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[1] We have successfully reproduced the Ozone ENSO Index 
(OEI) in the Goddard Earth Observing System (GEOS) 
chemistry‐climate model (CCM) forced by observed sea 
surface temperatures over a 25‐year period. The vertical 
ozone response to ENSO is consistent with changes in the 
Walker circulation. We derive the sensitivity of simulated 
ozone to ENSO variations using linear regression analysis. 
The western Pacific and Indian Ocean region shows similar 
positive ozone sensitivities from the surface to the upper 
troposphere, in response to positive anomalies in the Niño 
3.4 Index. The eastern and central Pacific region shows 
negative sensitivities with the largest sensitivity in the upper 
troposphere. This vertical response compares well with that 
derived from SHADOZ ozonesondes in each region. The 
OEI reveals a response of tropospheric ozone to circulation 
change that is nearly independent of changes in emissions 
and thus it is potentially useful in chemistry‐climate model 
evaluation. Citation: Oman, L. D., J. R. Ziemke, A. R. Douglass, 
D. W. Waugh, C. Lang, J. M. Rodriguez, and J. E. Nielsen (2011), 
The response of tropical tropospheric ozone to ENSO, Geophys. 
Res. Lett., 38, L13706, doi:10.1029/2011GL047865. 

1. Introduction 

[2] The  El  Niño‐Southern Oscillation (ENSO) is the domi-
nant mode of tropical variability on interannual timescales 
[Philander, 1989]. ENSO has been long known to cause sig-
nificant perturbations to the coupled oceanic and atmospheric 
circulations [Bjerknes, 1969; Enfield, 1989]. Changes in sea 
surface temperatures in the Pacific Ocean can notably impact 
the Walker Circulation, displacing areas of convective activity, 
and have also been shown to dominate the interannual vari-
ability of the Hadley cell [Quan et al., 2004]. These changes in 
circulation cause changes in the temperature and moisture 
fields across the tropical Pacific, and influence the constituent 
distributions in the troposphere [Chandra et al., 1998, 2002, 
2009; Sudo and Takahashi, 2001; Ziemke and Chandra, 2003;  
Zeng and Pyle, 2005;  Doherty et al., 2006; Lee et al., 2010;  
Randel and Thompson, 2011] and in the stratosphere [Randel 
and Cobb, 1994]. 
[3] Ziemke et al. [2010] used tropospheric column ozone 

(TCO) measurements to show that the ENSO related response 
of tropospheric ozone over the western and eastern Pacific 
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dominated interannual variability. The ENSO impact is so 
clearly seen in tropospheric ozone columns that an Ozone 
ENSO Index (OEI) that largely mimics the Niño 3.4 Index is 
formed by subtracting the eastern and central tropical Pacific 
region TCO (15°S–15°N, 110°W–180°W) from the western 
tropical Pacific‐Indian Ocean region (15°S–15°N, 70°E– 
140°E), removing the seasonal cycle and smoothing with a 
3‐month running average. Ziemke et al. [2010] suggested 
that chemistry‐climate models forced with observed sea 
surface temperatures should reproduce this observed pattern 
in tropospheric ozone. Here we will show that in the GEOS 
CCM tropical tropospheric ozone responds to the perturba-
tion in atmospheric dynamics that is due to the ENSO sig-
nature in tropical SSTs. In addition, we use the Southern 
Hemisphere Additional Ozonesondes (SHADOZ) measure-
ments to evaluate the vertical structure of the simulated 
response to ENSO. 

2. Model Simulation and Measurements 

[4] We examine the response of simulated tropospheric 
ozone to the observed sea surface temperature changes using 
the Goddard Earth Observing System (GEOS) version 5 general 
circulation model [Rienecker et al., 2008] coupled to the com-
prehensive Global Modeling Initiative (GMI) stratosphere‐
troposphere chemical mechanism [Duncan et al., 2007; Strahan 
et al., 2007]. The GMI combined stratosphere‐troposphere 
chemistry mechanism includes 117 species, 322 chemical reac-
tions, and 81 photolysis reactions. Integration of the chemical 
mass balance equations use the SMVGEAR II algorithm 
described by Jacobson [1995]. The mechanism includes a 
detailed description of O3 ‐NOx ‐hydrocarbon chemistry nec-
essary for the troposphere [Bey et al., 2001], with more recent 
updates described by Duncan et al. [2007]. The simulation 
used in this study was forced with observed sea surface tem-
peratures and sea ice concentrations from 1985 to 2009 
(Rayner et al. [2003], updated on a monthly basis), but the 
seasonally‐varying mixing ratio boundary conditions and 
emissions for trace gases are for 2005 conditions. The simu-
lation produces the variability in constituent distributions due 
to sea surface temperature changes that we evaluate here. 
[5] A record of TCO for the 2005–2010 period was derived 

from the combination of NASA’s Aura satellite Ozone 
Monitoring Instrument (OMI) and the Microwave Limb 
Sounder (MLS) using the method described by Ziemke et al. 
[2006]. These TCO values extend the time series developed 
using Nimbus 7 TOMS, Earth Probe TOMS and NOAA 
SBUV. The TCO measurements for 2005–2010 are used in 
Figure 1a. A complete description of the methods used to 
construct the OEI is given by Ziemke et al. [2010]. Here we 
use the index derived from TCO measurements for 1985– 
2009 to match the simulation. The OEI time series begins in 
1979 and is updated periodically. The data can be obtained 
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Figure 1. Comparison of the tropospheric column ozone sensitivity (DU/K) to the Niño 3.4 Index for (a) 6 years of MLS/ 
OMI measurements, (b) 6 years of GEOS CCM simulation, (c) 25 years of GEOS CCM simulation. Shaded regions are not 
significant at the 95% level. The black rectangles show two regions used in calculating the Ozone ENSO Index. 

from the Goddard tropospheric ozone website at http://toms. 
gsfc.nasa.gov. 
[6] We use ozonesonde measurements from five SHADOZ 

stations [Thompson et al., 2003] (http://croc.gsfc.nasa.gov/ 
shadoz): two in the western region (Java and Kuala Lumpur) 
and three in the eastern region (American Samoa, Hilo, and 
San Cristobal). The data for Watukosek, Java (7.6°S, 112.7°E), 
Kuala Lumpur, Malaysia (2.7°N, 101.7°E), Pago Pago, 
American Samoa (14.2°S, 170.6°W), and Hilo, Hawaii 
(19.4°N, 155.0°W) cover the 1998 to 2009 time period, 
whereas the San Cristobal (0.9°S, 89.6°W) record is slightly 
shorter, covering 1998 to 2008. 
[7] We used the ENSO index based on the Niño 3.4 region 

and available from the NOAA sea‐surface temperature 

website (http://www.cpc.ncep.noaa.gov/data/indices/), also 
used by Ziemke et al. [2010]. 

3. Results and Discussion 

[8] Ziemke et al. [2010] used a combination of satellite 
observations and simulations to show that the observed tropical 
longitudinal structure in total column ozone was due almost 
entirely to structure in the TCO. They identified a dipole in 
tropical TCO between the western Pacific‐Indian Ocean region 
and eastern and central Pacific region (15°S–15°N, 70°E– 
140°E, and 15°S–15°N, 110°W–180°W, respectively). The 
difference between the mean TCO in these two regions, shown 
as black rectangles on Figure 1, is called the Ozone ENSO 
Index (OEI). Also shown in Figure 1 is the TCO response to 
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ozone over the western region and decreased ozone over the 
eastern region. This can be most clearly seen during the very 
strong 1997–1998 El Niño with an anomaly of 9 DU for 
OEI obtained from simulated tropospheric ozone columns 
compared with 11 DU from observations. 
[10] The correspondence of observed and simulated OEI 

prompted us to examine the vertical structure of the dynam-
ically driven ozone changes simulated with the GEOS CCM, 
again using linear regression analysis. Regression of the 

Figure 2. Comparison of GEOS CCM simulation and 
Ziemke et al.’s [2010] measurement derived Ozone ENSO 
Index (OEI) with Niño 3.4 Index (multiplied by 3) for the 
1985 to 2009 time period. 

the Niño 3.4 Index computed using linear regression analysis 
for both measurements and the GEOS chemistry‐climate 
model (CCM) simulation. Regression of the TCO against Niño 
3.4 Index yields a sensitivity coefficient or slope (DU/K) that 
represents the TCO change congruent with a 1 K increase in 
the Niño 3.4 Index. For reference, a typical El Niño/La Nina 
cycle represents about a 3 K range with about a 5 K range for 
a more extreme cycle. OMI/MLS derived TCO measurements 
[Ziemke et al., 2006] for the 6 years covering 2005 to 2010 
are used to calculate the sensitivity coefficient (DU/K) in 
Figure 1a. Significant positive TCO sensitivities are located 
throughout the western region with significant negative TCO 
sensitivities over the eastern region. Shaded regions show 
sensitivities that are not significant at the 95% level taking 
into account any autocorrelation of the residual. Figure 1b 
shows a similar 6‐year period (in this case 2004 to 2009) 
from GEOS CCM simulated TCO. The overall pattern is 
similar to that derived from OMI/MLS TCO with a slightly 
negative offset in the simulation. Over the Indonesian region, 
the meridional extent of the positive anomalies is smaller in 
Figure 1b than 1a, which could partially be due to the short 
record. Also, shown (Figure 1c) is the sensitivity calculated 
using 25 years of the simulation (from 1985 to 2009). Another 
significant feature that appears in both measurements and 
simulation is positive TCO sensitivities in the central Pacific 
Ocean near 30°S. 
[9] The OEI is the difference between the western region 

average monthly TCO and that computed for the eastern 
region. The deseasonalized time series of OEI, smoothed 
with a 3‐month running average, is shown in Figure 2 for 
the measurements (black curve) and simulation (red curve). 
The Niño 3.4 Index multiplied by 3 is shown as the blue 
curve. There is excellent agreement between all three times 
series: The correlation of the measurement derived OEI with 
ENSO is 0.84 and that of the simulation derived OEI with 
ENSO is 0.86. During El Niño, the positive phase of ENSO, 
the OEI anomaly is positive, corresponding to increased 

Figure 3. Sensitivity coefficient (ppbv/K) formed from 
linearly regressing deseasonalized (a) tropical (15°S–15°N), 
(b) eastern region (180°W–110°W), and (c) western region 
(70°E–140°E) average ozone against Niño 3.4 Index. Over-
laid is the anomalous circulation shown by the streamfunction 
obtained by regressing the zonal wind and vertical velocity 
(Figure 2a), or meridional wind and vertical velocity 
(Figure 2b and 2c) against Niño 3.4 Index. The dashed black 
curve on all panels shows the mean model tropopause. 
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Figure 4. Vertical structure of ozone sensitivity (ppbv/K) to 
Niño 3.4 Index derived from SHADOZ ozonesondes over the 
western (red diamonds) and eastern (blue diamonds) regions of 
the tropical Pacific. GEOS CCM sensitivities sampled for the 
SHADOZ locations are shown as solid curves. 

simulated tropical ozone field against the Niño 3.4 Index 
yields a sensitivity coefficient in ppbv/K. We average tropical 
tropospheric ozone between 15°S and 15°N and regress the 
deseasonalized ozone field with Niño 3.4 Index at each lon-
gitude and pressure level to construct Figure 3a. Since ENSO 
is known to produce a significant change in the Walker circu-
lation, we overlay the anomaly in the streamfunction obtained 
by regressing the zonal wind and vertical velocity against the 
Niño 3.4 Index. The ozone and circulation anomalies gener-
ally have inflection points just to the west of the international 
date line, with lower ozone values and anomalous upwelling 
to the east and higher ozone values and anomalous down-
welling to the west. The Walker circulation response is seen 
clearly in the streamfunction anomaly, which corresponds 
very well to the pattern of ozone sensitivity. Figure 3a shows 
that the simulated sensitivity of ozone to the Niño 3.4 Index in 
the western region as defined by Ziemke et al. [2010] is ∼1 to  
2 ppbv/K from the surface to the tropopause with relative 
maxima in the upper troposphere around 60°E and in the mid‐
troposphere around 130°E. Negative values of ozone sensi-
tivity in the eastern region are largest in the upper troposphere 
approaching −15 ppbv/K near the tropopause. 
[11] We also examine the latitude dependence of the ozone 

and circulation response in the two key regions identified by 
Ziemke et al. [2010]. The sensitivity coefficients (ppbv/K) 
formed from linearly regressing deseasonalized average 
ozone in the eastern region (180°W–110°W) and western 
region (70°E–140°E) against the Niño 3.4 Index for each 
latitude and altitude are given in Figures 3b and 3c respec-
tively. Again we overlay the anomalous circulation shown by 
the streamfunction obtained this time by regressing the 
meridional wind and vertical velocity against the Niño 3.4 
Index. The dashed black curve shows the mean model tro-
popause in each region. In the eastern region a stronger mean 
ascending branch of Walker circulation is seen near the 
equator. This simulated eastern region response of the cir-

culation is consistent with the observed rawinsonde station 
data analyzed by Oort and Yienger [1996] and produces a 
corresponding tropospheric ozone response. The region of 
decreased ozone generally broadens in latitude as altitude 
increases with values from −3 ppbv/K in the equatorial mid‐
troposphere to −15 ppbv/K near the tropical tropopause. The 
positive ozone anomalies with increased tropical SSTs in 
the midlatitudes of Figure 3b could be consistent with 
increased stratosphere‐troposphere exchange of ozone. Zeng 
and Pyle [2005] also found an increase in the stratosphere‐
troposphere exchange of ozone in their CCM simulation of 
the impact of ENSO. Other studies suggested observational 
evidence for this impact in observations above Colorado 
[Langford et al., 1998; Langford, 1999]. The recent analysis 
of Voulgarakis et al. [2011] has also simulated enhanced 
stratosphere‐troposphere exchange of ozone following the 
strong 1997–1998 El Niño event. 
[12] Chandra et al. [1998] found that downward motion, 

suppressed convection, and a drier troposphere contribute to 
the ozone increase over the tropical western Pacific and 
Indonesian region. The combination of downward motion 
and suppressed convection bring ozone produced in the 
upper troposphere down [Sudo and Takahashi, 2001], and 
reduce the upward transport of low ozone air over ocean 
surfaces, increasing ozone values in the low to mid tropo-
sphere. Additionally, the drier troposphere increases the 
chemical lifetime of ozone, which also acts to increase 
tropospheric ozone concentrations [Kley et al., 1996]. These 
results are consistent with the GEOS CCM simulation and 
are shown in Figure 3c by the anomalous downward com-
ponent in the circulation. 
[13] We evaluate the simulated vertical ozone response to 

ENSO using data collected by the SHADOZ network 
[Thompson et al., 2003]. There are SHADOZ stations in and 
around the two key regions shown by Ziemke et al. [2010]. 
In Figure 4 we compare the simulated ENSO related vertical 
ozone sensitivity to that obtained using observations from 
two western region SHADOZ locations (Java and Kuala 
Lumpur) and three eastern region SHADOZ locations 
(American Samoa, Hilo, and San Cristobal) for 1998–2009. 
Although in the eastern region only American Samoa is 
within the box defined by Ziemke et al. [2010], the other two 
locations are just north (Hilo) and east (San Cristobal) of the 
region and still located in the area significantly correlated 
with ENSO. We deseasonalized each ozonesonde record 
prior to averaging them within each region and then regress 
the resulting values against the Niño 3.4 Index. In the 
western region (red diamonds), values are nearly all statis-
tically significant and positive (2 standard deviation interval 
shown from regression). In the eastern region (blue dia-
monds) SHADOZ reveals significant large negative values 
in the upper troposphere similar to those simulated. In the 
low to mid troposphere ozone anomalies are generally not 
significantly different from zero. Also, plotted on Figure 4 
are the ozone sensitivities from the GEOS CCM simula-
tion (solid curves) sampled at the same locations as the 
SHADOZ stations. In the western region the GEOS CCM 
simulation underestimates the magnitude of the positive 
anomalies, while in the upper troposphere of the eastern 
region the negative anomalies are larger than those derived 
from SHADOZ stations. Overall these patterns in SHADOZ 
regional composites are similar to those obtained by Lee 
et al. [2010] for two individual stations (Kuala Lumpur 
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and San Cristobal), and more recently for several stations 
used by Randel and Thompson [2011]. 

4. Conclusions 

[14] We have demonstrated that the relationship between 
tropical SST anomalies and the response of tropical tropo-
spheric ozone is clearly reproduced in the GEOS CCM sim-
ulation forced with time varying observed SSTs. Such 
agreement requires both a realistic response of the circulation 
to the SST and realistic simulated horizontal and vertical 
ozone gradients. The OEI represents an essential physical 
relationship that coupled chemistry‐climate models should 
reproduce and is potentially useful in future chemistry‐
climate model evaluations. Tropical tropospheric ozone 
changes appear to be congruent with anomalous changes 
to the Walker circulation cell. 
[15] The impact of changes in biomass burning is not 

considered in this simulation. Although, previous work 
[e.g., Thompson et al., 2001] has shown its importance in 
ozone production, time‐dependent emissions are not critical 
for reproducing the OEI. Ziemke et al. [2009] used emis-
sions appropriate for the 2006 El Niño event; their results 
suggest that the change in emissions accounts for no more 
than 20% of the OEI response. Simulations indicate that 
ozone anomalies produced from interannual variability in 
biomass burning are transported throughout the tropics 
over the 3 month averaging period that is used in con-
structing the OEI. Only a strong local increase in one region 
but not the other will impact the OEI. 
[16] This analysis demonstrates that ENSO‐related chan-

ges in the circulation, thermal structure and composition 
drive tropical ozone variability. Future work will include a 
detailed budget analysis to determine the relative contribu-
tions of dynamical, chemical, and thermal changes to the 
sensitivity of ozone and related species to ENSO. 
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