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[1] The El Niño–Southern Oscillation (ENSO) is the dominant mode of inter-annual 
variability in the tropical ocean and troposphere. Its impact on tropospheric circulation 
causes significant changes to the distribution of ozone. Here we derive the lower 
tropospheric to lower stratospheric ozone response to ENSO from observations by the 
Tropospheric Emission Spectrometer (TES) and the Microwave Limb Sounder (MLS) 
instruments, both on the Aura satellite, and compare to the simulated response from the 
Goddard Earth Observing System Chemistry-Climate Model (GEOSCCM). Measurement 
ozone sensitivity is derived using multiple linear regression to include variations from 
ENSO as well as from the first two empirical orthogonal functions of the quasi-biennial 
oscillation. Both measurements and simulation show features such as the negative ozone 
sensitivity to ENSO over the tropospheric tropical Pacific and positive ozone sensitivity 
over Indonesia and the Indian Ocean region. Ozone sensitivity to ENSO is generally 
positive over the midlatitude lower stratosphere, with greater sensitivity in the Northern 
Hemisphere. GEOSCCM reproduces both the overall pattern and magnitude of the ozone 
response to ENSO obtained from observations. We demonstrate the combined use of ozone 
measurements from MLS and TES to quantify the lower atmospheric ozone response to 
ENSO and suggest its possible usefulness in evaluating chemistry-climate models. 
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1. Introduction 

[2] Atmospheric and oceanic oscillations have a signifi-
cant impact on the dynamics of the atmosphere. The El 
Niño–Southern Oscillation (ENSO) is a dominant driver of 
tropospheric variability on inter-annual timescales [Philander, 
1989]. ENSO causes significant perturbations to both the 
oceanic and atmospheric circulations [Bjerknes, 1969; Enfield, 
1989]. Changes in sea-surface temperature over the Pacific 
Ocean can change the location and intensity of convection, 
impacting both the Walker Circulation and inter-annual vari-
ability of the Hadley Cell [Quan et al., 2004]. These changes 
in circulation impact the temperature and moisture fields over 
much of the tropical Pacific and have a significant impact on 
the chemical composition of the troposphere [Chandra et al., 
1998, 2002, 2009; Peters et al., 2001; Sudo and Takahashi, 
2001; Ziemke and Chandra, 2003; Zeng and Pyle, 2005; 
Doherty et al., 2006; Lee et al., 2010; Randel and Thompson, 
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2011]. ENSO has also been shown to influence stratospheric 
ozone distributions [Randel and Cobb, 1994; Randel et al., 
2009]. 
[3] The quasi-biennial oscillation (QBO) also contributes 

to inter-annual ozone variability in the tropical stratosphere 
[Baldwin et al., 2001]. Several studies have suggested that 
the impact of the QBO can also be seen in tropospheric 
ozone [Ziemke and Chandra, 1999; Chandra et al., 2002; 
Lee et al., 2010; Ziemke and Chandra, 2012]. Circulation 
anomalies associated with the QBO have been found arching 
downward into the subtropical troposphere in a horseshoe-
shaped pattern [Crooks and Gray, 2005; Haigh et al., 2005]. 
[4] Ziemke et al. [2010] used data from several satellite 

instruments spanning over 30 years to investigate ENSO’s 
impact on tropical tropospheric column ozone. The impact 
was so clear that they formed an Ozone ENSO Index 
(OEI) that was highly correlated to the Niño 3.4 Index. They 
calculated the OEI by subtracting the eastern and central 
tropical Pacific region tropospheric column ozone (15 S– 
15 N, 110 W–180 W) from the western tropical Pacific-
Indian Ocean region (15 S–15 N, 70 E–140 E), and then 
removed the seasonal cycle and smoothed with a 3-month 
running average. Oman et al. [2011] used the Goddard Earth 
Observing System Chemistry-Climate Model (GEOSCCM) 
and found the OEI was reproduced in a 25-year simulation 
forced with observed sea-surface temperature variability. 
Also, they examined the vertical structure of the response 
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Table 1. Estimated Total Emissions Sources Used in the 
GEOSCCM Simulation 

Source Category 1NOx, Tg N a  1CO, Tg C a 1VOC, Tg C a 

Fossil fuel 24.1 161.7 43.1 
Biofuel 2.2 74.3 11.3 
Biomass burning 5.3 180.6 13.8 
Lightning 5.0 
Aircraft 0.6 

Volatile organic compounds (VOC) include C4H8O, C3H6, C2H6, C3H8, 
C4H10, C2H4O, and CH2O. 

of ozone to ENSO and showed that the simulated response 
compared well with that derived from ozonesonde measure-
ments at a few Southern Hemisphere Additional Ozone-
sondes (SHADOZ) locations. Here we compare the same 
model simulation to globally and vertically resolved ozone 
datasets from Aura satellite instruments. Previously, Logan 
et al. [2008] used Tropospheric Emission Spectrometer 
(TES) measurements and Nassar et al. [2009] used a chemi-
cal transport model to examine the chemical changes caused 
by the 2006 El Niño event and found significant increases 
in ozone, water vapor, and carbon monoxide (CO) over 
Indonesia and the Indian Ocean region. 
[5] The Chemistry-Climate Model Validation (CCMVal) 

activity [Eyring et al., 2005; SPARC CCMVal, 2010] used 
process-oriented evaluation of models for understanding 
model performance and as a path for model improvement. 
The 2010 CCMVal report focused on stratospheric pro-
cesses, and most of the evaluation criteria given in SPARC 
CCMVal [2010, Table 1.2] concern representation of some 
aspect of the mean state. SPARC CCMVal [2010, Table 1.2] 
is an overview of observations that were used to evaluate 
Chemistry-Climate models. Credibility in predictions made 
using CCMs is strengthened through evaluations that ensure 
their appropriate representation of large-scale atmospheric 
processes [Strahan et al., 2011]. It is important to demon-
strate that a model responds to a natural forcing as observed 
and to understand that response. This provides a pathway 
toward understanding the response to an external perturba-
tion. Building on the approach used in CCMVal, we look 
to extend this work in two ways, by participating in the 
next phase of CCMVal that will extend the domain that is 
evaluated to include the troposphere and also by focusing 
specifically on the fidelity of the model response to differ-
ent forcings. Here we focus on the response of tropospheric 
ozone to ENSO as observed by satellite and test if the 
GEOSCCM successfully reproduces the observed response. 
[6] The model, measurements, and methods used are 

described in the next section. The ozone response to ENSO 
as derived from measurements and our simulation are pre-
sented in section 3. In section 4, we discuss the method 
uncertainties and possible impacts of the QBO. Section 5 
summarizes the main results and gives concluding remarks. 

2. Model, Measurements, and Methods 

[7] We examined the response of tropospheric and lower 
stratospheric ozone to ENSO in the Goddard Earth Observ-
ing System (GEOS) version 5 general circulation model 
[Rienecker et al., 2008] coupled to the comprehensive Global 
Modeling Initiative (GMI) stratosphere-troposphere chemical 

mechanism [Duncan et al., 2007; Strahan et al., 2007]. The 
GMI chemical mechanism includes 117 species, 322 chem-
ical reactions, and 81 photolysis reactions. The SMVGEAR 
II algorithm [Jacobson, 1995] is used to integrate the chem-
ical mass balance equations. The mechanism includes a 
detailed description of O3-reactive Nitrogen oxides (NOx)-
hydrocarbon chemistry, which is described in Duncan 
et al. [2007]. The simulation has a horizontal resolution of 
2 latitude by 2.5 longitude with 72 vertical layers up to 
0.01 hPa (80 km). The simulation in this study was forced 
with observed sea-surface temperatures and sea ice concen-
trations from 1985 to 2009 [Rayner et al., 2003, updated 
on a monthly basis]. Other boundary conditions and emis-
sions for trace gases are seasonally varying but annually 
repeating for 2005 conditions. Table 1 shows the annual 
emission for several important NOx, CO, and volatile 
organic compounds (VOCs) sources used in the simulation. 
NOx emitted by the soil and isoprene sources are calculated 
interactively in the model. Lang et al. [2012] compared the 
GEOSCCM tropospheric ozone concentrations to observations 
and found good agreement in the tropics and southern hemi-
sphere, with a general high bias in the northern hemisphere 
middle to high latitudes. 
[8] We used measurements from two instruments onboard 

the Aura satellite, the Tropospheric Emissions Spectrometer 
(TES) and the Microwave Limb Sounder (MLS). We used 
TES level 3 version 2 monthly mean measurements from 
September 2004 through December 2009 from 800 hPa to 
261 hPa. TES measurements have been validated against 
ozonesonde profiles and have up to 2 degrees of freedom 
in the troposphere [Nassar et al., 2008]. TES has shown 
signs of aging, and beginning in January 2010, the fre-
quency of TES observations decreased, limiting the ability 
to construct representative monthly means. Version 3.3 
MLS level 2 profiles (from 261–56 hPa) were used to con-
struct a monthly mean data set for August 2004 through 
May 2012 [Livesey et al., 2011]. Using the recommended 
quality and convergence threshold, the data were binned into 
4 latitude by 5 longitude horizontal resolution. The MLS 
vertical resolution was retained. The MLS and TES data 
were treated separately in this analysis and were not merged 
at the 261 hPa interface. 
[9] The ENSO index used in this study is based on the 

Niño 3.4 region and is available from the NOAA sea-surface 
temperature website (http://www.cpc.ncep.noaa.gov/data/ 
indicies/). For the time period of the simulation (1985– 
2009), there are 12 ENSO events greater than 1 standard 
deviation from the mean, 6 ENSO events over the 2004-
2012 MLS observations, and 5 ENSO events over the 
2004–2009 TES observations. A time series of monthly 
zonal winds from 70 to 10 hPa over Singapore (1 N, 104 E) 
is used to calculate the QBO empirical orthogonal functions 
(EOFs) [Wallace et al., 1993]. In this study, we use the first 
two EOFs which together account for just over 93% of the 
QBO variability. QBO EOF1 has a correlation of 0.97 with 
the 15 hPa minus 70 hPa observed zonal wind. QBO EOF2 
has a correlation of 0.97 with 40 hPa observed zonal wind 
time series. 
[10] We use either linear or multiple linear regression 

(MLR) analysis in this study to quantify the ozone response 
to a forcing. Linear regression is adequate to obtain the 
response of ozone to ENSO as simulated by GEOSCCM 
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Figure 1. Time series of the Niño 3.4 Index (K) (solid 
black curve) and the first (solid red curve) and second 
(dashed red curve) empirical orthogonal functions of the 
QBO (m/s) from August 2004 to May 2012. 

because the CCM does not simulate the QBO. Both the QBO 
and ENSO influence variability in the real atmosphere; 
therefore, MLR is used to derive ozone sensitivity to both 
forcings from MLS and TES observations. MLR has been 
used extensively in the stratosphere to separate causes of 
ozone trends [Stolarski et al., 1991, 2006]. For example, 
the method has been used to quantify the ozone sensitivity 
to different mechanisms that may contribute to changes 
in upper stratospheric ozone in chemistry-climate simula-
tions [Oman et al., 2009, 2010]. For a given location and 
time, MLR is applied to determine the coefficients mX such 
that 

X
ΔO3 t mXj ð Þ þ e t ;ð Þ ¼  ΔXj t ð Þ  (1) 

j 

where the Xj are the different quantities that could influence 
ozone (through different mechanisms) and the coefficients 
mX are the sensitivity of ozone to the quantity X, that is, 
mX = @O3/@X. In the case of GEOSCCM, Xj is the Niño 
3.4 Index from 1985 to 2009. For TES measurements, we 
use the Niño 3.4 Index, QBO EOF1, and QBO EOF2 for 
Xj from September 2004 to December 2009. We use the 
same three Xj for MLS except that the time series is from 
August 2004 to May 2012. Figure 1 shows the time series 
for Niño 3.4 Index (black curve), QBO EOF1 (solid red 
curve), and QBO EOF2 (dashed red curve). ENSO events 
have occurred with a periodicity similar to that of the QBO 
(~2.5 years) over this time period, causing correlations 
between ENSO and QBO EOFs. The correlation between 
Niño 3.4 Index and QBO EOF1 is 0.50 and between Niño 
3.4 Index and QBO EOF2 is 0.19. The correlation between 
QBO EOF1 and QBO EOF2 is exactly zero by construction. 
Ideally, one would like to have completely independent for-
cings; however, this may not be possible with shorter duration 
observational data sets. Here we show that despite these corre-
lations, the MLR reasonably separates these forcings. 

3. Results 

[11] Oman et al. [2011] showed that the sensitivity of 
tropospheric column ozone simulated with GEOSCCM to 
ENSO matched that obtained by analysis of a 25-year dataset 
for tropospheric column ozone. In addition, they compared 
simulated vertical ozone response with that obtained by 
analysis of a 12-year record of SHADOZ ozonesondes over 
two key tropical regions. The simulated response generally 

agreed with that derived from SHADOZ ozonesondes although 
there were some differences in the magnitude of the response. 
Here we extend the analyses to compare GEOSCCM to MLS/ 
TES ozone observations from the lower troposphere to 
20 km. The higher horizontal coverage of the MLS/TES 
measurements provides better spatial information than is 
available from SHADOZ, despite its lower vertical resolu-
tion and shorter record. 
[12] Figure 2 shows an example of the MLR applied to MLS 

ozone measurements from 180 W to 110 W at 100 hPa over 
the equator. Figure 2a shows the deseasonalized ozone mix-
ing ratio (black curve) and the regression fit (magenta curve) 
over the MLS time period with the mean MLS value of 
102 ppb added to both curves. The regression analysis rea-
sonably well reproduces the observed ozone changes over 
this region of the tropical Pacific Ocean. Figure 2b shows 
the individual contributions to the regression fit, with ENSO 
(red curve) and QBO EOF2 (green curve) generally showing 
larger contributions relative to QBO EOF1 (blue curve). The 
change over 2009 to 2010 stands out as the MLR suggest 
that a moderate/strong El Niño reduced ozone concentrations 
relative to smaller changes from the QBO. Differences at this 
location between measurements and the regression fit are 
largely due to higher frequency variability, which is not 
reproduced by the relatively lower frequency ENSO and 
QBO variability. Differences can especially be seen in the 
peak values during 2008 and 2011. 

Figure 2. (a) The deseasonalized ozone concentrations 
from MLS averaged over 180 W–110 W, Equator at 
100 hPa (black curve) and the regression fit (magenta curve) 
from August 2004 to May 2012. (b) The individual contribu-
tions to the regression fit from ENSO (red curve), QBO 
EOF1 (blue curve), and QBO EOF2 (green curve). 
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Figure 3. (a) MLS and TES sensitivity coefficients (ppbv/K) resulting from the Niño 3.4 Index compo-
nent of the multiple linear regression using deseasonalized tropical (15 S–15 N) average ozone. 
(b) GEOSCCM sensitivity coefficients resulting from the linear regression of ozone against Niño 3.4 Index, 
over the same location. Overlaid is the anomalous circulation shown by the streamlines formed by 
regressing the zonal wind and vertical velocity against Nino 3.4 Index. Shaded regions are significant 
above 2 standard deviations, and the dashed black curve shows the mean model tropopause on both 
panels. The thick black line in Figure 3a at 261 hPa denotes the transition from TES measurements below 
and MLS above. 

[13] We can now apply the MLR or linear regression to linearly regressing the deseasonalized tropical (15 S–15 N) 
MLS/TES and GEOSCCM, respectively, over many loca- average ozone at each longitude and pressure level against 
tions and examine how the ozone sensitivity varies. We first the Niño 3.4 Index and the first two EOFs of the QBO. 
focus on the tropical (15 S–15 N) response and then move A horizontal black line is drawn at 261 hPa to denote the 
to the eastern (180 W–110 W) and western (70 E–140 E) transition from TES below to MLS above. ENSO-related 
regions as defined by Ziemke et al. [2010] and used by ozone sensitivity coefficients show the linear response of 
Oman et al. [2011]. The measurement derived ozone sensi- ozone, in our case in parts per billion volume (ppbv), to a 
tivity to ENSO is shown in Figure 3a obtained by multiple 1 K increase in the Niño 3.4 Index. In Figures 3–9, color 
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shading is done for areas significant above 2 standard devia-
tions. The uncertainty estimates also include the impact of 
any autocorrelation in the residual term in the regression 
analysis [Tiao et al., 1990]. Ozone sensitivity in the eastern 
region ranges from 1 to  3 ppbv/K in the lower tropo-
sphere to 10 to 20 ppbv/K near the tropopause. In the 
western region, the ozone sensitivity derived from 
measurements is positive with two local maxima, one in the 
mid-troposphere near 110 E of around 3 ppbv/K and a 
second in the upper troposphere closer to 4 ppbv/K. Negative 
ozone sensitivity is in the lower stratosphere at all longitudes. 
[14] Figure 3b shows the ozone sensitivity coefficients 

from GEOSCCM obtained by linearly regressing the desea-
sonalized ozone over the same locations against the Niño 
3.4 Index. The sensitivity derived from the GEOSCCM sim-
ulation exhibits a similar overall pattern to the MLS and TES 
measurements. In the troposphere, locations to the east of the 
International Date Line exhibit negative ozone sensitivity, 
while at locations to the west, ozone sensitivity to ENSO is 
positive. ENSO is known to cause significant changes in 
the tropical tropospheric circulation. The streamlines formed 
by regressing the zonal wind and vertical velocity against the 
Niño 3.4 Index overlies the ozone sensitivity in Figure 3b. 
The clear Walker circulation response lines up well with 
the pattern of ozone sensitivity. During an El Niño, there is 
an eastward shift in deep convection along with a consistent 
change in water vapor concentrations, both of which act to 
decrease ozone in the central and eastern Pacific Ocean. 
Negative sensitivity in the eastern region increases with 
height from 1–2 ppbv/K in the low to middle troposphere 
to 10–20 ppbv/K near the tropopause. The opposite impact 
occurs over the western region with decreased convection 
and water vapor. Figure 3b has two local maxima, one around 
2 ppbv/K in the mid-troposphere near 130 E and a second in 
the upper troposphere around 3 ppbv/K. In the lower strato-
sphere, ozone generally decreases at all longitudes in the sim-
ulation, which is the same as seen in measurements. 
[15] The GEOSCCM simulation has annually repeating 

biomass burning. To evaluate the impact of ENSO-related 
variations in biomass burning on ozone, we have analyzed 
a 10-year (1999–2008) simulation by the Global Modeling 
Initiative (GMI) chemical transport model [Duncan et al., 
2007; Strahan et al., 2007] that includes inter-annual varia-
tions in biomass burning. This model is driven by meteoro-
logical fields from the Modern-Era Retrospective Analysis 
for Research and Applications (MERRA) reanalyses but 
has the same chemical mechanism. The GMI simulation indi-
cates some differences over Indonesia and South America in 
the troposphere. In general, the simulation which includes 
biomass-burning and SST variability more closely matches 
the observed ozone sensitivity over Indonesia indicating that 
the smaller sensitivity in GEOSCCM is likely due to the lack 
of biomass-burning variability in the simulation. Significant 
differences are not seen over the eastern and central Pacific 
Ocean and in the lower stratosphere. 
[16] We also examined the latitude dependence of ozone 

sensitivity and response of the circulation to ENSO. Figure 4a 
shows the MLS and TES ozone measurement sensitivity to 
ENSO over the eastern region (180 W–110 W). MLS mea-
surements show negative sensitivity (6–20 ppbv/K) in the 
tropical upper troposphere that extends into the lower 
stratosphere. Over the midlatitudes, MLS shows positive 

ozone sensitivity between 261 and 80 hPa in the Southern 
Hemisphere and from 261 to at least 56 hPa in the Northern 
Hemisphere. There is excellent continuity between MLS-
and TES-derived ozone sensitivity to ENSO in this region. 
The ozone sensitivity obtained from TES measurements is 
2 to  3 ppbv/K in the deep tropics. TES ozone sensitivity 

is positive over the midlatitudes and extends to about 15 N 
in the mid-troposphere of the Northern Hemisphere. These 
regions of positive ozone sensitivity that extend into the tro-
posphere mainly between 15 and 30 in each hemisphere 
could be consistent with increased stratosphere-troposphere 
exchange of ozone. Zeng and Pyle [2005] found increased 
stratosphere-troposphere exchange of ozone due to El Niño 
warming in a CCM simulation. More recently, Voulgarakis 
et al. [2011] also found increased stratosphere-troposphere 
exchange of ozone from the 1997–1998 El Niño in a chemi-
cal transport model. Observation taken over Colorado by 
Langford et al. [1998] and Langford [1999] also showed 
evidence of increased ozone in the troposphere during El 
Niño. 
[17] Figure 4b shows the ozone sensitivity to ENSO over 

the same region from GEOSCCM. We see overall excellent 
pattern agreement between this model simulation and obser-
vations; however, there are differences between 56 and 
100 hPa over the midlatitude SH where the MLS ENSO 
ozone sensitivity is mostly not significant. The change in cir-
culation is shown by the streamlines formed from regressing 
the meridional wind and vertical velocity against the Niño 
3.4 Index. The GEOSCCM shows a stronger mean ascend-
ing branch of the Walker circulation near the equator for 
an El Niño warming which is collocated with negative ozone 
sensitivity ranging from 2–3 ppbv/K in the low to middle 
troposphere to 10–15 ppbv/K near the tropopause. In the 
subtropical upper troposphere, the decreased ozone sensitiv-
ity is collocated with meridional flow out of the deep tropics. 
The measurements show a similar pattern to that obtained 
from GEOSCCM in the tropical troposphere although 
broader in latitude. There is remarkably good agreement 
between measurements and the simulation in the tropical 
upper troposphere, which extends into the tropical lower 
stratosphere. The GMI simulation including biomass-burning 
variability shows similar ozone variability over this region 
compared to GEOSCCM. This indicates that inter-annual 
variability in biomass burning does not play a major role in 
ozone variability in this region. 
[18] The tropospheric ozone response in the western region 

(70 E–140 E), shown in Figure 5, differs substantially from 
that in the eastern region. Figure 5 shows the ozone sensitiv-
ity derived from (a) MLS and TES measurements and 
(b) GEOSCCM. Both the measurements and the model show 
a positive ozone response in the tropical troposphere and a 
negative ozone response in the tropical stratosphere like that 
seen in the eastern region. The simulation shows anomalous 
downwelling over the deep tropical troposphere, again con-
sistent with observed circulation response to ENSO [Quan 
et al., 2004] and associated positive ozone sensitivity 
throughout the deep tropical troposphere. There are three 
local maxima, one in the mid-troposphere from 10 S-Eq. 
and the other two in the upper troposphere, near the equator 
and 20 S. Ozone sensitivity in the extratropical troposphere 
is generally negative. The lower stratospheric response is 
more asymmetric than that seen in the eastern region, where 
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Figure 4. (a) MLS and TES sensitivity coefficients (ppbv/K) resulting from the Niño 3.4 Index compo-
nent of the multiple linear regression using deseasonalized eastern region (180 W–110 W) average ozone. 
(b) GEOSCCM sensitivity coefficients resulting from the linear regressing of ozone against Niño 3.4 
Index, over the same location. Overlaid is the anomalous circulation shown by the streamlines formed 
by regressing the meridional wind and vertical velocity against Niño 3.4 Index. Shaded regions are sig-
nificant above 2 standard deviations, and the dashed black curve shows the mean model tropopause on 
both panels. 

ozone sensitivity in the Northern Hemisphere midlatitudes is 
positive between 30 and 45 . 
[19] Chandra et al. [1998] suggested that downward 

motion, suppressed convection, and a drier troposphere all 
contributed to the increase in ozone seen over the tropical 
western Pacific and Indonesian region. The combination of 
downward motion and suppressed convection allows higher 
ozone concentrations from the upper troposphere to be trans-
ported downward [Sudo and Takahashi, 2001] and reduces 
the upward transport of low ozone air over ocean surfaces. 
The drier troposphere also increases the chemical lifetime 
of ozone, which causes increased tropospheric ozone concen-
trations [Kley et al., 1996]. The ozone changes seen in 
Figure 5 in both simulation and measurements are consistent 
in sign with those expected from these previous studies. Over 
the extratropical troposphere, the ozone sensitivity derived 
from observations is negative in the Southern Hemisphere. 
The sensitivity derived from observations is asymmetric in 
the midlatitude lower stratosphere and similar to that derived 

from GEOSCCM, with negative sensitivity in the Southern 
Hemisphere and positive in the Northern Hemisphere. The 
GMI simulation including biomass-burning variability does 
show a larger ozone response in the tropical troposphere than 
GEOSCCM and typically is in closer agreement with MLS/ 
TES observations. This indicates that inter-annual variability 
in biomass burning does contribute to ozone variability in 
this region. 
[20] We also examined the 150 hPa level globally to com-

pare variations in the pattern of horizontal ozone sensitivity. 
Figure 6a shows the ozone sensitivity derived from MLS 
measurements at 147 hPa using MLR. Over the tropical 
Pacific and Atlantic Oceans, negative ozone sensitivity dom-
inates with dual local minima over the central Pacific of  
15 ppbv/K approximately 15–20 off the equator in each 

hemisphere. These anomalies are strongly influenced by the 
increased horizontal poleward flow as shown in Figure 4b. 
Positive ozone sensitivity is seen over much of the tropical 
Indian Ocean and in bands across much of the midlatitudes 

6 



�
� � �

� �

�

�

� �

OMAN ET AL.: OZONE RESPONSE TO ENSO 

Figure 5. (a) MLS and TES sensitivity coefficients (ppbv/K) resulting from the Niño 3.4 Index compo-
nent of the multiple linear regression using deseasonalized western region (70 E–140 E) average ozone. 
(b) GEOSCCM sensitivity coefficients resulting from the linear regressing of ozone against Niño 3.4 Index, 
over the same location. Overlaid is the anomalous circulation shown by the streamlines formed by regres-
sing the meridional wind and vertical velocity against Niño 3.4 Index. Shaded regions are significant above 
2 standard deviations, and the dashed black curve shows the mean model tropopause on both panels. 

of both hemispheres. Figure 6b shows the GEOSCCM ozone 
sensitivity at 150 hPa obtained by linearly regressing the 
deseasonalized ozone at each latitude and longitude against 
the Niño 3.4 Index. The pattern from the GEOSCCM simula-
tion is very similar to that obtained from MLS measurements. 
The ozone sensitivity is negative ( 15 ppbv/K) in a large 
region between 30 S–30 N and east of 140 E, peaking 
over the central Pacific Ocean similarly to the MLS measure-
ments. Ozone sensitivity is positive over Indonesia and much 
of the tropical Indian Ocean. Also, bands of positive ozone 
sensitivity occur at midlatitudes of both hemispheres with 
local maxima over the Pacific Ocean and greater sensitivity 
in the Northern Hemisphere. 

4. QBO Sensitivity and Uncertainties 

[21] In addition to ENSO, the QBO has been shown to 
influence ozone in the stratosphere [Randel and Cobb, 

1994] and to a lesser extent in the troposphere [Ziemke 
and Chandra, 1999; Lee et al., 2010; Ziemke and Chandra, 
2012]. Since ENSO and the QBO impact ozone, it is neces-
sary to include both in the regression analysis. In this section, 
we show the impact of the first two EOFs of the QBO on 
ozone and discuss areas where there is likely not complete 
separation of the ENSO and QBO signals. GEOSCCM 
used in the present work does not simulate the QBO, so we 
only consider results from the MLR of MLS and TES 
measurements. 
[22] First we examine the tropical 15 S–15 N average 

ozone sensitivity to the two EOFs, similar to that shown 
for ENSO in Figure 3a. Figure 7 shows the MLS and TES 
ozone sensitivity (ppbv/20 m s 1) for the first (Figure 7a) 
and second (Figure 7b) EOFs of the QBO. As expected, 
the ozone sensitivity is largest in the stratosphere, and there 
are no large ENSO-like features. Smaller features (on order 
0.5 ppbv/20 m s 1) in the TES QBO EOF1 do appear 
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Figure 6. (a) MLS sensitivity coefficients (ppbv/K) at 147 hPa, resulting from the Niño 3.4 Index com-
ponent of the multiple linear regression. (b) GEOSCCM sensitivity coefficients resulting from linearly 
regressing deseasonalized 150 hPa average ozone against Niño 3.4 Index. Shaded regions are significant 
above 2 standard deviations in both panels. 

ENSO-like. Due to the negative correlations between ENSO 
and QBO, EOF1 would act to slightly reduce the ENSO de-
rived sensitivity over those regions. Ziemke and Chandra 
[2012] found a persistent negative correlation between the 
QBO, as measured at 50 hPa over Singapore, and 32-year 
observed tropical Atlantic (60 W–60 E, 5 S–5 N) tropo-
spheric column ozone record. The magnitude of the response 
varied over time but typically averaged around 4 DU over a 
QBO cycle and closer to 2 DU during the Aura satellite 
period. 
[23] Figure 8 shows the eastern region (180 W–110 W) 

QBO EOF ozone sensitivity. In the deep tropical lower 
stratosphere, ozone sensitivity to EOF1 is negative, with 
larger positive sensitivity to EOF2 especially near 56 hPa. 
Also, sensitivity to EOF2 extends into the upper tropical 
troposphere with values up to 4 ppbv/20 m s 1 near the tro-
popause. Crooks and Gray [2005] found a significant horse-
shoe-like pattern in the tropospheric zonal wind response to 
the second principle component of the QBO (similar to our 
QBO EOF2) in the ERA-40 reanalysis. Figure 8b shows that 

this feature is consistent with the ozone response seen in 
MLS with two lobes extending into the subtropical lower 
stratosphere. The derived ozone sensitivities from QBO 
EOF2 have a bigger impact in the tropics below 56 hPa than 
that from QBO EOF1, which is consistent with the tempera-
ture and circulation features shown in Crooks and Gray 
[2005]. Significant negative ozone sensitivities extend into 
the NH midlatitude troposphere from the QBO EOF2 seen 
in Figure 8b, which is consistent with significant zonal wind 
changes found by Crooks and Gray [2005] in ERA-40 
reanalysis. 
[24] The ozone sensitivity to the QBO EOFs in the west-

ern region (70 E–140 E) is shown in Figure 9. Since the 
stratospheric QBO forcing is fairly symmetric, both regions 
exhibit similar lower stratospheric response in the tropics 
and midlatitudes. Relatively small ENSO-like features in 
the EOF1 are apparent in the troposphere, for example, 
the region of small positive ozone sensitivity in the tropical 
Southern Hemisphere. The upper troposphere ozone sensitiv-
ity to QBO EOF2 is positive, similar to the eastern region. 

8 



�

�

�
� �

�
� �

OMAN ET AL.: OZONE RESPONSE TO ENSO 

Figure 7. MLS and TES sensitivity coefficients (ppbv/ 
20 m s 1) from the multiple linear regression analysis using 
deseasonalized tropical (15 S–15 N) average ozone for the 
first (a) and second (b) EOF of the QBO. Shaded regions 
are significant above 2 standard deviations in both panels. 

Lee et al. [2010] discussed finding ozone anomalies due to 
the QBO in SHADOZ measurements of up to 8 ppbv in the 
upper troposphere. This size anomaly is consistent with the 
QBO EOF2 ozone sensitivity of 4 ppbv/20 m s 1 found here 
using MLS measurements since the EOF2 typically varies 
between 40 m/s (shown in Figure 1) over a typical QBO 
cycle. 
[25] As mentioned in section 2, the negative correlation 

between ENSO and QBO EOF1 makes complete separation 
of the forcings using MLR not possible. Extending the obser-
vational record would improve the separation of atmospheric 
processes if the correlation decreased with additional years. 
Unfortunately, TES did not make sufficient measurements 
to produce meaningful monthly mean fields after January 
2010. Additionally, the use of multiple linear regression 
would not allow the representation of any nonlinear ozone 
responses. Hoerling et al. [1997] showed that differences in 

the teleconnections do occur between El Nino and La Nina 
most notably in the midlatitudes. 
[26] Other factors such as the strength of the Brewer-Dobson 

circulation also play a role in the ozone concentrations in the 
UT/LS [Randel et al., 2007]. If these circulation changes are 
due to ENSO [Calvo et al., 2010] or the QBO [Baldwin et al., 
2001], they should be represented in this regression analysis; 
however, other factors not considered here could also impact 
the strength of this circulation. Solar cycle variations could 
also impact lower atmospheric ozone [Chandra et al., 1999]; 
however, due to the relative shortness of the observational 
record compared to the length of a solar cycle, it is not 
included in this analysis. MLR tests which include a measure 
of solar cycle variability did not appear to significantly 

Figure 8. MLS and TES sensitivity coefficients (ppbv/ 
20 m s 1) from the multiple linear regression analysis using 
deseasonalized eastern region (180 W–110 W) average 
ozone for the first (a) and second (b) EOF of the QBO. 
Shaded regions are significant above 2 standard deviations 
in both panels. 
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Figure 9. MLS and TES sensitivity coefficients (ppbv/ 
20 m s 1) from the multiple linear regression analysis using 
deseasonalized western region (70 E–140 E) average ozone 
for the first (a) and second (b) EOF of the QBO. Shaded 
regions are significant above 2 standard deviations in both 
panels. 

impact the derived ENSO and QBO ozone sensitivities. Also, 
excluding the QBO from the regression analysis does not 
significantly change the ENSO derived ozone response but 
does increase the uncertainty since the autocorrelation is 
increased in the residual term. 

5. Discussion and Conclusions 

[27] This study presents observations of the response of 
ozone to ENSO from the lower troposphere to the lower 
stratosphere and compares the response derived from obser-
vations with that obtained from a GEOSCCM simulation. 

We use a combination of MLS and TES measurements from 
the Aura satellite platform to derive the ozone response from 
the troposphere to the lower stratosphere. ENSO variations 
are a dominant driver of tropical Pacific upper tropospheric 
ozone variability. 
[28] The tropical tropospheric ozone sensitivity to ENSO 

is negative over much of Pacific and Atlantic Oceans and 
positive over Indonesia and the Indian Ocean. This result 
is seen in MLS and TES measurements and reproduced by 
the GEOSCCM forced with observed sea-surface tempera-
tures. Ozone sensitivity to ENSO is negative in the tropical 
lower stratosphere over all longitudes. 
[29] The eastern regional (180 W–110 W) ozone sensitivity 

from both simulation and measurements is negative in the 
tropics and is larger in the upper troposphere and lower 
stratosphere. Ozone sensitivity is positive over the midlati-
tudes in the upper troposphere and lower stratosphere in mea-
surements and simulations. There is excellent continuity in 
the ozone response to ENSO derived from MLS and TES 
measurements near 261 hPa. 
[30] The western regional (70 E–140 E) response with 

positive ozone sensitivity over the tropical troposphere is 
seen in GEOSCCM and measurements as well as negative 
sensitivity in the tropical lower stratosphere. In the lower 
stratosphere midlatitudes, an asymmetric response is pro-
duced in simulation and measurements, where negative 
ozone sensitivity occurs in the Southern Hemisphere and 
positive ones in the Northern Hemisphere. 
[31] GEOSCCM reproduces the horizontal pattern and 

response magnitude at around 150 hPa as derived from MLS 
measurements. The results presented here showing a tropical 
upper tropospheric QBO-induced ozone change in MLS 
measurements are consistent with the findings of Lee et al. 
[2010] using the SHADOZ ozonesonde record. 
[32] This work shows a clear ozone response to ENSO 

that is observed in MLS/TES measurements and can be 
reproduced in a GEOSCCM simulation; however, some dif-
ferences are seen. A GMI simulation that includes biomass-
burning variability does reduce some of the differences 
between GEOSCCM and observations, especially over 
Indonesia. Some differences are also seen over South 
America but are not significant in the observed ozone sensi-
tivity to ENSO. Examining the response from atmospheric 
processes such as ENSO represents an excellent test for 
CCMs. It requires the proper simulation of horizontal and 
vertical gradients of ozone in the lower atmosphere along 
with the appropriate dynamical representation of a large-
scale atmospheric process like ENSO. Tests such as these 
could provide a useful tool in the evaluation of CCMs. Con-
tinued work needs to be done to determine if the response of 
tropospheric ozone to ENSO is useful for understanding 
prediction of ozone evolution. Changes in the frequency, 
magnitude, or type of ENSO could impact tropospheric 
composition. Such changes in ENSO could result from 
climate change or could be important on decadal time 
scales through the Pacific Decadal Oscillation. 
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