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Abstract. Column Ozone measured in tropical latitudes 1 Introduction

from Nimbus 7 total ozone mapping spectrometer (TOMS),

Earth Probe TOMS, solar backscatter ultraviolet (SBUV), It is well known that ElI Nino Southern Oscillation (ENSO)
and Aura ozone monitoring instrument (OMI) are used toevents in the tropical Pacific are associated with an
derive an El Nino-Southern Oscillation (ENSO) index. This atmosphere-ocean coupled interaction which induces inter-
index, which covers a time period from 1979 to the present,annual (2—7 year periods) planetary-scale changes in ocean
is defined as the “Ozone ENSO Index” (OEI) and is the firstsea-surface temperature and currents, surface pressure, atmo-
developed from atmospheric trace gas measurements. Thepheric temperature and winds, clouds and precipitation, and
OEl is constructed by first averaging monthly mean columntrace gases in the troposphere. The term “ENSQO” is com-
ozone over two broad regions in the western and eastern Panonly referred to either El Nino (anomalously warm ocean
cific and then taking their difference. This differencing yields temperatures in the tropical eastern Pacific — i.e., “warm
a self-calibrating ENSO index which is independent of indi- phase”) or La Nina (anomalously cool ocean temperatures
vidual instrument calibration offsets and drifts in measure-in the tropical eastern Pacific — i.e., “cool phase”). ENSO
ments over the long record. The combined Aura OMI andevents represent changes in tropical sea-surface temperature
MLS ozone data confirm that zonal variability in total col- and other geophysical parameters relative to average condi-
umn ozone in the tropics caused by ENSO events lies altions which are driven by the persistent Walker Circulation.
most entirely in the troposphere. As a result, the OEI canThe Walker Circulation is characterized by warm ocean tem-
be derived directly from total column ozone instead of tro- peratures and moist convection in the western Pacific and
pospheric column ozone. For clear-sky ozone measurementsoler ocean temperatures and smaller convective activity in
a +1K change in Nino 3.4 index corresponds to +2.9 Dob-the eastern Pacific.

son Unit (DU) change in the OEIl, while a +1hPa change Trenberth(1997) has provided an historical account of
in SOI coincides with a-1.7 DU change in the OEI. For ENSO and the various geophysical indices used to represent
ozone measurements under all cloud conditions these numhese events. El Nino events have long been identified by
bers are +2.4DU ane-1.4 DU, respectively. As an ENSO anomalously warm ocean currents running southward along
index based upon ozone, it is potentially useful in evaluatingthe coasts of Peru and Ecuador which alter the meteorologi-
climate models predicting long term changes in ozone anctal and ecological condiins in these regions. AEenberth
other trace gases. (1997) implies, it is difficult to define ENSO and there is
really not one single universal ENSO index fully represent-
ing all the related complex physical oceanic and atmospheric
conditions. Historically, there have been many indices de-
fined to represent ENSO events. Two well known ENSO
indices are based upon sea surface pressure differences at
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in 1950. These two ENSO indices are available from thein TCO in the tropical Pacific, stratospheric column ozone
NOAA sea-surface temperature indices webditep(//www. (SCO) remains largely unaffected (e.g., Ziemke et al., 1998).
cpc.ncep.noaa.gov/data/indidesDther ENSO indices used The purpose of this study is to develop a long-record
in published literature have included satellite-derived precip-ENSO index based upon column ozone measurements from
itation (e.g., Curtis and Adler, 2000), a Multivariate ENSO a number of satellites from 1979 to the present time. An
Index (ttp://www.cdc.noaa.gov/people/klaus.wolter/MEI/  important related result from the derivation of this index is
and many variations including winds, temperatures, and Outguantifying the zonal invariant property of SCO in the trop-
going Longwave Radiation in the troposphere. Some of thesécs using recent 0ozone measurements from Aura Microwave
latter indices can be obtained via the internet which includes.imb Sounder (MLS) and ozone generated from the Goddard
the above NOAA sea-surface temperature indices website. Earth Observing System (GEOS) Chemistry-Climate Model
El Nino events have been shown by many observationa(CCM) (Pawson et al., 2008, and references therein). The
and modeling studies to have an important effect on the abunzonal invariant nature of SCO enables us to develop an ENSO
dances of tropospheric aerosols and trace gases in the trogindex based upon column ozone measurements that is well
cal Pacific including ozone, #0, CO, and N@(NO + NOy) calibrated over a long record beginning from 1979. A well
(e.g., Langford et al., 1997; Chandra et al., 1998, 2002;calibrated ozone ENSO index is important not just for long-
Ziemke et al., 1998; Fujiwara et al., 1999; Sudo and Taka-term monitoring of ozone and its photochemical and radia-
hashi, 2001; Peters et al., 2001; Thompson et al., 2001tive effects in the troposphere, but also as a diagnostic tool in
Newchurch et al., 2001; Zeng and Pyle, 2005; Logan etaiding the development of models of the troposphere includ-
al., 2008; Chandra et al., 2009; Ziemke et al., 2009). Theing free running global circulation models (GCMs). These
El Nino events coincide with dry conditions and large-scalemodels should be capable of reproducing the ozone ENSO
biomass burning in Indonesia which generate large regionaindex and its relationship with other ENSO index parameters
increases in atmospheric particulates and trace gases incluguch as sea surface temperature and surface pressure. In the
ing ozone. The largest measured El Nino-related changefollowing, Sect. 2 discusses measurements, Sect. 3 discusses
(increases) in tropospheric column ozone (TCO) in the trop-zonal variability in stratospheric ozone and the derivation of
ics occurred during September—November 1997 over IndoneTCO, Sect. 4 describes the calculation of the ENSO index
sia in the western Pacific with up to 25 Dobson Units (DU) based upon column ozone, and finally Sect. 5 provides a sum-
elevations over average levels (e.g., Chandra et al., 1998; Funary.
jiwara, et al., 1999). These increases in TCO were exam-
ined in detail by Sudo and Takahashi (2001) and Chandra
et al. (2002) using observational data in combination with2 Satellite ozone measurements
3D photochemical transport models. About half of the in-
creases in TCO over Indonesia during September—-NovembedBoth gridded and level-2 footprint measurements of ozone
1997 were attributed to biomass burning with remainingused in our analyses come from several different satellite
amounts attributed to large-scale ocean-atmosphere dynaminstruments: Nimbus 7 Total Ozone Mapping Spectrome-
cal changes caused by EIl Nino. ter (TOMS) for January 1979—April 1993, National Oceanic
While biomass burning may substantially increase TCOand Atmospheric Administration (NOAA) 9 Solar Backscat-
in Indonesia, it is not the major source of anomalous ozonder Ultraviolet (SBUV/2) for May 1993-July 1996, Earth
changes in the tropics related to El Nino. During El Nino Probe TOMS for August 1996—September 2004, and the
the shift in sea-surface temperature and associated deep coAura Ozone Monitoring Instrument (OMI) and Microwave
vection from the western to the eastern Pacific affects ozoneimb Sounder (MLS) for October 2004—July 2009. Also,
concentrations over the entire tropical Pacific. In the westeriTOMS, OMI, and SBUV/2 measurements from the “merged”
Pacific including Indonesia, reduced ocean temperatures anital column ozone record at fatitude x 10° longitude res-
convection during El Nino elevates TCO above average lev-olution were incorporated (from the TOMS webshép:
els. The increases in ocean temperature and convection in théoms.gsfc.nasa.ghpvThe MLS ozone profile data were ob-
eastern Pacific during El Nino reduces levels of TCO in thistained from the NASA Goddard Earth Sciences Data and In-
region from enhanced convective transport of low boundaryformation Services Center (DISC). Both TOMS and OMI
layer/lower tropospheric ozone into the mid-to-upper tropo-data include level-2 footprint and® 1atitudex1.25 longi-
sphere. During La Nina events, opposite conditions prevaitude measurements of column ozone and reflectivity. Level-
which increase (decrease) TCO in the eastern (western) P&-data from TOMS and OMI are used to derive stratospheric
cific. These ENSO events produce a planetary scale eastnd tropospheric column ozone from the Convective Cloud
west “dipole” in TCO between the western and eastern PaDifferential (CCD) method (described in section 3). We
cific which has nearly opposite signature between El Ninomention that the level-2 data from nadir viewing TOMS and
and La Nina episodes. This dipole feature in TCO is a uniqueOMI instruments represent along-track footprint measure-
signature of ENSO (e.g., Ziemke and Chandra, 2003). Al-ments as a function of side scan position and swath position
though ENSO events generate large east-west dipole changesong orbital track. The calculation of stratospheric column
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ozone (SCO) from MLS daily ozone profiles is described by et al. (2008) using OMI data showed that both visible/near-
Ziemke et al. (2006). All TOMS and SBUV data are derived visible and UV radiation penetrates deeply into these clouds
from v8 retrievals. (The TOMS Algorithm Theoretical Basis by many km (i.e., perhaps by several hundred hPa). Thus, if
Document (ATBD) for v8 is available from the TOMS web- there are significant concentrations of ozone in these clouds,
page.) Version 8 includes many modifications from versionthe selection of the minimum above-cloud column amount
7 including improved a priori tropospheric ozone, an aerosolin the Pacific is no longer an estimate of SCO, but instead
and sea glint correction, an improved tropospheric efficiencyan estimate of SCO plus the amount of column ozone ly-
correction, and an offset correction for Earth Probe TOMSing between the tropopause down to an effective pressure ly-
measurements. Both gridded and level-2 OMI column ozoneng within cloud. Incorporating the OMI UV cloud-pressure
and reflectivity were derived using a v8.5 algorithm which measurements of Vasilkov et al. (2008) and Ziemke et al.
is an extension of the v8 algorithm and includes further im- (2009) found that the concentration of ozone in deep con-
provements including UV cloud pressures of Vasilkov et al. vective clouds over much of the tropical western and east-
(2008, and references therein) from the OMI UV measure-ern Pacific Ocean is exceedingly small to within a few ppbv.
ments. It was surmised that these low concentrations result largely
from low amounts of boundary layer/low tropospheric ozone
injected upward into the clouds from deep convection. The
3 Zonal variability of tropical stratospheric ozone and original assumption of Ziemke et al. (1998) was not correct
the CCD method regarding solar UV penetration into thick clouds, but the very
low ozone measured in these clouds suggests that the CCD
A remarkable property of SCO in the low-latitude tropics is method remains a reliable measurement of SCO in the Pa-
that the east-west zonal variability is exceedingly small atgific.
only a fewDU on all time scales including daily measure-  Assumption (2) regarding the zonal invariant property of
ments. In this section we will quantify this property us- SCO in the tropics was assessed by Ziemke et al. (1998) us-
ing recent Aura MLS ozone measurements and stratospherigig combined Upper Atmosphere Research Satellite (UARS)
ozone generated from a chemistry-climate model. This zonMicrowave Limb Sounder (MLS), UARS Halogen Occulta-
ally invariant nature of SCO was recognized by Ziemke et al.tion Experiment (HALOE), and Stratospheric Aerosol and
(1998) as a means for deriving gridded TCO in the tropicsGas Experiment (SAGE) limb sounding retrievals. These
(i.e., the CCD method) which we now discuss briefly. measurements were limited both spatially and temporally
The CCD method was introduced by Ziemke et al. (1998)for evaluating this property. The UARS MLS stratospheric
using TOMS reflectivity and column ozone level-2 foot- ozone measurements extended down to 68 hPa (not a re-
print measurements for deriving a long record (1979-1997)rieved level, but instead extrapolated and lying several km
dataset of gridded TCO in the tropics. The assumptions ofibove the tropopause) and the HALOE and SAGE ozone re-
the method are that (1) deep convective clouds in the tropicairievals, although highly accurate in determining SCO, were
Pacific have physical cloud tops which often lie at or nearlimited both temporally and spatially with30 global profile
the tropopause, and that (2) zonal variability of SCO in thesemeasurements per day for each instrument. It was concluded
latitudes is small to within a few DU. from these data that zonal variability of SCO in the tropics
The TOMS algorithm determines total column ozone by on monthly time scales is about 5 DU or less (i.€2% of
adding together above-cloud column (the actual measurebackground ozone or less).
ment) and below-cloud ghost column (based upon climatol- All ozone measurements were derived for monthly means
ogy). Under assumption (1), by selecting only the smallestat 5°x5° gridding. The version 8 CCD measurements of
of above-cloud column ozone from TOMS in an ensemble of TCO have an estimated RMS precision error of 3DU in
measurements over a specified region, these measuremerisx5° monthly averages. For some of our analysis of CCD
yield a direct estimation of SCO in the Pacific. Once SCO measurements a 3-month running average was applied which
is determined for the Pacific, property (2) is invoked in that reduces this RMS uncertainty to 1.7 DU. The RMS precision
SCO is then assumed to be the same at all longitudes foerror of gridded SCO in the tropics measured by the MLS
given fixed latitude. Gridded TCO follows then for each instrument is estimated to be about 6 DU which further re-
longitude and latitude by subtracting these zonally invariantduces to about 1 DU for monthly means. The measurement
SCO measurements from gridded near clear sky (scene rgxath length for limb-viewing MLS is about 300 km (about
flectivity <0.2) total column ozone from TOMS. 3° of latitude) in the tropical lower stratosphere which is not
While (1) is true for many deep convective clouds in that considered to be of impact in resolving SCO features derived
some of the physical cloud tops lie at or near the tropopausefor monthly means. When either TCO or SCO are further
the assumption was made that solar UV radiation meaaveraged over broad regions these RMS errors reduce further
sured by the TOMS backscatter instrument does not penesuch as for 30x70° regions in the Pacific (defined later in
trate deeply into the tops of these thick clouds. Later pa-this study); for these broad regions the RMS errors in the
pers by Valks et al. (2003) using GOME data and Vasilkov gridded data are reduced further by a factor of about 9.
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Fig. 1. Time versus longitude Hovmoller diagram of Aura MLS Fig. 2. Same as Fig. 1 but with zonal means removed each month
SCO. The data are monthly means and area-averaged between latiom the measurements.
tudes 18 S and 18 N. The time period is October 2004—May 2009.
Contour intervals are 3DU.

tude smaller at only a few DU each month. This is illustrated

more directly in Fig. 2 which is the same as Figure 1 except
3.1 Zonal variability of tropical SCO from Aura MLS that zonal means were removed from SCO each month. In

measurements Fig. 2 what remains in the data is a weak coupling of the

annual oscillation and QBO with amplitudes2 DU which
The Aura MLS ozone retrievals provide greatly improved is most evident about the dateline. The MLS data suggest
space-time coverage and testing of property (2) of the CCDthat there may exist a small QBO component in the strato-
method compared to previous satellite measurements. Figsphere following subtraction of zonal means, but it is weak
ure 1 is a time versus longitude Hovmoller diagram of Aura (at most~1-2 DU). It is noted over the five-year record
MLS monthly mean SCO averaged between latitudesS1l5 that there is no apparent zonal change associated with the
and 18 N. It is noted that the basic conclusions obtained two El Nino events (July 2004—January 2005 and September
from this 15 S—-15 N averaging are the same as obtained 2006-January 2007) or the strong La Nina event from Au-
from averaging over smaller latitude bands in this range. Ingust 2008—-May 2009. (These dates were determined from
Fig. 1 the observed temporal variability of SCO is comprisedthe Nino 3.4 sea-surface temperature anomaly ENSO index.)
of a coupling of an annual oscillation and Quasi-Biennial Os- Figure 3 shows the data further deseasonalized to remove
cillation (QBO) in SCO (Ziemke et al., 2005). This annual the annual cycle signals present. Deseasonalization of the
oscillation and QBO coupling produced year-to-year changeslata was accomplished by first deriving a five-year pseudo-
of ~20 DU with largest SCO of up to 240 DU around the climatology of SCO and subtracting these monthly values
months of August—September in years 2006 and 2008 irfrom respective monthly time series measurements. What re-
Fig. 1. Although temporal changes in SCO may be substanmains in Fig. 3 following removal of annual cycles are small
tial, the zonal variability appears to be an order of magni-changes in SCO of about 1 DU on average. Aside from noise
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Fig. 4. Calculated zonal RMS of daily MLS SCO (in DU) averaged
in the latitude band 15S to 15 N. RMS amplitudes on average are
~2 DU with largest values-3—4 DU.
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annual time scales. Figure 4 suggests that the CCD method in
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OB k [ =7 [ 1.9 Earth Observing System (GEOS) Chemistry-Climate Model
o 60 120 Lon1g8i?ude -let B0 0 (CCM) (e.g., Pawson et al., 2008, and references therein)

for evaluating spatial and temporal characteristics of strato-
Fig. 3. Same as Fig. 2 but further deseasonalized. DeseasonaEpher;,]C ozonein tTe.tropI)lc;_s. ThedCCIZI\é USes lt<he ?E?SZ-OSOaBt-
ization of the data was accomplished by first deriving a five-yealrmOSp eric general circulation model (Reinecker et al., )

pseudo-climatology of SCO and subtracting these monthly valuend the ability to be run with an internally generated QBO.
from respective monthly time series measurements. The free running CCM simulates stratospheric ozone, how-

ever ozone in the troposphere is relaxed to climatology (Lo-
gan et al., 1999) with a 5-day relaxation timescale.

in the data, some of these small changes may be a manifes- As a self-running model of the atmosphere, the CCM does
tation of short time-scale tropical wave disturbances in thenot invoke ancillary input fields such as winds derived from
stratosphere such as Kelvin waves, equatorial Rossby wavegata assimilation. One of the problems encountered with as-
and mixed Rossby-gravity waves (e.g., Ziemke and Stanfordsimilated winds is excessive eddy transport in the subtropi-
1994). These tropical waves (with zonal wavenumbets cal lower stratosphere (e.g., Tan et al., 2004). As noted by
8) produce small amplitudes in SCO zonal variability of a Tan et al. (2004) there are several various possible causes for
few DU with time periods of days to weeks. These wavesthis excessive subtropical transport including generation of
in SCO are also coupled directly with the QBO winds and upward propagating features, equatorward propagating fea-
may produce zonal variations in SCO with a QBO signature.tures, and meridionally confined features in the process of
That is, eastward propagating Kelvin wave signals in SCOdata assimilation. Excessive eddy transport in models that
are measurable when the winds are westward in the loweincorporate assimilated winds can lead to substantial errors
stratosphere, whereas westward propagating mixed Rossbya long lived trace gases such as ozone in the tropical and
gravity waves and equatorial Rossby waves in SCO are measubtropical lower stratosphere.
surable when these winds are eastward. The CCM does not have this problem with eddy transport

Although zonal variability of tropical SCO is small at only and well reproduces the observed zonal invariant behavior of
a few DU in monthly averages, zonal variability of SCO is SCO in the tropics. Figure 5 shows Hovmoller diagrams of
small at only a few DU even in daily measurements. Fig- monthly mean tropical SCO from the CCM averaged over the
ure 4 shows calculated zonal RMS of daily MLS SCO aver- latitude band 15S-15 N. Itis noted that the spatial and tem-
aged between 2% and 18 N. RMS amplitudes on average poral characteristics of SCO for the six years (1979-1984)
are~2 DU with small variations from intra-seasonal to inter- plotted in Fig. 5 are typical for the entire 1979-2008 record
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: : . , Our analyses of the vertical ozone profiles from the CCM
Fig. 5. Hovmoller diagrams of tropical SCO (in DU) from the CCM . o
averaged over the latitude band°1%-15 N. (left panel) Original and MLS measurements (figures not shown) indicate that

generated SCO. (right panel) Same as left panel except that Scegertlcal column grad.le_nts in ozone.(ln_ I_D_U p_er km al,t'tUd_e)
was further filtered by removing zonal means each month foIIowedOlc these small remaining zonal variabilities in SCO in Fig-
by deseasonalization. Figure 5 can be compared with MLS ScoHres 3 and 5 are concentrated between the tropopause and
shown in Figs. 1 and 3. The calculated mean zonal RMS for the~25-30km altitude with substantial month-by-month pat-
right panel is 0.7 DU (same as for MLS SCO in Fig. 3). tern changes. The largest vertical column gradients are
found to exceed 0.5DU perkm in some months. The na-
ture of these anomalies suggests the presence of episodic
generated by the CCM. (We mention that since the CCM is aplanetary-scale waves such as Kelvin waves and mixed
free running model that the ozone plotted in Fig. 5 cannot beRossby-gravity waves in both the measured and simulated
compared directly with measurements such as from SAGEstratospheric ozone fields. Studies have suggested that the
over the same time record.) The left panel in Fig. 5 is themomentum/energy absorption of Kelvin waves provides sub-
original modeled SCO and the right panel is the same exstantial forcing of the eastward phase of the QBO winds and
cept that SCO was further filtered by removing zonal meansemperatures (e.g. Ern and Preusse, 2009, and references
each month followed by deseasonalization. The left and I’ightherein)_ It is beyond the scope and main theme of our study
panels in Fig. 5 can be compared with MLS SCO plotted into evaluate the properties of these tropical waves in the con-
Figs. 1 and 3, respectively. In the left panel, temporal vari-text of the QBO. The important result is that zonal variability
ability is dominated by an annual oscillation signal coupledin tropical SCO is exceeding small in the CCM, just as it is
with QBO (i.e., similar to Fig. 1 for MLS). The right panel for MLS SCO.
in Fig. 5 shows that following removal of zonal means and
deseasonalization that what remains are small zonal anoma-
lies~1 DU, much like Flg 3 for MLS. The calculated zonal 4 Deve|0pment of the ozone ENSO index (OE|)
RMS for SCO in Fig. 5 (right panel) is 0.7 DU averaged over
the six-year record. There are several contributing factorsye will demonstrate in this section that one can derive a high
Causing the zonal variability in SCO to be so small. The first precision ENSO index in tropospheric ozone direcﬂy from
is that the meridional wind is very small in the tropics com- total column ozone using the zonal invariant property of trop-
pared to the zonal wind. The second factor is that the meridical SCO. Figure 6 compares monthly mean MLS and CCD
ional gradient in ozone is also very small. A third possible SCO in the western Pacific (15-15 N, 120° E-180 E)
factor is that there are very small zonal variations in the pro-for October 2004-mid-2009. The top frame in Fig. 6 plots
duction and destruction of ozone in the tropics. The combi-these two time series together while the bottom frame shows
nation of these factors act in concert to cause zonal variationheir differences. The MLS and OMI CCD measurements in
to be exceedingly small in tropical stratospheric ozone. Fig. 6 agree to within~1 DU in either mean offset or RMS
of their difference. Averaging SCO over a similar region
in the eastern Pacific or averaging together both eastern and
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ther deseasonalized as in Fig. 3. For this long record, a
3-month running average was applied. The TCO data in
Fig. 7 are comprised of CCD measurements from Nimbus 7
TOMS (January 1979-April 1993), Earth Probe TOMS (Au-
gust 1996—September 2004), and OMI (October 2004—-July
2009). In addition, the temporal gap of missing CCD mea-
surements for May 1993-July 1996 was filled in using total
column ozone from SBUV/2 under the property that zonal
variation in total column ozone in the low-latitude tropics is
mostly all tropospheric in origin. (That is, after removing
zonal means from total column ozone and deseasonalizing
the data, the remaining zonal variability is essentially all tro-
pospheric as indicated by Fig. 3.) Our analysis of SBUV data
shows that total column ozone from SBUV is more accurate
and precise than TOMS total column ozone. However, de-
spite good measurements of total column ozone from SBUV
there is little actual ozone profile information from SBUV
below the ozone number density peak20—-30 hPa in the
tropics). Despite problems with the SBUV ozone profiles,
the total column ozone is highly precise and at least as good
as TOMS for use in Fig. 7 under the premise of zero zonal
variation of SCO.
The TCO plotted in Fig. 7 represent nearly cloud-free mea-
surements (i.e., footprint scene reflectivity.2) for TOMS
and OMI, and essentially cloud-free as well for SBUV/2
due to small cloud fractions from large nadir footprint size
(~200 km diameter). Because of property (2) of the CCD
method, the data plotted in Fig. 7 are equivalent to total
column ozone filtered for low-reflectivity scenes with zonal
means removed each month and deseasonalized.
- The long record of TCO in Fig. 7 depicts many El Nino
0 60 120 180 -120 -60 0 and La Nina events. Significant El Nino-induced positive
Longitude ozone changes-(4 DU, colored red) occurred in the western
Pacific in 1982-1983, 1990-1992, 1997-1998, and 2006. La
Fig. 7. Time versus longitude Hovmoller diagram of monthly mean Nina induced changes greater than +2 DU (colored yellow)
TCO (in DU) from TOMS/OMI measurements averaged betweenin the eastern Pacific occurred in 1988-1989, 1999-2000,
latitudes 18 S and 18 N for the period 1979-2009 (see text). The and 2007-2009. These ENSO events all occurred in north-
data were filtered to remove the zonal mean each month and furern hemisphere late autumn—winter months with the most in-
ther deseasonalized as in Fig. 3. A 3-month running average wagense being the El Nino episode in 1997—-1998. For either El
applied._ The numbers listed on the vertical axis refer to January of\jing or La Nina, a positive anomaly in TCO in the tropical
the particular year. Pacific coincides with a negative anomaly opposite the date-
line. This Pacific dipole feature in tropospheric ozone for
ENSO events will be used to derive an ENSO index based
western Pacific yields nearly identical results Unlike Ziemke upon tropospheric ozone. Our study defines this index under
et al. (2006) (using previous versions of OMI and MLS), simplest terminology as the “Ozone ENSO Index” (OEI).
no offset adjustment was made to the MLS SCO measure- The OEI in TCO is derived using calculations of temporal
ments in comparing with CCD SCO. The excellent agree-cross-correlation with Nino 3.4 and SOI ENSO indices. The
ment between the two measurements in Fig. 6 suggests thatcO data for this statistical analysis (using measurements
the CCD methodology works well and that it is possible to from Fig. 7) were extended out to low subtropical latitudes
combine TOMS and OMI CCD measurements in deriving ain effort to better evaluate latitudinal structure of the ENSO
long record of TCO. signatures. (Pseudo climatologies from SAGE Il and Aura
Figure 7 shows a time versus longitude Hovmoller di- MLS SCO were incorporated to select only those months at
agram of monthly mean TCO averaged between latitudegiven latitude where zonal RMS variability of SCO on aver-
15° S and 18N for the period 1979-2009. The data were age is less than 3DU.) The OEI was obtained by first aver-
filtered to remove the zonal mean each month and were furaging gridded TCO each month over two broad equal-area

Month
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Fig. 9. OEI time series (in bold) plotted versus Nino 3.4 (thin
Fig. 8. Maps of temporal correlation between gridded CCD TCO curve, top frame) and SOI (thin curve, bottom frame). The Nino
and Nino 3.4 (top frame) and SOI (bottom frame) time series. 3.4 index (SOI index) was multiplied by +3 (-2) for scaling with
An optimal OEI was determined by area-averaging TCO over twothe OEI time series. These scaling numbers are close to derived
broad regions of large correlations west and east of the dateline asensitivity constants of TCO time series in reference to Nino 3.4
indicated by the rectangles (latitude range$ 3515 N, and lon- or SOI from regression analysis. For Nino 3.4 the consfant
gitude ranges 70E—140 E and 110 W-18Q, respectively). Grey  from TCO =8 Nino 3.4 +¢ is 2.93t 0.21(2) DU-K~L. Similarly,
shaded areas are not statistically significant at 99.9% confidenc@ = —1.72+0.13(2) DU-hPa 1 for the SOI index.
level (i.e., 0.1% significance level) between time series (e.g., Hogg
and Craig, 1978).

Thick:Pacific Ocean Tropo O3 Dipole  Thin:Nino3.4 SST

[&] C 3

g 1of E
regions of large correlations west and east of the dateline§ sf 3
which are indicated by the dark rectangles in Fig. 8 (lati- 3
tude ranges 155-15 N, and longitude ranges 7&-140 E g -sf E
and 110 W-18C W, respectively). The OEI time serieswas " c5 5% 5= 57 55 91 55 95 97 95 57 95 o0 57 5
then derived by subtracting TCO in the eastern Pacific re- Thick-Pacific Geean T;:’ 03 Dipole  Thin-SOlI
gion from TCO in the western Pacific region each month. 15F o

This differencing of western minus eastern Pacific TCO re-
moves potential instrument calibration errors including bias
and/or long-term drift for a particular instrument. The OEI F
as a result is well calibrated over the long record regardlessg :g
of which ozone instrument is used in a given month or series 79 81 83 85 87 89 91 93 95 97 99 01 03 05 07 09
of consecutive months. vear

Figure 9 ShOWfS the resul_tlng OEl time series (in bold) Fig. 10. Same as Fig. 9, but with OEI derived using total column
plotted versus Nino 3.4 (thin curve, top frame) and SOl y;4ne from the merged ozone dataset. The sensitivity coefficients

(thin curve, bottom frame). For scaling purposes in Fig. 9, for Nino 3.4 and SOl arg = 2.44£0.20(2r) DU-K 1, and—1.42+
the Nino 3.4 index (SOI index) was multiplied by +3 0.13(2) DU-hPal, respectively.

(—2). These scaling numbers are close to the derived
sensitivity constants of TCO time series with reference
Nino 3.4 or SOl ENSO indices from regression analy- may be caused in part by an absence of cloud filtering of
sis. That is, for the Nino 3.4 index the constghtfrom the data as was done for the TOMS and OMI CCD mea-
TCO=8- Nino 3.4 +¢ is 2.93+0.21(2) DU-K L. Similarly, surements in Fig. 7. The sensitivity coefficients in Fig. 10
B =—1.72£0.13(%) DU-hPa! for the SOI index. for Nino 3.4 and SOl arg8 = 2.44+0.20(%) DU-K~1, and

As was noted above for Fig. 9, zonal variation of tropo- —1.42+0.13(2r) DU-hPa!, respectively. These numbers
spheric ozone can be determined directly from total columnare smaller than for the clear-sky measurements in Fig. 9
ozone measurements under the property of small zonal variwhich is consistent with smaller tropospheric ozone concen-
ability in tropical SCO. Figure 10 shows the OEI derived us- trations associated with deep convective clouds in the Pacific.
ing total column ozone from the merged ozone dataset. Cor- The Aura MLS SCO measurements from Fig. 3 are used
relations with both Nino 3.4 and SOI are reduced slightly to estimate precision errors in derived OEI from total col-
from those in Fig. 9. The smaller correlations in Fig. 10 umn ozone from the assumption of zero zonal variability in

i

=

bson Units or hPa

T
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MLS Strat Column O3 Dipole eral km above the tropopause). The recent Aura MLS ozone
3 2, | measurements provide a better evaluation of the zonal vari-
8 4l /’M | ability of SCO. Analysis of the Aura MLS data indicates that
S ) —t A /\"x\/ the zonal variability of monthly mean SCO in the tropics is
§ aL W w _ small at~1-2 DU. Aside from noise in the measurements,
B 2r - this may be a manifestation of unresolved tropical waves in
@“ -3

BT N Ry R e R W SQO such as shortt_|mesca+ec(ays to wgeks) Kelvin waves,
Month mixed Rossby gravity waves, equatorial Rossby waves, etc.
(beyond the scope of this study). These waves in SCO are
Fig. 11. Time series of Aura MLS deseasonalized SCO from Fig. 3 coupled directly with the phase of the QBO winds and may
derived by averaging data over the two OEl western and eastproduce small zonal variations in SCO with a QBO signature.
ern Pacific regions (I$5-15 N, 70° E-140 E and 15 S-13 N, When deseasonalized monthly measurements of MLS

110° W-180', respectively), differencing them each month (west- SCO are averaged over the western and eastern Pacific re-
ern minus eastern Pacific) with a three-month running average ap-

plied. This time series provides an estimation of the precision errors)!ONS S 1S done for deriving thg DOUEI’ tthetzonal \(/)a;lz;tchJ)nS
(inDV) in the calculated tropospheric OEI from total column ozone. are near z_ero on average - at extreme (0. s
RMS). Daily measurements show further that zonal variabil-

ity of SCO is also small at-2 DU RMS on average. This

SCO. Just as for the derivation of the OEI, the deseasonalfuggests that the assumption of zonal invariance in SCO
ized SCO data from Fig. 3 are averaged over the two wester@PPlies to time averages much shorter than monthly means
and eastern Pacific sectors (again, these regions &r8-15 including daily measurements given a sufficient number of
15° N, 70° E-140 E and 18 S-15 N, 110 W-180, respec- deep convective clouds in the Pacific. These numbers pro-
tively), differenced (western minus eastern Pacific) with aVide a quantitative assessment of the accuracy and precision
three-month running average applied. The derived time seOf deriving the OEI from total column ozone measurements.
ries is shown in Fig. 11. On average, zonal variability in SCO (The “merged” total column ozone measurements are made
is near zero with up te-1-2 DU in the most extreme. The available to the public from the websitétp://acdb-ext.gsfc.

calculated temporal RMS value in Fig. 11 is 0.7 DU. nasa.gov/Dataervices/merged/index.html
Although EI Nino events coincide with anomalously dry

conditions over Indonesia and enhanced ozone in this region
5 Summary from biomass burning (both natural and anthropogenic), the

largest changes in tropospheric ozone are dynamically in-
We have developed an ozone ENSO index (OEIl) based upoduced by a planetary-scale shift in ocean temperatures and
ozone measurements in the tropical Pacific region. Thisconvective transport (Chandra et al., 2002, 2009). Histori-
index is derived from total column ozone measured fromcally, the periodicity of recurring El Nino or La Nina events
Nimbus 7 TOMS, Earth Probe TOMS, NOAA SBUYV, and varies on average from about 2 to 7 years based upon a
Aura OMI satellite instruments covering a time period from long record of Tahiti and Darwin surface pressure measure-
1979 to the present. The OEI is derived by first averagingments since the late 1800’s. Over the last several years, how-
monthly column ozone over two broad regions of the westerrever, El Nino events have recurred frequently in 2002, 2004,
and eastern Pacific (1515 N, 70° E-140 E, and 13S— 2006, and 2009. For clear-sky ozone measurements a +1K
15° N, 110 W=180 W, respectively) and then taking their change in Nino 3.4 index corresponds to +2.9 DU change
difference (western minus eastern Pacific TCO). The resultin the OEI, while a +1 hPa change in SOI coincides with a
ing time series is then deseasonalized and a 3-month run-1.7 DU change in the OEI. For ozone measurements under
ning average is applied. This differencing is important sinceall cloud conditions these numbers are reduced to +2.4 DU
it yields a self-calibrating ENSO index for the long record and —1.4 DU, respectively. These results should be useful
which is independent of offsets or calibration drifts for a par- in evaluating climate models predicting long term changes in
ticular instrument. ozone and other trace gases. Models of the troposphere in-

Central to deriving the OEI in the tropics is the assump- cluding free running GCMs should be capable of reproduc-

tion of near zonal invariance of stratospheric column ozoneing the OEI and its physical relationship with other ENSO
(SCO). Our study has demonstrated this property from Aurainduced changes in other geophysical parameters such as sea
MLS measurements and the Goddard Earth Observing Syssurface temperature and surface pressure. The OEI time se-
tem (GEOS) Chemistry-Climate Model (CCM). Previous ries for both clear-sky and all-cloud conditions are updated
studies have indicated that the zonal variability of SCO inperiodically and can be obtained from the Goddard tropo-
the tropics is small in monthly averages at about 5DU orspheric ozone website http://toms.gsfc.nasa.gov
less. This conclusion was based upon SAGE and UARS
HALOE (both with sparse temporal and spatial coverage),
and UARS MLS which extended only down to 68 hPa (sev-
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