) found that the ma-impacted by scattering from large ice particle in convective
jority of ozone reduction of that OMH event was located in cores (Schwartz et al., 2008).
the upper troposphere and lower stratosphere based on the The L2 O; profiles measured by TES from 20 Septem-
Michelson Interferometer for Passive Atmospheric Soundingber 2004 to 18 August 2008 (Beer et al., 2001; Jourdain et al.,
(MIPAS; Cortesi et al., 2007) and Global Ozone Monitoring 2007; Worden et al., 2007) are also used in this study. TES
by Occultation of Stars (GOMOS; Kyrola et al., 2004) ozone is an infrared Fourier-transform spectrometer also aboard the
profile data. Further analysis indicates that this ozone reducAura satellite, covering the spectral range 650-3050cm
tion in the upper troposphere and lower stratosphere is a ref3.3—15.4mm) (Beer, 2006). It has a high spectral resolu-
sult of the uplift of the tropopause by the upper-tropospheriction at 0.025-0.1cm! and a horizontal swath footprint of
anticyclone over the Tibetan Plateau induced by an MJ05.3kmx 0.53 km. @ profiles are retrieved from the infrared
event over the equatorial Indian Ocean and western Pacificchannels covering the £v3 band (1050 cm! or 9.6 mm)
A recent work of Weare (2010) also found significant strato- using a non-linear optimal estimation algorithm (Rodgers,
spheric ozone variations associated with MJO using ERA-4@®000; Worden et al., 2004; Bowman et al., 2006) on 67 pres-
reanalysis ozone data. These results appear to be consistesure levels between the surface and 5hPa, with a vertical
with Tian et al. (2007) that the subtropical intraseasonal totalspacing of~0.7 km below 10 hPa. These infrared channels
column ozone anomalies are mainly associated with verti-are most sensitive to £at levels between 900 and 30 hPa
cal movement of subtropical tropopause. To further under-with a vertical resolution of 6 km for clear sky scenes. The
stand the relative contribution of from different atmo-  retrieved TES troposphericiprofiles have been validated
spheric layers, especially stratosphere versus troposphere, with SHADOZ ozonesonde measurements (Worden et al.,
the subtropical total column £anomalies, we use contem- 2007). When and where there are optically thick clouds, the
porary satellite observations and in-situ measurements to inTES retrieved @ profiles below the optically thick clouds
vestigate the vertical structure of subtropical @riations  comes mainly from the a priori Oprofile because the re-
related to the MJO. In particular, we use vertical @ofiles  trieved G information below the cloud tops can be very
derived from the Earth Observing System (EOS) Microwavelow (Kulawik et al., 2006; Eldering et al., 2008). For this
Limb Sounder (MLS) and Tropospheric Emission Spectrom-study, the TES swath £data were binned into the sam& 5
eter (TES) on Aura satellite and measured in-situ by thelongitudex 4°-latitude grid boxes of MLS described above.
Southern Hemisphere Additional Ozonesondes (SHADOZ)The global coverage is completed also in about 1 week at
project. Section 2 describes the data used in this study. Sedhis gridding resolution. The number of individual retrievals
tion 3 briefly describes the methodology adopted. Section 4eing averaged in each grid box is recorded and served as
presents the main results, followed by a summary in Sect. 5weighting in the MJO-composite averaging.
To compare the MJO modulations ins@s observed by
2 Data MLS and TES, we also study the MJO modulations in the
Level-3 (L3) total column @ data derived from the Ozone
In this study, we use the Level-2 (L2) v2.23Qroduct  Monitoring Instrument (OMI; Levelt et al., 2006b) aboard
(Livesey et al., 2008) from the EOS MLS measurement fromAura during 1 November 2004-28 February 2010. OMI
1 November 2004—6 February 2010. The MLS instrumentis an extension of the TOMS instrument. Total column
(Waters et al., 2006) was launched in 2004 on the NASAQO;3; are retrieved from OMI radiances in the spectral re-
Aura satellite into a sun-synchronous near-polar orbit withgion 307-332nm and 359-361nm (Levelt et al., 2006a).
equatorial crossing times of 01:43 and 13:43 local solar timeThe original OMI G column has been averaged daily into
The MLS G; product is retrieved from observations of atmo- 0.25-longitudex 0.25-latitude grid boxes. As for TES,
spheric thermal emission near 240 GHz using a limb-viewingwe regridded the daily data into the sanfel@ngitudex 4°-
geometry. Profiles are retrieved every 165 km along the subtatitude grid boxes of MLS.
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Table 1. Datasets used in this work. MLS Level-2 (L2) v2.23@nd TES L2 @ are swaths products. They have been regridded into
5°-longitudex4°-latitude daily products in this work. OMI Level-3 (L3)4and TRMM 3B42 rainfall has also been regridded info 5
longitudex4°-latitude and 2.%-longitudex 2°-latitude daily products, respectively, in this work (see text). Fiji is located at (17&40
18.13 S).

Name Time Span (DD/MM/YYYY)  Original Resolution Reprocessed Resolution
MLS L2 O3 01/11/2004-06/02/2010 Swath Daily, Bn x 4° lat
TES L2 Q3 20/09/2004-18/08/2008 Swath Daily, Bn x 4° lat
OMI L3 O3 01/11/2004-28/02/2010 Gridded daily, Daily, 5° lon x 4° lat
0.25 lon x 0.25° lat
SHADOZ O3 01/01/1998-31/12/2008 Weekly/biweekly -
over Fiji
TRMM 3B42 01/11/2004-28/02/2010 Gridded 3-hourly, Daily, 2.5° lon x 2° lat
rainfall 0.25 lon x 0.25° lat
ERA-Interim 01/11/2004-31/01/2010 Gridded 3-hourly, —
GPH; 50 1.25 lon x 1.25 lat

The SHADOZ project (Thompson et al., 2004, 2007) hasanalysis, the All-season Real-time Multivariate MJO (RMM)
collected over several thousand vertical @ofiles from the  daily index developed by Wheeler and Hendon (2004) is
troposphere to the middle stratosphere since 1998 from 1#ised. The RMM index consists of a pair of principle com-
tropical and subtropical sites using balloon-borne electro-ponent time series, called RMiMand RMM,, which are the
chemical concentration cell (ECC) ozonesondes. Among alprojection of the daily observed NOAA outgoing longwave
the SHADOZ sites, Fiji (178.40E, 18.13 S) is the best site  radiation (OLR) and NCEP/NCAR reanalysis and/or Aus-
for this work because the data there are available from Jantralian Bureau of Meteorology Research Center Global Anal-
uary 1998 to December 2008 between the surface and thgsis and Prediction (GASP) analysis 850- and 200-hPa zonal
mid-stratosphere~20 hPa) and it lies in an area that was winds, with the annual cycle and components of interannual
found to have strong MJO-driven totak@ariability (Tian et  variability removed, on a pair of multiple-variable EOFs.
al., 2007). Two such EOFs are the leading pair of EOFs of the com-

To indicate the spatial patterns and propagation characbined daily intraseasonal filtered fields of near-equatorially
teristics of the equatorial convective anomalies associatedveraged (155-15 N) NOAA OLR and NCEP/NCAR 850-
with the MJO, we use Tropical Rainfall Measuring Mis- and 200-hPa zonal winds for all seasons from 1979 to 2001
sion (TRMM) 3B42 rainfall data from 1 November 2004 to (23yr) and describe the key features of MJO. This daily in-
28 February 2010. The TRMM 3B42 rainfall data are es-dex characterizes the state of the MJO in terms of its ampli-
timated from multiple satellites as well as gauge analysedude and phase, where the latter divides the MJO cycle (typ-
where feasible at fine scales (02260.25 and 3 hourly) ically about 40-55 days) into 8 phases, each roughly lasting
(Huffman et al., 2007). For this work, the rainfall data are av- about 6 days. Phase 1 represents developing positive rainfall
eraged daily on 2%5longitudex 2.7 latitude grids. To indi- anomalies in the western Indian Ocean, with the sequential
cate the vertical movements of the subtropical tropopause reprogression to Phase 8 corresponding to the eastward prop-
lated to the MJO, the 150-hPa geopotential height (ggH  agation of positive rainfall anomalies across the eastern In-
from the European Centre for Medium-range Weather Foredian Ocean, Maritime Continent, western Pacific, and onto
casting (ECMWF) Interim reanalysis product (ERA-Interim; the central/eastern Pacific Ocean (Hendon and Salby, 1994).
Dee et al., 2011) from 1 November 2004 to 31 January 2010n this study, composite MJO cycles of interested gquantities,
is used. No post-process has been applied to the;gPH such as rainfall, @ and geopotential height, are produced

data. by separately averaging together all daily values of the given
We summarize the properties of the above datasets in Tadquantity for each phase of the MJO, considering only strong
ble 1. amplitude events where RV RMM3 > 1. This com-

positing procedure, or closely analogous ones, has become
a common methodology for examining impacts associated
3  Methods with the MJO (Tian et al., 2010, and references therein).
Since the MJO is strongest during boreal winters
To capture the MJO signal in thes@ata, a running-average (November—April) when the influence from the Asian Mon-
band-pass filter for 15-90 days is first applied to the time sesoon is minimal (Zhang and Dong, 2004), we are only
ries. Then, to identify MJO events for producing a compositeinterested in the MJO events during this season. During
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4 Results and discussion

Phase 6
106 days

To examine the MJO variability of the stratospherig, @the

O3 anomalies associated with the MJO are integrated from
30—-200 hPa to give the “stratospheric” column anomalies.
It should be noted that for TES, the averaging kernels near
200 hPa might have a significant tropospheric component in
the tropics and subtropics. This may give rise to some of the
differences between TES and MLS. An alternative would be

to use 100 ppb ozone to determine the bottom level for the
stratospheric column. For simplicity and a qualitative inves-

tigation, we adopt the former definition in this work.

The intraseasonal variability in stratospheric columsn O
can be seen clearly from the unfiltered seasonal anomalies.
4 2 0 2 4 As an example, Fig3 shows the deseasonalized (cyan) time

RMM series over Fiji observed by MLS. The MLSz;@nomalies
« TES (a) are obtained by averaging the swath footprints that fall into
the 10-longitudex 8°-latitude box centered at Fiji. MLS
has almost daily coverage over the enclosed region. The or-
ange line is the bandpassed time series, which resembles the
intraseasonal variability in the raw time series.

By averaging over individual MJO phases during boreal
2 winters, the spatial patterns of the MJO-modulation in the

2005 2006 2007 2008 2009 2010 stratospheric @columns for MLS and TES are obtained and
Year they are shown Figda and b, respectively (color shades).
®) For brevity, only MJO phases 1, 3, 5, and 7 are plotted:;
_ o ~and for clarity a 1-2-1 running average over MJO phase is
Fig. 1. (a)Thz_a number of days_ constituting each MJQ phase du””gapplied. For example, the Phase 1 map shown is an aver-
the observational periods of interest. Only days with strong M‘Joage of phases 8, 1 (doubly counted), and 2. Furthermore,
activity (RMM§+RMM§ = 1) are considered. The green triangles 5 2(r-Jongitudex 10°-latitude spatial running average have
represent days with MLS $observations during the boreal win-  peen applied to remove high wavenumber fluctuationspf O
te:jsé’\'tovembers‘?g”'s) OTthNg\é%m@bsr 200?‘Febdr“"?‘ry t2h01%; theanomalies. To illustrate the convective activities, the MJO-
red dots represent days wi servations during the bo- . : : :
real winters of September 2004—August 20Q8) The time series composite ralnfgll anomalle§ are 0\2erla_|d as red .and green
of RMM indices. The strong MJO events during the observational Sghd contours Wlth. a IBlongitudex 6 .-Iatltude spatial run- -
periods are denoted by the triangles and circles for MLS and TES,nlng gveragg applied. The propggatlon pattern ,Of ramfall IS
respectively. The indices lying in the grey region are considered toconsistent with those delineated in previous studies using the
be weak MJO events and are ignored in the analysis. extended empirical orthogonal functions (EEOF) (Waliser et
al., 2005; Tian et al., 2007). Therefore, we expect that the
MJO patterns obtained from EEOF and MEOF will be simi-
November 2004—February 2010 when the ML$feasure- lar (Tian et al., 2010). The MJO-composite GR2klanoma-
ments are used in this work, there ar&6 strong MJO events lies are shown as solid and dotted black contours with-a 9
during boreal winters, which constitute 53—106 days in eachiongitudex 6°-latitude spatial running average applied.
of the 8 phases (Fidl, green triangles). As a result, a to-  Tian et al. (2007) examined the MJO in TOMS and AIRS
tal of 50-120 MLS soundings are averaged in the grid boxegotal O; columns using EEOF (see their Figsand2). Their
for each phase (Figa). Similarly, during November 2004— Lag —2 (+4) corresponds roughly to our Phase 1 (7). In gen-
February 2008 when the TESz;@neasurements are used in eral, the spatial-temporal patterns of the stratospheyicad
this work, there are~11 strong MJO events during boreal umn anomalies of the MJO composites for MLS and TES
winters, which constitute 40-69 days in each of the 8 phaseare similar to those in total £of TOMS and AIRS. Dur-
(Fig. 1, pink dots). Because TES has much lower horizontaling Phase 1 (Lag-2), enhanced convection as indicated by
resolution, only a total of 10—-30 TES soundings are averagegbositive rainfall anomalies is found in the western equatorial
in the grid boxes for each phase (F&ip). Indian Ocean. In contrast, suppressed convection as indi-
cated by negative rainfall anomalies resides over the equato-
rial Indo-Pacific Warm Pool. As a result, upper-tropospheric
cyclonic gyres are formed over Asia and the western Pacific
on the northern subtropics as well as the eastern Indian Ocean

RMM,

RMM Index

6
3
0
3

— RMM, RMM
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(b) TES

40°N

o"»

40°S

[Prase s

Lin o * g

N\ Phase 5 f : Phase 5

S . ) . 5 ‘ ; ! .
o WG

[Phase 7 |

0° 60°E  120°E 180°E 120°W 60°W 0° 0° 60°E  120°E 180°E 120°W 60°W 0°

< I —
1 30 60 90 120 Counts

Fig. 2. Number of MLS/TES soundings in each MJO phase during the observational periods of interest. The patterns of MLS statistics in
(a) appear to be discretized in space because the MLS profiles are retrieved every 165 km along the sub-orbital track, which is approximately
1.5° latitude in the equatorial region.

MLS over Fiji

Strato O, (DU)

2007 2008
Calendar Year

Fig. 3. The deseasonalized (cyan) and the bandpassed (orange) time series over Fiji observed by MLS. The grey shades are the borec
summer seasons (May—August), when data have been ignored in the MJO-phase averages. The strong MJO events during the observation
periods are denoted by the triangles for MLS as in Eig.

and Australia on the southern subtropics, both on the wesMiddle East on the northern subtropics as well as the south-
side of the equatorial suppressed convection (e.g. Hendomern subtropical Africa, both on the west side of the equato-
and Salby, 1994). These subtropical cyclones induce downrial enhanced convection. They induce upward movements
ward movements of subtropical tropopause as indicated byf subtropical tropopause as indicated by positive &gH
negative GPhig anomalies. Thus, both MLS and TES show anomalies and negative stratospheric @lumn anomalies
positive stratospheric £column anomalies (a few Dobson over these subtropical regions as shown by both MLS and
units; c.f. Fig.5) over these subtropical regions. TES. Phases 5 and 7 (Lag +2 and Lag +4) are very similar
During Phase 3 (Lag 0), the enhanced convection become® Phases 1 and 3, respectively, except for an opposite sign.
stronger and wider and it moves to the eastern equatorial hese spatial patterns of rainfall, GRjg and G anomalies
Indian Ocean and Maritime Continent and the suppressednove eastward with a speed s6ms* from Phases 1 to
convention becomes weaker and narrower and it moves td- The subtropical stratospherics@olumn anomalies for
the South Pacific Convergence Zone (SPCZ). As a resultl4’ < |latitudes < 34° are moderately anticorrelated with the
upper-tropospheric anticyclonic gyres are formed over thesubtropical GPtikg anomalies in both MLS and TES with
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(b) TES

0° 60°E  120°E  180°E 120°W 60°W 0° 0° 60°E  120°E 180°E 120°W 60°W 0
Strato O, Column at 30—200 hPa (DU; color shades)
- B
2.7 -1.8 -0.9 0 0.9 1.8 2.7

TRMM Rainfall (Green: -1 mm day", Red: +1 mm day")
ECMWF-Interim GPH, ., (Dotted: -10 m, Solid: +10 m)

Fig. 4. MJO-related stratosphericgGanomalies integrated between 30—-200 hPa in color shades deriveddydniiS and (b) TES. For
simplicity, only MJO phases 1, 3, 5 and 7 are plotted with a 1-2-1 running average applied (see text). Furthernfelengit@fiex 10°-
latitude spatial running average has been applied to remove high wavenumber fluctuatiohsruin@alies. The MJO-related rainfall
anomalies are overlaid as red (+1 mm d&yand green{1 mmday 1) solid contours with a 1%longitudex 6°-latitude spatial running
average applied. The MJO-related 150-hPa geopotential height4ggP&homalies are shown as solid (+10 m) and dottetlQm) black
contours with a 9-longitudex 6°-latitude spatial running average applied. The location of Fiji (17B,4L8.13 S) is represented by).

(b) TES

0° 60°E  120°E  180°E 120°W 60°W 0°0° 60°E  120°E 180°E 120°W 60°W 0°

MJO variability in O, strato column (30—200 hPa; DU)
[— I —
0 2 4 6

Fig. 5. The MJO variability in @ columns derived from MLS and TES observations. The variability is defined as 2 standard deviations
of the MJO cycle (see text). The location of Fiji (178, 18.13 S) is represented by). The rectangular boxes enclose representative
subtropical regions (8CE-200 E, 14 N/S —34 N/S) where the MJO modulations are largest.

linear correlation coefficients 6£0.75 for MLS and—0.60 ent is also evident in the TOMS columns@ata reported in
for TES, respectively. Tian et al. (2007). As will be discussed below, this gradient
The MJO variability of stratospheric4at the grid points  is also found in the recent OMI columnz@ata. The MJO
derived from MLS and TES @observations are shown in Variability in the deep tropics as observed by TES OU)
Fig.5. Itis defined as two standard deviations of the 8-phasds slightly larger than that as observed by MLSQ(5 DU).
MJO cycles in the enclosed regions, which roughly equates'his may be partly due to the fact that TEG €oncentra-
the amplitude of the MJO cycle. For both observations, thetion may have a significant tropospheric component, where
MJO variability at the subtropical regiongatitudes > 15°)  the MJO modulations in the tropospherig ay be due to
is larger than those in the deep tropidatitudes < 15°). In different mechanisms that are out of the scope of this work.
the northern subtropics, the MJO variability is generally 5~ To quantify the relative contributions of the stratospheric
8 DU near the Indo-Pacific region whereas in the southerrversus tropospheric £to the observed MJO modulations
subtropics, it is 1-2 DU. In other words, the MJO variability in the total column @, representative subtropical regions
in the northern subtropics is generally a factor of 2—4 largerwhere the MJO modulations are largest in the respec-
than those in the southern subtropics. This north-south graditive hemispheres are chosen. These regions are defined
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Pressure (hPa)
Approximate Altitude (km)
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Pressure (hPa)
N
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o

(a) MLS (80°E—200°E) compare the MJO modulations ing@s observed by MLS
~ (i) : and TES with that in the total columns@lata derived from
- mg g:g 0 OMI in Fig. 6a(ii) and b(ii). We applied the same band-
pass filter and MJO compositing method to OM} ©ol-
30 umn anomalies and obtained the MJO patterns. The variabil-
20 are 5.0 and 2.6 DU in the northern and southern subtropical
regions, respectively, which are20 % larger than those in
the subtropical @ column derived from MLS and TES. Al-
though there are quantitative differences between OMI, MLS
00 02 04 0 2 4 6 and TES measurements, qualitatively the above comparison
[0,](DU/km) Partial Column (DU) shows that majority of the MJO variability in the totagO
(b) TES (80°E—200°E) of-2 difference in the MJO-amplitudes between the northern
(i) (ii) ; and southern subtropics seems robust.
1 8—34'8\‘ TES O profiles also allow us to estimate the fractional
MJO variability in the total @ column due to the tropo-
spheric components. From Fifh(ii), the total cumulative
MJO variability of Oy at the surface is 4.0DU and 2.2DU
other hand, the corresponding cumulative MJO variability of
O3 from surface to 200hPa is 1.1 DU and 0.6 DU, or 24 %
and 27 %, in the northern and southern subtropics respec-
0.0 tively.
MJO-related @ anomalies in the northern subtropics aver-
Fig. 6. (aXi) Regional MJO variability of @ concentration (in unit  aged between AN and 30 N from both MLS and TES. A
of DUkm™1) derived from MLS measurements in regions{8-  20°-longitude spatial running average has been applied to re-
200° E, 14 N/S-30 N/S), which are enclosed by the rectangular move high-wavenumber fluctuations. Overplotted are MJO-
deviations of the MJO cyclea)(ii) Regional MJO variability of 54 & N from TRMM (solid lines) and MJO-related subtrop-
partial O3 columns integrated from 30 hPa to pressure levels belowICaI GPHiso anomalies averaged betweerf d5and 30 N
(b) Same aga) except for TES. from ERA-Interim (dotted lines). Eastward propagations are
seen in the anomalies ofsQOrainfall and GPHso. The MJO-
as 80 E-200 E, 14 N/S-34 N/S, which are enclosed in 3 positive anomaly in the western Indian Ocean in Phase
Fig.5. The overall MJO variability in the vertical{oncen- 1 which then propagates to the central Pacific in Phase 8.
trations there is shown in Figa(i) and b(i). For both MLS  The corresponding MJO-amplitude of the northern subtrop-
and TES the MJO modulations have a peak in the |0Wer|ca| GPI—iLSO is +20m. The upper- troposphenc Subtrop|ca|
mum variations are-0.4 DUkni! and~0.2DUkm* for  equatorial enhanced convection (Phase 6) while the latter
the northern and southern subtropics, respectively. This supeads the upper-tropospheric subtropical anticyclones (pos-
ports the idea that the MJO modulations found in TOMS andijtjye GPHs0 anomalies at Phase 7) by 5-10 days. This is
AIRS total O3 column are related to the vertical displace- consistent with the relationship between the equatorial rain-
altitude where the signal peaks at for MLS is the same asrig. 4. |n general, positive @anomalies are found when
that for TES. But in the southern hemisphere, that aItitudeGPH150 anomalies are negative in all phases, supporting the
for MLS is slightly lower than that for TES by2km. This  jdea that the @ anomalies are mainly related to dynamical
difference is, however, within the vertical resolutiovt km, motions. Both MLS and TES data indicate that the same
Figure6ay(ii) and b(ii) show the MJO variability of the par- found from 200 hPa to 30 hPa but the maximumadoma-
tially integrated @ column from 30 hPa to pressure levels be- lies are approximately in the lower stratosphere.
low, including those in the troposphere. Both MLS and TES
show variability of~4 DU and~2 DU at ~150 hPa in the

ity in the regions defined above from OMI totak©@olumn
column comes from the lower stratosphere and the factor-
in the northern and southern subtropics, respectively. On the
[Osl(DU/km) Partial Column (DU) Figure7 shows the pressure-longitude cross sections of the
boxes in Fig5. As in Fig.5, the variability is defined as 2 standard g|gted equatorial rainfall anomalies averaged betwéeh 5
amplitude of the equatorial rainfall 62 mmday®. It has
stratosphere near the tropopause~d00hPa. The maxi- cyclones (negative GPigy anomalies at Phase 3) lead the
ments of the tropopause. In the northern hemisphere, they|| anomalies and subtropical GRé3 anomalies shown in
of TES near the tropopause. sign of subtropical @anomalies at the same location can be
northern and southern subtropical region, respectively. We
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Fig. 7. Pressure-longitude cross sections of the MJO-relatgaitomalies in the northern subtropics averaged betweeN B4d 30 N from

both MLS(a) and TES(b) . A 20°-longitude spatial running average has been applied to remove high-wavenumber fluctuations. Solid lines
denote the MJO-related TRMM rainfall anomalies averaged betwe&nahd 5 N. Dashed lines represent the MJO-related ERA-Interim
GPH; 50 anomalies averaged betweer? Noand 30 N in unit of decameters (1 Dm =10 m).
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Fig. 8. As in Fig. 7 except for the southern subtropics. Thg &omalies (color shades) are averaged betwees Bhd 30 S; the GPHsgg
anomalies (dashed) are averaged betweé&rsldnd 30 S. The location of Fiji (178.4E, 18.13 S) is denoted by the staF)(

Similar result is also found in the southern subtropical are the same as those in Fiy.Overall the eastward propa-
O3 anomalies between 1& and 30 S, which are shown in  gations of @ and GPHs5g are similar to those in the north-
Fig. 8. The same 2Blongitude spatial running average has ern subtropics. The MJO-amplitude of southern subtropical
been applied and MJO-related subtropical GRHanoma-  GPHi50 is comparable£20 m) to that in the northern sub-
lies from ERA-Interim (dotted lines) averaged betweeh35 tropics. The @ anomalies here, however, are only about half
and 30 S are overplotted. The equatorial rainfall anomalies of those in the northern subtropics, as noted above.
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(a) MLS (b) TES (c) SHADOZ (Fiji) _
30 T T T T T

Pressure (hPa)

N

1
1 2 3 4 5 6 7 8

MJO Phase
O,(DU/km; color shades)
[ o — T aas
-0.27 -0.18 -0.09 0 0.09 0.18 0.27

TRMM Rainfall (178.5°E, 5°S—5°N; solid)
ECMWF-Interim GPH, ., (178.5°E, 18°S; dashed)

Fig. 9. Vertical structures of the ©anomalies over Fiji (178.4E, 18.13 S) from (a) MLS, (b) TES and(c) SHADOZ as a function of
MJO phase for the composite MJO life cycle. The MLS and TEESa@omalies are obtained by averaging the swath footprints that fall into
the 10-longitudex 8°-latitude box centered at Fiji. Solid lines denote MJO-related rainfall anomalies from TRMM averaged betveen 5
and 5 N at 178.5 E. Dashed lines represent Giyg anomalies at (178°FE, 18 S) from ERA-Interim.

I e per week over the box enclosing Fiji. On the other hand, for

» 100 7 the SHADOZ project over Fiji, there is only ong@easure-
_g’ MLSx1/4 I__I ment or two biweekly over the site. As a result, roughly 10—
- 80 |_| 7] 20 daily values are averaged in each phase during the boreal
3 winters. We applied the same band-pass filter to SHADOZ
» 60 T ) time series.
°© In Fig. 9, solid lines denote MJO-related rainfall anoma-
o 40 § lies from TRMM averaged between°S5 and 3N at
g o0 E SHADOZ (Fiji) - 178.83 E. Dashed lines represent GRjg anomalies at
=z (178.5 E, 18 S) from ERA-Interim. The equatorial rain-

03 L el fall anomalies at 178 show a minimum in Phase 2 and

1 23 456 7 8 a maximum in Phase 6. Meanwhile, the GRBtfanomalies
have a minimum in Phase 4 and a maximum in Phase 7. The
MJO Phase MJO anomalies of MLS and TESs3how a peak-to-trough
amplitude of ~0.35DUknT! at ~100hPa and~80 hPa,

Fig. 10. The number of MLS (blue) and TES (green) swath foot- o ctively and their maximum amplitudes both occur in

prints that fall into the 1®-longitudex 8°-latitude box centered at 0740
Fiji used in this study. The count of MLS has been scaled down byPhase 4. Onthe other hand, the SHAD omaly shows

a factor of 4. The number of SHADOZ ozonesonde measurement& peak-to-trough_amphtudeO.S DL_J kT _at 100hPa. In
used in this study is shown in red. general, the maximum MJO amplitudes in SHADOZ &e

attained in Phases 4-5. The quantitative differences between

MLS/TES and SHADOZ may be due to the much lower sam-

pling rates of SHADOZ. Moreover, there is a vertical tilt in

As a form of validation, the vertical structures of the the SHADOZ @ anomaly, which is formed by the exten-

MJO-related @ anomalies over Fiji (178.4%, 18.13S)  sjon of a positive anomaly in Phase 3 at 200 hPa to that in
derived from MLS and TES are compared to that derivedphase 5 at 30 hPa. Qualitatively, there is also a hint of verti-
from SHADOZ and are shown in Fig. 9. The MLS3O cal tilt in the anomalies of both MLS and TES; @oncentra-
anomalies are obtained over the’40ngitudex 8°-latitude  tions. These agreements among MLS, TES, and SHADOZ
box centered at Fiji, which is the same region that has beemndicate that the vertical structures of the @homalies from

used to derive the time series in F&). There are in general MLS and TES, should be trustworthy to give insight into the
300-400 daily values being averaged in each MJO phase dughjective posed by this study.

ing the boreal winters (Fig. 10). The TES@nomalies are
similarly obtained in the enclosed region. There are only 20—
80 daily values being averaged each phase due to its lower
horizontal resolutions than that of MLS as discussed above.
On average, TES provides about one daily observation or two
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5 Summary and concluding remarks AcknowledgementsThis research was supported in part by the Na-

tional Science Foundation (NSF) grant ATM-0840787 to California
Tian et al. (2007) found that the MJO-related total column Institute of Technology (Caltech) and ATM-0840755 to University
O3 anomalies are mainly evident over the subtropics in theof California, Los Angeles. Part of this research was carried out at
Pacific Ocean and the Eastern Hemisphere. The subtropilet Propulsion Laboratory, Caltech, under a contract with National
cal total column @ anomalies are typically collocated with Agronautics and Space Administration. ERA-Interim d_ata were ob-
the subtropical upper-tropospheric cyclones/anticyclones adined from the ECMWF Data Serveht{p://data.ecmwf.int/datp/

sociated with the dynamics of the MJO and are anticorre- "¢ RMM index was obtained from the Bureau of Meteo-
rology website [ittp://www.bom.gov.au/climate/mjp/ The

lated with geopotentia_ll height anom_alies near thetropopauseSHADOZ data were obtained from SHADOZ data server
From th_ese observational results_, it was sp.eculated t_hat thﬁmp: Jlcroc.gsfc.nasa.govishadpz/
subtropical total column @anomalies are mainly associated
with the G; variability in the stratosphere rather the tropo- Edited by: G. Vaughan
sphere. Vertical @ profiles from MLS and TES provide a
unique opportunity for examining this hypothesis and un-
derstanding the relative contribution of different atmosphericReferences
layers, especially stratosphere versus troposphere, to the sub- o o o
tropical total column @ anomalies. The composite MJO Be:r*re%:ethSESa:g :r:zlAS‘?sraorg'rss.::”:l ESECI'_:er%“f'GCe‘;ZJC?C:'?V:;b {262;
nalysi v hat th ial-temporal rns of 3! , an YSIS OVETVIeW, - " RS
the Subtiopica sratosphericanomalies rom MLS and o 1102 11050010 1109TGRS 2005 8637006,
. . Beer, R., Glavich, T. A., and Rider, D. M.: Tropospheric emission
TES are s_lmllar to those of the subtropical total C(_)Iumn spectrometer for the Earth Observing System’s Aura Satellite,
Oz anomalies from TOMS and AIRS as reported previously  app|. Optics, 40, 23562367, 2001.
(Tian et al., 2007). In particular, the anomalies in the sub-Bowman, K. W., Rodgers, C. D., Kulawik, S. S., Worden,
tropical stratospheric ©and those in the total column are 3., Sarkissian, E., Osterman, G., Steck, T., Lou, M., Elder-
both dynamically driven by the vertical movements of sub- ing, A., Shephard, M., Worden, H., Lampel, M., Clough,
tropical tropopause layer, characterized by the GfgHThe S., Brown, P, Rinsland, C., Gunson, M., and Beer, R.
MJO modulations in subtropical{have peaks in the lower Tropospheric emission spectrometer: Retrieval method and
stratosphere in both MLS and TES data, but the peak of MLS  €rror analysis, IEEE T. Geosci. Remote, 44, 1297-1307,
Oz is located at the pressure level 100 hPa, which is IowerCh‘::]'i::g'1&2”?:;5201‘18;12%2?;” . H. Atlas. R. Barnet
than that of TES @located at BOhPa. Furthermore, TES C., Blaisdell, J., Chen, L., Divakarla, M., Fetzer, E. J., Goldberg,
measurements show that 24-27 % of the totgld@lumn M. Gautier. C.. Gran S H S, Irion. F. W.. Kak
. . . . , C., ger, S., Hannon, S., Irion, F. W., Kakar,
anomalies are contributed by the_tropospher_l_c components. R., Kalnay, E., Lambrigtsen, B. H., Lee, S. Y., Le Marshall, J.,
The strengths of the MJO modulations over Fiji derived from  \jemillan, W, W., McMillin, L., Olsen, E. T., Revercomb, H.,
MLS and TES Q roughly agree with that derived from the  Rosenkranz, P., Smith, W. L., Staelin, D., Strow, L. L., Susskind,
in-situ measurements by SHADOZ. This indicates that the J., Tobin, D., Wolf, W., and Zhou, L. H.: Improving weather fore-
subtropical total column @anomalies are mostly from the casting and providing new data on greenhouse gases, B. Am. Me-
O3 anomalies in the lower stratosphere, which supports the teorol. Soc., 87, 911-926ipi:10.1175/BAMS-87-7-9112006.
hypothesis of Tian et al. (2007). Cortesi, U., Lambert, J. C., De Clercq, C., Bianchini, G., Blumen-
Currently G vertical profiles have also been retrieved ~ Stock, T., Bracher, A., Castelli, E., Catoire, V., Chance, K. V.,
from the Huggins band observed by OMI but these prod- De Mazire, M., Demoulin, P., Godin-Beekmann, S., Jones, N.,
ucts are under development and evaluation (Liu, 2010a, b). 2Ucks. K., Keim, C., Kerzenmacher, T., Kuellmann, H., Kut-
. . . tippurath, J., larlori, M., Liu, G. Y., Liu, Y., McDermid, I. S,
Future work could involve an ©budget analysis using a

.. . L Meijer, Y. J., Mencaraglia, F., Mikuteit, S., Oelhaf, H., Pic-
sophisticated chemical transport model and a similar study ...5 ¢ pirre. M. Raspollini, P., Ravegnani, F., Reburn, W. J.

in the near-equatorial regions and/or tropospheric regions Redaelii, G., Remedios, J. J., Sembhi, H.. Smale, D., Steck, T.,
where the MJO signals in totals@re weak and other source  Taddei, A., Varotsos, C., Vigouroux, C., Waterfall, A., Wetzel,
and sink processes may be playing larger and possibly com- G., and Wood, S.: Geophysical validation of MIPAS-ENVISAT
pensating roles. This study demonstrates the potential for operational ozone data, Atmos. Chem. Phys., 7, 4807-4867,
the MLS and TES @to improve our understanding ofz0 doi:10.5194/acp-7-4807-2002007.

dynamics and chemistry, and its effects on climate changeDee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
Given that the potential predictability of the MJO extends to  P- Kobayashi, S., Andrae, U., Balmaseda, M. A,, Balsamo, G.,
lead times of 2-4 weeks (Waliser et al., 2003), the strong con- Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
nection between the intraseasonal subtropical stratospheric IAOt‘J‘]"Hqu;)ann’ N'I’_ Dalso:, CS" DBra?_iam,l;?.,rl}iusntas,lM.,EG?/er,
Og variations and the MJO implies that the stratospherc O -+ DAlMbeIger, =, Heay, =. B, Hersbach, 1., Hoim, &. V.,

L | b dictabl ith similar lead ti Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M., McNally,
variations may also be pre Ictable with similar lead times A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K., Peubey,

over the subtropics. C., de Rosnay, P., Tavolato, C., Thepaut, J. N., and Vitart, F.: The
ERA-Interim reanalysis: configuration and performance of the

Atmos. Chem. Phys., 12, 425436, 2012 www.atmos-chem-phys.net/12/425/2012/


http://data.ecmwf.int/data/
http://www.bom.gov.au/climate/mjo/
http://croc.gsfc.nasa.gov/shadoz/
http://dx.doi.org/10.1109/TGRS.2005.863716
http://dx.doi.org/10.1109/TGRS.2006871234
http://dx.doi.org/10.1175/BAMS-87-7-911
http://dx.doi.org/10.5194/acp-7-4807-2007

K.-F. Li et al.: Vertical structure of MJO-related subtropical ozone variations

435

data assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553-Livesey, N. J., Read, W. G., Lambert, A., Cofield, R. E., Cuddy, D.

597,d0i:10.1002/qj.8282011.

Eldering, A., Kulawik, S. S., Worden, J., Bowman, K., and Oster-
man, G.: Implementation of cloud retrievals for TES atmospheric
retrievals: 2. Characterization of cloud top pressure and effective
optical depth retrievals, J. Geophys. Res.-Atmos., 113, D16S37,
doi:10.1029/2007JD008853008.

Fujiwara, M., Kita, K., and Ogawa, T.: Stratosphere-troposphere

T., Froidevaux, L., Fuller, R. A., Jarnot, R. F.,, Jiang, J. H., Jiang,
Y. B., Knosp, B. W., Kovalenko, L. J., Pickett, H. M., Pumphrey,
H. C., Santee, M. L., Schwartz, M. J., Stek, P. C., Wagner, P. A.,
Waters, J. W., and Wu., D. L.: EOS Aura MLS Version 2.2 Level
2 data quality and description document, Technical Report JPL
D-33509, Jet Propulsion Laboratory, available online fatp:
/Imls.jpl.nasa.gov/data/v2-@ataquality_ document.pdf2007.

exchange of ozone associated with the equatorial Kelvin wave asivesey, N. J., Filipiak, M. J., Froidevaux, L., Read, W. G., Lam-
observed with ozonesondes and rawinsondes, J. Geophys. Res.-bert, A., Santee, M. L., Jiang, J. H., Pumphrey, H. C., Waters,

Atmos., 103, 19173-19188pi:10.1029/98JD01419998.

Hendon, H. H. and Salby, M. L.: The life-cycle of the Madden-
Julian Oscillation, J. Atmos. Sci., 51, 2225-2237, 1994.

Huffman, G. J., Adler, R. F., Bolvin, D. T., Gu, G. J., Nelkin, E.
J., Bowman, K. P., Hong, Y., Stocker, E. F., and Wolff, D. B.:
The TRMM multisatellite precipitation analysis (TMPA): Quasi-
global, multiyear, combined-sensor precipitation estimates at
fine scales, J. Hydrometeorol., 8, 38—86j:10.1175/jhm560,1
2007.

Jourdain, L., Worden, H. M., Worden, J. R., Bowman, K., Li, Q., EI-

J. W, Cofield, R. E., Cuddy, D. T., Daffer, W. H., Drouin, B.

J., Fuller, R. A, Jarnot, R. F,, Jiang, Y. B., Knosp, B. W.,, Li,

Q. B., Perun, V. S., Schwartz, M. J., Snyder, W. V., Stek, P. C.,
Thurstans, R. P., Wagner, P. A., Avery, M., Browell, E. V., Cam-
mas, J. P., Christensen, L. E., Diskin, G. S., Gao, R. S., Jost,
H. J., Loewenstein, M., Lopez, J. D., Nedelec, P., Osterman, G.
B., Sachse, G. W., and Webster, C. R.: Validation of Aura Mi-
crowave Limb Sounder and CO observations in the upper tro-
posphere and lower stratosphere, J. Geophys. Res.-Atmos., 113,
S15S02d0i:10.1029/2007JD008803008.

dering, A., Kulawik, S. S., Osterman, G., Boersma, K. F., Fisher, Liu, C. X., Liu, Y., Cai, Z. N., Gao, S. T., Lu, D. R., and Kyrola, E.:

B., Rinsland, C. P., Beer, R., and Gunson, M.: Tropospheric ver-
tical distribution of tropical Atlantic ozone observed by TES dur-

ing the northern African biomass burning season, Geophys. Res.

Lett., 34, L0O4810d0i:10.1029/2006GL028282007.

A Madden-Julian Oscillation-triggered record ozone minimum
over the Tibetan Plateau in December 2003 and its association
with stratospheric “low-ozone pockets”, Geophys. Res. Lett., 36,
L15830,d0i:10.1029/2009GL039022009.

Kyrola, E., Tamminen, J., Leppelmeier, G. W., Sofieva, V., Hassi- Liu, X., Bhartia, P. K., Chance, K., Froidevaux, L., Spurr, R. J.

nen, S., Bertaux, J. L., Hauchecorne, A., Dalaudier, F., Cot, C.,
Korablev, O., D’Andon, O. F., Barrot, G., Mangin, A., Theodore,

B., Guirlet, M., Etanchaud, F., Snoeij, P., Koopman, R., Saave-
dra, L., Fraisse, R., Fussen, D., and Vanhellemont, F.: GOMOS

D., and Kurosu, T. P.: Validation of Ozone Monitoring Instru-
ment (OMI) ozone profiles and stratospheric ozone columns with
Microwave Limb Sounder (MLS) measurements, Atmos. Chem.
Phys., 10, 2539-2548Ipi:10.5194/acp-10-2539-2012010a.

on Envisat: an overview, in: Climate Change Processes in theliu, X., Bhartia, P. K., Chance, K., Spurr, R. J. D., and Kurosu, T. P.:
Stratosphere, Earth-Atmosphere-Ocean Systems, and Oceano- Ozone profile retrievals from the Ozone Monitoring Instrument,

graphic Processes from Satellite Data, edited by: Schlussel, P.,

Stuhlmann, R., Campbell, J. W., and Erickson, C., Advances

Atmos. Chem. Phys., 10, 2521—-2580j:10.5194/acp-10-2521-
201Q 2010b.

in Space Research, Pergamon-Elsevier Science Ltd, KidlingtonMadden, R. A. and Julian, P. R.: Detection of a 40-50 Day Os-

1020-1028, 2004.
Kulawik, S. S., Worden, J., Eldering, A., Bowman, K., Gun-

cillation in Zonal Wind in Tropical Pacific, J. Atmos. Sci., 28,
702-708, 1971.

son, M., Osterman, G. B., Zhang, L., Clough, S. A., Shep- Madden, R. A. and Julian, P. R.: Description of global-scale circu-

hard, M. W., and Beer, R.: Implementation of cloud retrievals
for Tropospheric Emission Spectrometer (TES) atmospheric re-

lation cells in tropics with a 40-50 day period, J. Atmos. Sci., 29,
1109-1123, 1972.

trievals: part 1. Description and characterization of errors onRodgers, C. D.: Inverse Methods of Atmospheric Sounding: Theory

trace gas retrievals, J. Geophys. Res.-Atmos., 111, D24204,

doi:10.1029/2005JD006733006.

and Practice, World Scientific Publishing Company, Singapore,
240 pp., 2000.

Lau, W. K. M. and Waliser, D. E.: Intraseasonal Variability in the Stolarski, R. S. and Frith, S. M.: Search for evidence of trend slow-

Atmosphere-Ocean Climate System, Springer-Verlag, 436 pp.,
2006.
Levelt, P. F., Hilsenrath, E., Leppelmeier, G. W., van den Oord,

down in the long-term TOMS/SBUYV total ozone data record: the
importance of instrument drift uncertainty, Atmos. Chem. Phys.,
6, 4057-4065¢0i:10.5194/acp-6-4057-200B006.

G. H. J., Bhartia, P. K., Tamminen, J., de Haan, J. F., andSchwartz, M. J., Lambert, A., Manney, G. L., Read, W. G., Livesey,

Veefkind, J. P.. Science objectives of the Ozone Monitor-
ing Instrument, IEEE T. Geosci. Remote, 44, 1199-1208,
doi:10.1109/TGRS.2006.8723380064a.

Levelt, P. F., van den Oord, G. H. J., Dobber, M. Ralkki, A.,
Visser, H., de Vries, J., Stammes, P., Lundell, J. O. V., and Saari,
H.: The Ozone Monitoring Instrument, IEEE T. Geosci. Remote,
44,1093-1101¢0i:10.1109/TGRS.2006.872333006b.

Li, K.-F., Tian, B., Waliser, D. E., and Yung, Y. L.: Tropi-
cal mid-tropospheric C® variability driven by the Madden-

N. J., Froidevaux, L., Ao, C. O., Bernath, P. F., Boone, C. D.,
Cofield, R. E., Daffer, W. H., Drouin, B. J., Fetzer, E. J., Fuller,
R. A, Jarnot, R. F., Jiang, J. H., Jiang, Y. B., Knosp, B. W.,
Kruger, K., Li, J.-L. F., Mlynczak, M. G., Pawson, S., Russell,
J. M., Santee, M. L., Snyder, W. V,, Stek, P. C., Thurstans, R. P.,
Tompkins, A. M., Wagner, P. A., Walker, K. A., Waters, J. W,
and Wu, D. L.: Validation of the Aura Microwave Limb Sounder
Temperature and Geopotential Height Measurements, J. Geo-
phys. Res., 113, D15S1d0i:10.1029/2007JD008733008.

Julian oscillation, P. Nat. Acad. Sci. USA, 107, 19171-19175, Thompson, A. M., Witte, J. C., Oltmans, S. J., and Schmidlin, F.

doi:10.1073/pnas.10082221,®010.

www.atmos-chem-phys.net/12/425/2012/

J.: SHADOZ - A tropical ozonesonde-radiosonde network for

Atmos. Chem. Phys., 12, 42852012


http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1029/2007JD008858
http://dx.doi.org/10.1029/98JD01419
http://dx.doi.org/10.1175/jhm560.1
http://dx.doi.org/10.1029/2006GL028284
http://dx.doi.org/10.1029/2005JD006733
http://dx.doi.org/10.1109/TGRS.2006.872336
http://dx.doi.org/10.1109/TGRS.2006.872333
http://dx.doi.org/10.1073/pnas.1008222107
http://mls.jpl.nasa.gov/data/v2-2_data_quality_document.pdf
http://mls.jpl.nasa.gov/data/v2-2_data_quality_document.pdf
http://dx.doi.org/10.1029/2007JD008805
http://dx.doi.org/10.1029/2009GL039025
http://dx.doi.org/10.5194/acp-10-2539-2010
http://dx.doi.org/10.5194/acp-10-2521-2010
http://dx.doi.org/10.5194/acp-10-2521-2010
http://dx.doi.org/10.5194/acp-6-4057-2006
http://dx.doi.org/10.1029/2007JD008783

436 K.-F. Li et al.: Vertical structure of MJO-related subtropical ozone variations

the atmospheric community, B. Am. Meteorol. Soc., 85, 1549—-Weare, B. C.. Madden-Julian Oscillation in the tropical

1564,d0i:10.1175/BAMS-85-10-1542004. stratosphere, J. Geophys. Res.-Atmos., 115, D17113,
Thompson, A. M., Witte, J. C., Smit, H. G. J., Oltmans, S. J., John-  d0i:10.1029/2009JD013748010.

son, B. J., Kirchhoff, V., and Schmidlin, F. J.: Southern Hemi- Wheeler, M. C. and Hendon, H. H.: An all-season real-time multi-

sphere Additional Ozonesondes (SHADOZ) 1998-2004 tropical variate MJO index: Development of an index for monitoring and

ozone climatology: 3. Instrumentation, station-to-station vari- prediction, Mon. Weather Rev., 132, 1917-1932, 2004.

ability, and evaluation with simulated flight profiles, J. Geophys. Wong, S. and Dessler, A. E.: Regulation gf®land CO in tropical

Res.-Atmos., 112, D03304dpi:10.1029/2005JD007042007. tropopause layer by the Madden-Julian oscillation, J. Geophys.
Tian, B. and D. E. Waliser: Chemical and biological impacts, Chap- Res.-Atmos., 112, D14305, 10.1029/2006JD007940, 2007.

ter 18, in: Intraseasonal Variability of the Atmosphere-OceanWorden, J., Kulawik, S. S., Shephard, M. W., Clough, S. A., Wor-

System (2nd Edition), edited by: Lau, K.-M. and Waliser, D.  den, H., Bowman, K., and Goldman, A.: Predicted errors of

E., Springer, Heidelberg, Germany, 2011. tropospheric emission spectrometer nadir retrievals from spec-
Tian, B., Yung, Y. L., Waliser, D. E., Tyranowski, T., Kuai, tral window selection, J. Geophys. Res.-Atmos., 109, D09308,

L., Fetzer, E. J., and lIrion, F. W.: Intraseasonal varia- do0i:10.1029/2004JD004522004.

tions of the tropical total ozone and their connection to the Worden, H. M., Logan, J. A., Worden, J. R., Beer, R., Bowman,

Madden-Julian oscillation, Geophys. Res. Lett.,, 34, L08704, K., Clough, S. A., Eldering, A., Fisher, B. M., Gunson, M. R.,

doi:10.1029/2007GL029452007. Herman, R. L., Kulawik, S. S., Lampel, M. C., Luo, M., Megret-
Tian, B., Waliser, D. E., Kahn, R. A, Li, Q., Yung, Y. L., Tyra- skaia, I. A., Osterman, G. B., and Shephard, M. W.: Compar-
nowski, T., Geogdzhayeyv, I. V., Mishchenko, M. 1., Torres, O., isons of Tropospheric Emission Spectrometer (TES) ozone pro-

and Smirnov, A.: Does the Madden-Julian oscillation influ- files to ozonesondes: Methods and initial results, J. Geophys.
ence aerosol variability?, J. Geophys. Res.-Atmospheres, 113, Res.-Atmos., 112, D03308pi:10.1029/2006JD007258007.
D12215,d0i:10.1029/2007JD009372008. Zhang, C.: Madden-Julian oscillation, Rev. Geophys., 43, RG2003,
Tian, B., Waliser, D. E., Fetzer, E. J., and Yung, Y. L.: Vertical d0i:10.1029/2004RG000158005.
Moist Thermodynamic Structure of the Madden-Julian Oscilla- Zhang, C. and Dong, M.: Seasonality in the Madden-Julian oscilla-
tion in Atmospheric Infrared Sounder Retrievals: An Update and  tion, J. Clim., 17, 3169-3180, 2004.
a Comparison to ECMWF Interim Re-Analysis, Mon. Weather Ziemke, J. R. and Chandra, S.: A Madden-Julian Oscilla-
Rev., 138, 4576-45820i:10.1175/2010MWR3486,2010. tion in tropospheric ozone, Geophys. Res. Lett., 30, 2182,
Tian, B., Waliser, D. E., Kahn, R. A., and Wong, S.: Modulation of  do0i:10.1029/2003GL018522003.
Atlantic aerosols by the Madden-Julian oscillation, J. Geophys.
Res., 116, D15108}0i:10.1029/2010JD015202011.
Waliser, D. E., Lau, K. M., Stern, W., and Jones, C.: Potential pre-
dictability of the Madden-Julian oscillation, B. Am. Meteorol.
Soc., 84, 33-50j0i:10.1175/BAMS-84-1-33003.
Waliser, D. E., Murtugudde, R., Strutton, P., and Li, J. L.: Subsea-
sonal organization of ocean chlorophyll: Prospects for prediction
based on the Madden-Julian Oscillation, Geophys. Res. Lett., 32,
L23602,d0i:10.1029/2005GL02430Q@005.
Waters, J. W., Froidevaux, L., Harwood, R. S., Jarnot, R. F., Pick-
ett, H. M., Read, W. G., Siegel, P. H., Cofield, R. E., Filipiak,
M. J., Flower, D. A., Holden, J. R, Lau, G. K. K., Livesey, N.
J., Manney, G. L., Pumphrey, H. C., Santee, M. L., Wu, D. L.,
Cuddy, D. T, Lay, R. R,, Loo, M. S., Perun, V. S., Schwartz,
M. J., Stek, P. C., Thurstans, R. P., Boyles, M. A., Chandra, K.
M., Chavez, M. C., Chen, G. S., Chudasama, B. V., Dodge, R.,
Fuller, R. A, Girard, M. A., Jiang, J. H., Jiang, Y. B., Knosp, B.
W, LaBelle, R. C., Lam, J. C., Lee, K. A, Miller, D., Oswald, J.
E., Patel, N. C., Pukala, D. M., Quintero, O., Scaff, D. M., Van
Snyder, W., Tope, M. C., Wagner, P. A., and Walch, M. J.: The
Earth Observing System Microwave Limb Sounder (EOS MLS)
on the Aura satellite, IEEE T. Geosci. Remote, 44, 1075-1092,
doi:10.1109/TGRS.2006.8737,72006.

Atmos. Chem. Phys., 12, 425436, 2012 www.atmos-chem-phys.net/12/425/2012/


http://dx.doi.org/10.1175/BAMS-85-10-1549
http://dx.doi.org/10.1029/2005JD007042
http://dx.doi.org/10.1029/2007GL029451
http://dx.doi.org/10.1029/2007JD009372
http://dx.doi.org/10.1175/2010MWR3486.1
http://dx.doi.org/10.1029/2010JD015201
http://dx.doi.org/10.1175/BAMS-84-1-33
http://dx.doi.org/10.1029/2005GL024300
http://dx.doi.org/10.1109/TGRS.2006.873771
http://dx.doi.org/10.1029/2009JD013748
http://dx.doi.org/10.1029/2004JD004522
http://dx.doi.org/10.1029/2006JD007258
http://dx.doi.org/10.1029/2004RG000158
http://dx.doi.org/10.1029/2003GL018523

