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Abstract. We examine the relative contribution of processes
controlling the interannual variability (IAV) of tropospheric
ozone over four sub-regions of the southern hemispheric tro-
pospheric ozone maximum (SHTOM) over a 20-year period.
Our study is based on hindcast simulations from the National
Aeronautics and Space Administration Global Modeling Ini-
tiative chemistry transport model (NASA GMI-CTM) of tro-
pospheric and stratospheric chemistry, driven by assimilated
Modern Era Retrospective Analysis for Research and Appli-
cations (MERRA) meteorological fields. Our analysis shows
that over SHTOM region, the IAV of the stratospheric con-
tribution is the most important factor driving the IAV of up-
per tropospheric ozone (270 hPa), where ozone has a strong
radiative effect. Over the South Atlantic region, the contri-
bution from surface emissions to the IAV of ozone exceeds
that from stratospheric input at and below 430 hPa. Over the
South Indian Ocean, the IAV of stratospheric ozone makes
the largest contribution to the IAV of ozone with little or no
influence from surface emissions at 270 and 430 hPa in aus-
tral winter. Over the tropical South Atlantic region, the con-
tribution from IAV of stratospheric input dominates in austral
winter at 270 hPa and drops to less than half but is still signif-
icant at 430 hPa. Emission contributions are not significant at
these two levels. The IAV of lightning over this region also
contributes to the IAV of ozone in September and December.
Over the tropical southeastern Pacific, the contribution of the
IAV of stratospheric input is significant at 270 and 430 hPa
in austral winter, and emissions have little influence.

1 Introduction

Tropospheric ozone plays a critical role in controlling the
oxidative capacity of the troposphere through its photoly-
sis in the presence of water vapor, generating hydroxyl rad-
ical (OH), the main atmospheric oxidant (e.g., Logan et al.,
1981). It contributes to smog and is harmful to human and
ecosystem health near the surface. It acts as a greenhouse
gas especially in the upper troposphere (Lacis et al., 1990)
and affects the radiative forcing of the climate system. Tropo-
spheric ozone is produced by photochemical oxidation of CO
and volatile organic compounds (VOCs) in the presence of
nitrogen oxides (NOx) (e.g., Logan et al., 1981). Downward
transport of ozone from the stratosphere is also an important
source of tropospheric ozone (e.g., Danielsen, 1968; Stohl
et al., 2003). Deep convection and long-range transport of
ozone and its precursors also modulate the tropospheric O3
distributions (e.g., Chandra et al., 2009; Oman et al., 2011).

Our study is motivated by the presence of tropospheric
ozone maximum over the tropical and subtropical South-
ern Hemisphere as seen both in model simulations and the
Global Modeling and Assimilation Office (GMAO) assimi-
lated ozone product derived from Ozone Monitoring Instru-
ment (OMI) and Microwave Limb Sounder (MLS) satel-
lite measurements (Fig. 1). Although in the Southern Hemi-
sphere tropospheric air is relatively “clean” and less polluted
compared with the Northern Hemisphere, this tropospheric
ozone column maximum reaches as high as 35 DU and is
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Figure 1. Seasonal climatology of upper tropospheric column ozone (UTOC, integrated from 500 hPa to the tropopause) (in Dobson units)
for (a) December–January–February (DJF), (b) March–April–May (MAM), (c) June–July–August (JJA), and (d) September–October–
November (SON) averaged from 2005 to 2012 for GMAO assimilated ozone (left) and GMI-CTM simulated ozone (middle) and their
absolute difference (right). The GMAO assimilated ozone has been adjusted by adding 2.5 DU in 0–30◦ S based on Wargan et al. (2015).

comparable to the typical northern mid-latitude values of
30 DU. The elevated tropospheric ozone column is centered
over the South Atlantic from the Equator to 30◦ S, and is
part of the well-known tropical wave-one pattern first noted
in observations made by the Nimbus 7 total ozone mapping
spectrometer (TOMS) (e.g., Fishman et al., 1990; Ziemke et
al., 1996). This ozone maximum extends westward to South
America and the tropical southeastern Pacific, southeastward
to southern Africa and the South Indian Ocean along the
latitude band of 30–45◦ S, and is a dominant global feature
(Thompson et al., 2003; Sauvage et al., 2007). This elevated
ozone region exists year-round, with a seasonal maximum in
August–October, and a seasonal minimum in April–May.

This study provides an examination of the relative con-
tributions of the factors that control the interannual varia-
tions of the southern hemispheric tropospheric ozone max-
imum over a 20-year period. Prior studies have examined
the processes that produce the southern hemispheric tropo-
spheric ozone maximum (SHTOM), but consider only short
periods or are limited in spatial scale. These studies con-
cluded that horizontal and vertical transport of ozone pre-
cursors from regions of biomass burning (e.g., Jacob et al.,
1996; Thompson et al., 1996; Pickering et al., 1996; Jenk-
ins and Ryu, 2004b; Sauvage et al., 2006; Jourdain et al.,
2007; Thouret et al., 2009), lightning NOx (Martin et al.,
2002; Jenkins and Ryu, 2004a; Kim et al., 2013; Tocquer et

al., 2015), and stratospheric intrusions (Weller et al., 1996)
all contribute to this tropospheric ozone column maximum.
However, changes of the relative contributions of these fac-
tors to tropospheric ozone on interannual timescales over this
region have not been examined in detail. Studies considering
tropospheric ozone interannual variability have not focused
on the SHTOM region. Hess and Mahowald (2009) used a
chemistry transport model (CTM) to quantify relative inter-
annual variability in global model ozone in hindcast simu-
lations with constant emissions and prescribed stratospheric
ozone. The CTM was driven by two sets of meteorological
fields: (a) the National Center for Environmental Prediction–
National Center for Atmospheric Research reanalysis and
(b) from a simulation using the Community Atmosphere
Model (CAM-3) forced with observed sea surface tempera-
tures. Their study found that relative IAV of ozone at 500 hPa
shows the maximum between the Equator and 30◦ S in June–
July–August (JJA) and December–January–February (DJF).
Zeng and Pyle (2005) used a climate–chemistry model to
evaluate the ENSO effects on the interannual variability of
tropospheric ozone. Their study concludes that stratosphere–
troposphere exchange (STE) variation induced by ENSO is
one important factor driving the IAV of the global mean of
tropospheric ozone. Voulgarakis et al. (2010) examined the
drivers of interannual variability of the global tropospheric
ozone using the p-TOMCAT tropospheric CTM. Their study
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shows that changing transport including the STE is impor-
tant in determining the IAV of tropospheric ozone. Voulgar-
akis et al. (2011) demonstrated that increases in the amounts
of stratospheric ozone entering the troposphere following El
Niño events are mainly driven by changes in the STE. The
influence of emissions is confined to areas of intense burning
on the interannual timescale. Murray et al. (2013) examined
the effects of lightning on the IAV in the tropical tropospheric
ozone column based on the GEOS-Chem CTM with IAV in
tropical lightning constrained by satellite observations from
lightning imaging sensors (LISs). Their study finds that light-
ning plays an important role in driving the IAV of tropical
tropospheric ozone column, especially over eastern Africa,
central Brazil, and in continental outflow in the eastern Pa-
cific and the Atlantic, but their model does not reproduce the
IAV in tropospheric column ozone (TCO) except in eastern
Africa and central Brazil. Liu et al. (2016) analyzed simula-
tions from a global chemistry and transport model to show
that the IAV in the stratospheric contribution significantly af-
fects the IAV of upper tropospheric ozone at the SHADOZ
station over Réunion (21◦ S, 55◦ E). In this study, we focus
on the SHTOM region and quantify the relative contributions
of several factors to the tropospheric ozone interannual vari-
ability during the past 20 years. We examine the horizontal
and vertical variations of these contributions by separating
the SHTOM into four sub-regions and comparing their IAVs
at two selected levels (270 and 430 hPa). This analysis dis-
tinguishes between anthropogenic and natural sources on the
IAV of the tropospheric ozone and their contributions to the
radiative forcing changes.

In this study, we use a global CTM to identify the pro-
cesses impacting observed interannual variability of the tro-
pospheric ozone column maximum in the Southern Hemi-
sphere. We examine the model sensitivity of tropospheric
ozone to different ozone sources through the use of multiple
linear regression. We include stratospheric input and emis-
sions as two major predictor variables in our regression. We
include the lightning NOx as the third factor in our regres-
sion model over the tropical South Atlantic region, where
ozone is sensitive to the IAV of lightning NOx , as found in
Murray et al. (2013). In our multiple linear regression, a re-
gression coefficient that is significantly different from zero
at the 95 % confidence level implies that the corresponding
process contributes significantly to the variation of simulated
ozone. To estimate the variance explained by each predictor,
we first calculate the sequential sums of squares over order-
ing of predictors (see Supplement). The sequential of squares
depends on the predictors already in the model; we therefore
do the calculation for every possible order in which predic-
tors can enter the model. We then average all the sequential
sums of squares to yield an adjusted sum of squares (Kruskal,
1987; Chevan and Sutherland, 1991; Groemping, 2007). This
method accounts for the likely possibility that the two predic-
tors are not orthogonal. We use the adjusted sum of squares
to quantify the relative contributions of each predictor to the

interannual variability of tropospheric ozone. Our study fo-
cuses on the austral winter season when the subtropical-jet-
related stratosphere–troposphere exchange reaches the sea-
sonal maximum (Karoly et al., 1998; Bals-Elsholz et al.,
2001; Nakamura and Shimpo, 2004). Southern hemispheric
biomass burning (e.g., Liu et al., 2010, 2013) also reaches
the maximum during this season.

Section 2 briefly describes the model and simulations, in-
cluding the standard chemistry simulation, the stratospheric
O3 tracer simulation, and the tagged CO simulation. It also
describes GEOS-5 ozone assimilation, as the assimilated
fields are used to evaluate model performance over the south-
ern hemispheric extra-tropics and tropics as discussed in the
first part of Sect. 3. The second part of Sect. 3 presents a di-
agnostic study of controlling factors, including stratosphere
input, surface emissions, and lightning, on the tropospheric
ozone IAV relying on a series of hindcast simulations from
1992 to 2011. Section 4 is a summary and conclusion.

2 Model and data

2.1 Model

We used the Global Modeling Initiative chemical trans-
port model (GMI-CTM) (Duncan et al., 2007; Strahan
et al., 2007), driven by MERRA reanalysis meteorology
(Rienecker et al., 2011, http://gmao.gsfc.nasa.gov/research/
merra/). The native resolution of the MERRA field is
0.67◦× 0.5◦ with 72 vertical levels; we regrid it to 2◦× 2.5◦

horizontal grid for input to the GMI-CTM simulations in this
study.

The chemical mechanism used in GMI-CTM repre-
sents stratospheric and tropospheric chemistry with offline
aerosols input from GOCART model simulations (Chin et
al., 2002). The GMI-CTM hindcast simulation has been used
and compared to observations in many recent studies. Stra-
han et al. (2013) showed excellent agreement between sim-
ulated and MLS ozone profiles in the Arctic lower strato-
sphere. Liu et al. (2016) shows the GMI-CTM hindcast and
ozonesonde agree very well on the annual cycles and IAV
over Réunion from the lower troposphere to the upper tropo-
sphere. Strode et al. (2015) shows that the GMI-CTM hind-
cast reproduces the seasonal cycle and IAV of observed sur-
face ozone over United States from Environmental Protec-
tion Agency (EPA)’s Clean Air Status and Trends Network
(CASTNET).

The GMI-CTM standard simulation (labeled as Hindcast-
VE) used in this study for 1992–2011 includes monthly
and interannually varying emissions with anthropogenic,
biomass burning, and biogenic sources. Anthropogenic emis-
sions are based on the EDGAR 3.2 inventory (Olivier et
al., 2005), overwritten with available regional inventories for
North America, Europe, Asia, and Mexico. More details are
given in Strode et al. (2015). Biomass burning emissions are
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from the Global Fire Emission Database, GFED3 (van der
Werf et al., 2010). Emissions before 1997 are obtained from
GFED3 emission climatology averaged for 2001 to 2009 and
applied with regional-scale IAV, which was derived from
satellite information on fire activity (ATSR) and/or aerosol
optical depths from the TOMS by Duncan et al. (2003). Bio-
genic emissions of isoprene and monoterpenes follow the lat-
est version of the MEGAN algorithm (Guenther et al., 2006).
Besides the standard simulation, we carry out a control run
for 1992–2011 by repeating the anthropogenic and biomass
emissions for 2000. The comparison between the control and
standard simulation removes the possible impact of IAV in
meteorology and allows us to quantify effects of emission
IAV on ozone IAV.

In our GMI-CTM, the lightning parameterization follows
the scheme described by Allen et al. (2010). The regional
lightning NOx emission, calculated online by coupling to
the deep convective transport in the model, varies from year
to year. The global total of NOx from lightning is fixed at
5.0 TgN year−1.

Methane mixing ratios are specified in the two lowest
model levels, using time-dependent zonal means from Na-
tional Oceanic and Atmospheric Administration’s Global
Monitoring Division (NOAA GMD). Other long-lived source
gases important in the stratosphere, such as N2O, CFCs, and
halocarbons, are prescribed at the two lowest model levels
following the A2 scenario by WMO (2014). Stratospheric
aerosol distributions and trends are from International Global
Atmospheric Chemistry/Stratospheric Processes And their
Role in Climate (IGAC/SPARC) and have IAV (Eyring et al.,
2013).

The model includes a stratospheric O3 tracer (StratO3).
The StratO3 is defined relative to a dynamically varying
tropopause tracer (e90) (Prather et al., 2011). The e90 tracer
is set to a uniform mixing ratio (100 ppb) at the surface
with 90 days e-folding lifetime. In our simulation, the e90
tropopause value is 75 ppb. The StratO3 tracer is set equal to
O3 in the stratosphere and is removed in the troposphere with
the same loss frequency (chemistry and deposition) archived
from daily output of the standard chemistry model simulation
with yearly-varied emission in this study. Using the StratO3
tracer allows quantification of O3 of stratospheric origin in
the troposphere at a given location and time. This approach
has also been adopted in the high-resolution GFDL AM3
model (Lin et al., 2012).

In this study, we also conducted a tagged CO simulation
to examine the emission sources during the same period as
the full chemistry simulation. The tagged CO simulation has
horizontal resolution of 1◦× 1.25◦. The primary chemical
loss of CO is through reactions with OH radicals, which are
archived from the respective standard chemistry simulation
with yearly-varied emissions. The chemical production and
loss rates of CO in the stratosphere were archived from the
respective standard chemistry simulations.

2.2 GMAO GEOS-5 Ozone Assimilation

We used assimilated tropospheric ozone to evaluate model
performance. This assimilated dataset is produced by ingest-
ing OMI v8.5 total column ozone and MLS v3.3 ozone pro-
files into a version of the Goddard Earth Observing System,
Version 5 (GEOS-5) data assimilation system (Rienecker et
al., 2011). No ozonesonde data are used in the assimila-
tion. Wargan et al. (2015) provides details of the GEOS-
5.7.2 assimilation system, which for this application is pro-
duced with 2◦× 2.5◦ horizontal resolution and with 72 ver-
tical layers between the surface and 0.01 hPa. For the tropo-
sphere, the assimilation only applies a dry deposition mecha-
nism at the surface without any chemical production or loss.
This algorithm works since the ozone lifetime is much longer
than the 6 h analysis time on which the background field is
corrected by observations. Ziemke et al. (2014) evaluated
the tropospheric ozone profiles derived from three strate-
gies based on OMI and MLS measurements, including this
GEOS-5 assimilation, trajectory mapping, and direct profile
retrieval using a residual method, with ozonesonde observa-
tions and GMI model simulations. They show that the ozone
product (500 hPa to tropopause) from the GEOS-5 assimila-
tion is the most realistic. Wargan et al. (2015) also demon-
strate that the ozone between 500 hPa and the tropopause
from GEOS-5 assimilation is in good agreement with in-
dependent observations from ozonesondes. The assimilation
applies the OMI averaging kernels in the troposphere, but
the weight of OMI kernels decreases sharply below 500 hPa
(K. Wargan, personal communication, 2016). Considering
that in the lower troposphere there is no direct observational
constraint in the analysis, we use ozone mixing ratio at 270
and 430 hPa as well as partial column ozone integrated from
500 hPa to the tropopause from GEOS-5 assimilation as a
reference value to evaluate our GMI model simulation. To
compare the GEOS-5 assimilated tropospheric partial col-
umn above 500 hPa with GMI-CTM ozone simulation, we
use the same tropopause as defined by the lower of the 3.5 po-
tential vorticity units (PVUs) isosurface and the 380 K isen-
tropic surface.

3 Results

3.1 Temporal and spatial distribution of SHTOM in
GMI-CTM and GMAO GEOS-5 assimilated
ozone product

Figure 1 shows the spatial pattern of southern hemispheric
partial column ozone (from 500 hPa to the tropopause) in
four seasons averaged over 2005 to 2011 from the GMAO
GEOS-5 assimilated dataset and the GMI-CTM hindcast
simulations. To account for a low bias in the GEOS-5 ozone
product (Wargan et al., 2015), we added 2.5 DU to the assim-
ilated column in the tropics (0–30◦ S). The GMI-CTM sim-
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Figure 2. The simulated ozone (top) and the StratO3 /O3 (bottom) at 430 hPa averaged over 1992–2011 in September. Stronger strato-
spheric influence happens over the Southern Hemisphere centered on 30◦ S, co-locating with subtropical jet-stream regions with descending
stratospheric air. The black boxes show the four regions discussed in this study. From left to right: (1) tropical southeastern Pacific (0–20◦ S,
150–60◦W); (2) tropical South Atlantic region (0–15◦ S, 60◦W–40◦ E); (3) subtropical South Atlantic region (15–45◦ S, 60◦W–40◦ E); and
(4) subtropical South Indian Ocean (15–45◦ S, 40–150◦ E).

ulation reproduces the seasonality and spatial distribution of
southern hemispheric ozone maximum as shown in GEOS-
5 assimilated product with (a) the elevated ozone centered
over the Atlantic Ocean from the Equator to 40◦ S, (b) the
ozone maximum extending southeastward to southern Africa
and the Indian Ocean in the latitude band of 30–45◦ S, and
(c) the relatively weaker enhancement extending westward
to South America and the tropical southeastern Pacific. The
ozone maximum is strongest in austral winter–spring and
weakest in austral fall. Both GMI-CTM and GEOS-5 assim-
ilation show the very low tropospheric ozone over the west-
ern Pacific and the tropical eastern Indian Ocean, where the
ozone-poor marine boundary layer air is lifted into the upper
troposphere (Folkins et al., 2002; Solomon et al., 2005).

3.2 Sub-regions of SHTOM

The tropospheric ozone distribution in any region depends
on the advection and mixing, its proximity to the pol-
luted area, and descent of ozone-rich air from the strato-
sphere. We show in Fig. 2 the maps of simulated O3 and
StratO3 /O3 at 430 hPa averaged over 1992 to 2011 in
September, when the southern hemispheric biomass burning
peaks. The StratO3 /O3 ratio represents the fraction of tro-
pospheric ozone from the stratosphere and is used to identify
the regions with distinct stratospheric input. Differences in
the spatial patterns of the maximum or minimum in ozone

mixing ratio and StratO3 /O3 ratio identifies regions where
ozone is affected by factors other than the stratospheric input.

The region with minimum stratospheric ozone contribu-
tion occurs along the Equator. In the tropics, the southward
extension of regions with minimum stratospheric ozone con-
tribution shows zonal variation, reaching 5 to 10◦ S over trop-
ical eastern Pacific and tropical Atlantic, and further south
to approximately 15◦ S over the Indian Ocean and the Mar-
itime Continents, which is closely related to the Walker Cir-
culation. In this tropical zonal circulation, air rises over the
Maritime Continents (together with deep convection) and
descends over the eastern Pacific (Bjerknes, 1969). Similar
zonal circulation is found over the Atlantic with rising due to
radiative heating over tropical Africa and South America and
sinking due to radiative cooling over the tropical Atlantic (Ju-
lian and Chervin, 1978). The longitudinal variation of ozone
at 430 hPa in the tropics is in agreement with the changes of
StratO3 /O3, showing ozone minimum over Maritime Con-
tinents as well as elevated ozone over the eastern Pacific
and Atlantic. Within the Atlantic, despite the smaller strato-
spheric contribution, the tropics have higher ozone mixing
ratio (> 80 ppb) than the subtropics at 430 hPa, and other
sources must also contribute to the ozone maximum over the
tropical South Atlantic. Ozone over the tropical southeast-
ern Pacific is also slightly elevated. The maximum strato-
spheric influence is found over the southern Indian and Pa-
cific oceans centered on 30◦ S, co-located with the tropo-
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Figure 3. The interannual variations (IAV, unit of ppb) of simu-
lated ozone at 270 hPa (top) and 430 hPa (bottom). The standard
deviation of ozone anomalies (removing the monthly mean) over
1992–2011 represents the IAV.

spheric O3 maximum over these regions. Both ozone and
StratO3 /O3 over the subtropics show strong longitudinal
variations, with the co-located maxima over the South In-
dian Ocean. The ozone minimum at 430 hPa at 30◦ S occurs
over the eastern Pacific region, while the minimum contri-
bution of the stratospheric input is over the South Atlantic
region. Given the spatial variations of the maximum or mini-
mum in StratO3 /O3 ratio and ozone mixing ratio, we sep-
arate the southern hemispheric ozone maximum into four
sub-regions: (1) tropical southeastern Pacific (0–20◦ S, 150–
60◦W); (2) tropical South Atlantic (0–15◦ S, 60◦W–40◦ E);
(3) subtropical South Atlantic (15–45◦ S, 60◦W–40◦ E); and
(4) subtropical South Indian Ocean (15–45◦ S, 40–150◦ E).
We show in Fig. 3 the maps of the IAV of simulated O3
at 270 and 430 hPa. The IAV is represented by the stan-
dard deviation of ozone anomalies (removing the monthly
mean averaged from 1992 to 2011) over 1992–2011. Rel-
atively stronger ozone IAV happens over subtropical South
Atlantic and subtropical South Indian Ocean at 270 hPa. At
430 hPa, tropical southeastern Pacific and tropical South At-
lantic has slightly larger IAV. In this paper, we examine and
quantify the relative roles of dynamics and chemistry on the
IAV of tropospheric ozone variations over these selected re-
gions during the past 20 years.

Figure 4 compares the anomalies of modeled and assimi-
lated upper tropospheric ozone columns (UTOC, integrated
from 500 hPa to the tropopause) as well as the anomalies of
corresponding tropospheric ozone mixing ratio at 270 and
430 hPa over two tropical sub-regions (tropical South At-
lantic and tropical southeastern Pacific) from 2005 to 2011.
The anomalies are calculated by removing the monthly mean
averaged from 2005 to 2011. The short timescale variations
in the model simulation tend to be greater compared to that in
the assimilated ozone products, especially over the tropical
South Atlantic region. But in general, the GMI-CTM hind-

cast simulation captures the assimilated IAV of the tropo-
spheric ozone at these two levels as well as for the UTOC.
Over the tropical South Atlantic, the modeled IAV agrees
with the phase changes of assimilated ozone IAV, but the
simulation overestimates the assimilated ozone maximum in
2010 and underestimates the assimilated minima in 2007 and
2011 at both levels. Over the tropical southeastern Pacific,
the IAV is influenced by ENSO-related changes in dynam-
ics (e.g., Ziemke et al., 2010; Oman et al., 2011, 2013). The
simulation reproduces much of the assimilated IAV, show-
ing high ozone anomalies after 2005 and 2010 La Niña years
and negative ozone anomalies after a strong El Niño year
in 2009. However, during October 2006 to January 2007,
the simulation shows a pronounced ozone peak, especially
at 270 hPa, which is not seen in the assimilated ozone. Lo-
gan et al. (2008) examined interannual variations of tropo-
spheric ozone profiles in October–December between 2005
and 2006 based on the satellite observations from Tropo-
spheric Emission Spectrometer (TES). The TES data agree
with what we found in the GMI-CTM model simulation,
showing ozone enhancement over the tropical southeastern
Pacific (150–60◦W, 0–12◦ S) region in November 2006 rela-
tive to 2005 (∼ 5–10 ppb at 250 hPa and 0–5 ppb at 400 hPa,
Fig. 3 of Logan et al., 2008). The agreement between TES
and GMI-CTM indicates a possible low bias of GMAO as-
similated ozone during late 2006, as a result of the low sen-
sitivity of OMI (Wargan et al., 2015).

Figure 5 shows a similar comparison to Fig. 4, but over the
two subtropical regions. Over the South Atlantic region, the
assimilated ozone has similar but stronger IAV than that over
the tropical southeastern Pacific region, showing the largest
ozone year-by-year variation (∼ 20 ppb at 270 hPa) from Oc-
tober 2009 to October 2010, and the GMI-CTM simulation
reproduces this variation quite well. Over the South Indian
Ocean region, our model reproduces most of the variations
in magnitude and phase, but shows anti-phase variations in
late 2006–early 2007, which substantially affected the calcu-
lated correlation coefficients between model and assimilated
ozone. The simulated upper tropospheric ozone column re-
produces the IAV in the assimilated ozone column well, ex-
cept for late 2006. In general, agreement between the sim-
ulated and assimilated results confirms the suitability of the
model for investigations of the controlling factors on the tro-
pospheric ozone IAV over these regions.

The left column of Fig. 6 presents the monthly profiles
of correlation coefficients between the simulated ozone and
StratO3 over the four sub-regions. Strong positive correla-
tions between StratO3 and O3 are observed in most sea-
sons in the upper troposphere, even over two tropical re-
gions. Stratospheric influence plays a big role during austral
winter–spring and reaches its seasonal maximum in August,
when the subtropical jet system is strongest and moves to its
northernmost location. Over the two subtropical regions, the
strong stratospheric influence persists throughout the whole
troposphere (r > 0.8 at 700 hPa) in August. Over the tropical
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Figure 4. Time series plots of upper tropospheric ozone column (UTOC, integrated from 500 hPa to the tropopause; unit: DU) anomalies
and tropospheric ozone anomalies (unit: ppb) at 270 and 430 hPa from GMAO assimilated data (black) and GMI-CTM (red) over (left) the
tropical South Atlantic region (60◦W–40◦ E, 0–15◦ S) and (right) tropical southeastern Pacific (150–60◦W, 0–20◦ S) from 2005 to 2011.
The anomalies are calculated by removing the monthly mean averaged from 2005 to 2011.

South Atlantic region, the strong stratospheric influence is
limited to the upper troposphere in austral winter–spring and
decreases sharply with decreasing altitude. Over the tropical
southeastern Pacific, the strong stratospheric influence per-
sists year-long at the upper troposphere and reaches as low
as ∼ 400 hPa except for December.

The right column of Fig. 6 shows the seasonal profiles of
correlation coefficients between ozone and ozone from emis-
sions (EmissO3). The EmissO3 is the difference between the
simulations with varied and constant emission. Over the two
subtropical regions, there are two seasonal maxima in the
correlations between ozone and EmissO3. The first occurs
in September at the lower troposphere and decreases with in-
creasing altitude, the second is in December–January show-
ing an opposite vertical gradient with stronger correlations in
the upper and middle troposphere. Over the tropical south-
eastern Pacific region, the influence from emissions shows a
similar double-peak pattern, but with the first maximum lo-
calized at the surface and the second peak localized in the up-
per troposphere. Over the tropical South Atlantic, the influ-
ence of emissions is very small. South America and southern
Africa are two major nearby burning regions. Emissions over
South America have much larger IAV than those over south-

ern Africa, although African emissions are larger in absolute
terms (Sauvage et al., 2007; Liu et al., 2010; Voulgarakis et
al., 2015). Sauvage et al. (2007) argued that emissions over
South and Southeast Asia could be transported southward in
the upper troposphere through the tropical easterly jet and
affect ozone over Africa, the Atlantic, and the Indian Ocean
(Hoskins and Rodwell, 1995; Rodwell and Hoskins, 2001).
Meanwhile, emissions over this region also show large IAV
(Voulgarakis et al., 2015). Therefore, the interannual emis-
sion changes in South America (0–20◦ S, 72.5–37.5◦W),
southern Africa (5–20◦ S, 12–38◦ E), and South and South-
east Asia (70–125◦ E, 10◦ S–40◦ N) may all affect the IAV
of ozone due to emission changes in the Southern Hemi-
sphere. In this study, we rely on tagged CO simulation to
quantify the influence of biomass burning emissions from
these three burning regions during months when emission
IAV contributes significantly to the IAV of ozone.

In the next section, we choose August (the seasonal max-
imum of stratospheric input into the lower troposphere),
September, and December (the seasonal maximum of emis-
sion contribution) as three example months to examine the
relative roles of different factors on IAV of tropospheric
ozone over these regions.
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Figure 5. Time series plots of upper tropospheric ozone column (UTOC, integrated from 500 hPa to the tropopause; unit: DU) anomalies and
tropospheric ozone anomalies (unit: ppb) at 270 and 430 hPa from GMAO assimilated data (black) and GMI-CTM (red) over (left) the South
Atlantic (60◦W–40◦ E, 15–45◦ S) and (right) South Indian Ocean (40–150◦ E, 15–45◦ S) from 2005 to 2011. The anomalies are calculated
by removing the monthly mean averaged from 2005 to 2011.

3.3 Factors controlling IAV in ozone in the middle and
upper troposphere

3.3.1 South Atlantic region

Figure 7 shows the multiple regression results over the South
Atlantic region. It compares the simulated ozone anomalies
to those calculated from two regression variables: StratO3
and EmissO3 at 270 and 430 hPa in August, September, and
December. The fitted ozone anomalies generally reproduce
the IAV obtained from the GMI-CTM simulation. The ex-
plained proportion of variability in simulated ozone anoma-
lies by StratO3 and EmissO3 is mostly above 50 % and
reaches as high as ∼ 76 % in December at 270 hPa, which
demonstrates that StratO3 and EmissO3 are sufficient to ex-
plain the IAV of tropospheric ozone over the South Atlantic
region. In August at 430 hPa, the fitted ozone anomalies have
a slightly weaker correlation with the simulated ozone and
show less IAV compared to the ozone anomalies in GMI-
CTM.

Figure 8 exhibits regression results in a way that highlights
the relative contributions of the IAV of stratospheric input
and emission on the IAV of ozone over the South Atlantic.

The three panels represent results from August, Septem-
ber, and December from 1992 to 2011. Each panel has two
columns, which illustrate the respective contribution from
changes in StratO3 and EmissO3 on the IAV of ozone mixing
ratio. The left column of each panel compares the anomalies
of StratO3 (blue) and simulated ozone mixing ratio (black)
from the GMI-CTM model at 270 and 430 hPa. The right
column compares the simulated O3 residual after removing
the regression from StratO3 (black line) and EmissO3 (green
line) at these two levels. The regression coefficient (β) and its
95 % confidence level are labeled in each panel and help us to
determine whether the corresponding contribution is signifi-
cant to explain the variation of simulated ozone. As discussed
before, EmissO3 reflects the effects from surface emission
changes on ozone variations at interannual timescales. The
stratospheric input reaches its seasonal maximum in Au-
gust, during which the stratospheric contribution is signifi-
cant throughout the troposphere, explaining about 66 % of
the simulated ozone variance at 270 hPa and 37 % at 430 hPa.
The contributions from emission changes are very small and
insignificant at these two levels in August. In September, the
IAV of stratospheric input explains about 55 % of the IAV in
ozone at 270 hPa. The contribution decreases but is still sig-
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Figure 6. Monthly profile maps of correlation coefficients between ozone and (left) StratO3 and (right) EmissO3 from 1992 to 2011 over the
(a) South Atlantic (60◦W–40◦ E, 15–45◦ S); (b) South Indian Ocean (40–150◦ E, 15–45◦ S); (c) tropical South Atlantic region (60◦W–40◦ E,
0–15◦ S); and (d) tropical southeastern Pacific (150–60◦W, 0–20◦ S). The y axis is pressure in pascal units (hPa).

nificant at 430 hPa. The IAV of surface emissions contributes
substantially to the IAV of ozone in September. The influence
of emissions exceeds that of the stratosphere and explains
about 35 % of IAV in ozone at 430 hPa. In December, the
contribution from stratospheric input to the IAV of ozone is
dominant (∼ 47 %) at 270 hPa. The contribution from emis-
sion is also significant at this level and explains the 28 %
variance of IAV of ozone. At 430 hPa, the contribution from
emission exceeds that from stratospheric input.

We quantify emission contributions from three burning re-
gions using a tagged CO simulation. Figure 9 shows stan-
dardized anomalies of the tagged CO tracers over the South
Atlantic from three burning source regions, including south-
ern Africa (red), South America (blue), and South and South-

east Asia (green) and their comparison with the EmissO3
at 270 and 430 hPa in September and December from 1992
to 2011. The direct downwind transport of emissions from
South America contributes most to the ozone variability from
emissions over this region in September at both levels, and
the effects are most significant in the lower level (∼ 58 %
at 430 hPa). In the upper troposphere, besides the contribu-
tion from South America, the uplift and cross-Equator trans-
port of pollutants from South and Southeast Asia also con-
tributes (> 10 %) to the ozone variation over the South At-
lantic region. The contribution from southern Africa is small
and less than 10 % at both levels. We also note that both
StratO3 and EmissO3 show a minimum in 2009 and a max-
imum in 2010. There was a strong El Niño event in 2009–
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Figure 7. Comparison of the simulated ozone anomalies and the calculated ozone anomalies relying on two predictor variables: StratO3
and EmissO3 at 270 and 430 hPa over the South Atlantic region. Three panels show results from August (left), September (middle), and
December (right) from 1992 to 2011. Unit for y axis is parts per billion (ppb).

Figure 8. The multi-regression results of simulated ozone anomalies over the South Atlantic region relying on two predictor variables:
StratO3 (blue) and EmissO3 (green) at 270 and 430 hPa. Three panels show results from August (left), September (middle), and Decem-
ber (right) from 1992 to 2011. Each panel contains two columns. The left column of each panel compares the anomalies of StratO3 (blue)
and simulated ozone mixing ratio (black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the simulated O3
residual after removing the regression from StratO3 (black line) and EmissO3 (green line) at these two levels. EmissO3 is calculated from
the difference of simulated ozone between the run with yearly-varied emission and the run with constant emission. Unit for y axis is parts
per billion (ppb). The variance explained by each predictor (var), regression coefficient (β), and its 95 % confidence level are labeled in each
panel.
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Figure 9. The standardized anomalies of the tagged CO tracers over the South Atlantic from three burning source regions, including southern
Africa (red), South America (blue), and South and Southeast Asia (green), and their comparison with the EmissO3 (black) at 270 and 430 hPa
in September and December from 1992 to 2011.

2010. Neu et al. (2014) identified the increased stratospheric
circulation in 2010 driven by El Niño–easterly QBO based
on TES data. A few other studies (e.g., Chen et al., 2011;
Lewis et al., 2011) found that combined effects of the 2009–
2010 El Niño and warmer-than-normal Atlantic SST pro-
duced a severe drought over South America and caused ex-
tensive biomass burning emission in the 2010 dry season.
Therefore, the agreements between changes in the StratO3
and EmissO3 over 2009–2010 are at least partly driven by
ENSO. Similar tropospheric ozone anomalies are observed
after the 1997 and 2006 El Niño events. Olsen et al. (2016)
examined the magnitude and spatial distribution of ENSO
effects on tropospheric column ozone using the assimilated
fields and found a statistically significant negative response
of tropospheric column ozone to the Niño 3.4 index over
South Atlantic Ocean.

In December, emissions from South America and southern
Africa do not contribute substantially to the IAV of EmissO3.
Emissions from South and Southeast Asia dominate, ex-
plaining 83 and 77 % variance of EmissO3 IAV at 270 and
430 hPa. The pollutants from South and Southeast Asia have
the stronger influence at the upper troposphere because of
their transport pathway as discussed in Sauvage et al. (2007).
Therefore, the emission contribution of tropospheric ozone
IAV becomes significant at 270 hPa in December.

In summary, over the South Atlantic region, the strato-
spheric input plays a dominant role in the upper troposphere,
with a seasonal maximum in August. At 430 hPa the con-
tribution from emission changes to the IAV of ozone ex-
ceeds that of stratospheric input in September and Decem-

ber. A tagged CO simulation from 1992 to 2011 shows the
direct downwind transport of pollutants from South Amer-
ica is the largest contributor to EmissO3 in September, and
it is strongest near the surface. In December, cross-Equator
transport of South and Southeast Asia pollutants is the most
important source of IAV due to emissions, and the effects are
stronger in the upper troposphere.

3.3.2 South Indian Ocean

Over the South Indian Ocean, the fitted and simulated ozone
anomalies are in excellent agreement (Fig. 10). The ex-
plained proportion of variability in simulated ozone anoma-
lies by StratO3 and EmissO3 is as high as ∼ 88 % in Au-
gust at 270 hPa. We show relative contribution to the IAV
in ozone due to stratospheric input and emission as ob-
tained from multiple linear regression in Fig. 11. In Au-
gust and September, stratospheric input contributes more
than 85 % to ozone IAV at 270 hPa. The stratospheric con-
tribution decreases slightly but is still dominant and signif-
icant at 430 hPa (∼ 49 % in August and 60 % in Septem-
ber). The emission contribution, which is mainly from down-
wind transport of pollutants from South America and south-
ern Africa (Fig. 12), is most important at 430 hPa in Septem-
ber but accounts for only 13 % of ozone IAV. The emis-
sion contribution is smaller in August. In December, both
stratospheric input and surface emission influence the IAV
of ozone. The contribution from stratospheric input exceeds
that from emissions at 270 hPa and becomes slightly weaker
at 430 hPa. Examining the tagged sources simulation shows
that emissions from South and Southeast Asia regions are the
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Figure 10. Comparison of the simulated ozone anomalies and the reconstructed ozone anomalies relying on two predictor variables: StratO3
and EmissO3 at 270 and 430 hPa over the South Indian Ocean region. Three panels show results from August (left), September (middle), and
December (right) from 1992 to 2011. Unit for y axis is parts per billion (ppb).

Figure 11. The multi-regression results of simulated ozone anomalies over the South Indian Ocean region relying on two predictor variables:
StratO3 (blue) and EmissO3 (green) at 270 and 430 hPa. Three panels show results from August (left), September (middle), and Decem-
ber (right) from 1992 to 2011. Each panel contains two columns. The left column of each panel compares the anomalies of StratO3 (blue)
and simulated ozone mixing ratio (black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the simulated O3
residual after removing the regression from StratO3 (black line) and EmissO3 (green line) at these two levels. EmissO3 is calculated from
the difference of simulated ozone between the run with yearly-varied emission and the run with constant emission. Unit for y axis is parts
per billion (ppb). The variance explained by each predictor (var), regression coefficient (β), and its 95 % confidence level are labeled in each
panel.
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Figure 12. The standardized anomalies of the tagged CO tracers over the South Indian Ocean region from three burning source regions,
including southern Africa (red), South America (blue), and South and Southeast Asia (green), and their comparison with the EmissO3
(black) at 270 and 430 hPa in September and December from 1992 to 2011.

largest source of ozone IAV at 270 and 430 hPa in December,
with a stronger influence at the upper troposphere (Fig. 12).

These results show that stratospheric ozone makes a sig-
nificant contribution to the tropospheric ozone variability
over the South Indian Ocean, with the largest influence in the
upper troposphere in austral winter. Emission influence from
nearby pollution in the boundary layer is relatively weak
and only significant in September, 1 month after the south-
ern hemispheric peak-burning season. In the upper tropo-
sphere, the cross-Equator transport of pollutants from South
and Southeast Asia is the major emission source affecting the
ozone variability. The influence peaks in December in the up-
per troposphere and extends to the middle troposphere.

3.3.3 Tropical South Atlantic

In the upper troposphere, lightning produces NOx and pro-
motes the photochemical ozone production (e.g., Pickering
et al., 1993). Murray et al. (2013) shows that the IAV of
tropical tropospheric ozone column is sensitive to the IAV of
lightning over the tropical South Atlantic region. We there-
fore add the lightning NOx as the third variable besides
StratO3 and EmissO3. We test whether the addition of light-
ning NOx improves the regression model significantly. Fig-
ure 13 shows the comparison between simulated and fitted
ozone anomalies without and with lightning NOx . During
the “dry season” months of August and September, when
the subtropical-jet-related STE (Karoly et al., 1998; Bals-
Elsholz et al., 2001; Nakamura and Shimpo, 2004) reaches a
seasonal maximum, the lightning activity reaches a seasonal
minimum over the Southern Hemisphere. The fitted ozone

anomalies based solely on StratO3 and EmissO3 (red) show
high correlations (r = 0.8 in August, r = 0.74 in September)
with those simulated from GMI-CTM at 270 hPa. Agreement
between simulated and fitted ozone does not change in Au-
gust and improves slightly in September by adding light-
ning NOx in regression. In September, the simulated ozone
anomaly shows a minimum (∼−6 ppb) in 2007 and a peak
(∼ 5 ppb) in 2010 at 430 hPa, but the IAV from 2007 to 2010
is almost missing in the fitted ozone anomaly, which indi-
cates that other factors drive the IAV of ozone over the trop-
ical South Atlantic during this period. During the “wet sea-
son” month of December, the lightning activity reaches its
seasonal maximum. Our regression based on StratO3 and
EmissO3 does not capture well the IAV of GMI-CTM simu-
lated ozone at either level. The fitted ozone reproduces many
of the IAV of simulated ozone after including lightning NOx
in the regression, indicating a strong influence from the light-
ning NOx in December.

Figure 14 shows the regression results of relative contribu-
tions of stratospheric input and surface emission on the IAV
of ozone. As discussed above, the tropical South Atlantic is
in the descending branch of the Walker Circulation. There-
fore, even though this region is located in the tropics, the
IAV of stratospheric input still plays a dominant role and ex-
plains ozone variance of 60 % in August and 51 % in Septem-
ber in the upper troposphere. The stratospheric contribution,
associated with radiative descent over this region, drops to
less than 38 % in August and 18 % in September at 430 hPa
but is still significant during these 2 months. Emission influ-
ence is significant at 430 hPa in August but only accounts for
10 % of ozone variation. Emission contribution is not signifi-
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Figure 13. Comparison of the simulated ozone anomalies and the reconstructed ozone anomalies relying on two predictor variables: StratO3
and EmissO3 (red) over the tropical South Atlantic region at 270 and 430 hPa. At 270 hPa, the reconstructed ozone anomalies from three
predictor variables including lightning NOx (blue) are added. Three panels show results from August (left), September (middle), and De-
cember (right) from 1992 to 2011. Unit for y axis is parts per billion (ppb).

Figure 14. The multi-regression results of simulated ozone anomalies over the tropical South Atlantic region relying on StratO3 (blue) and
EmissO3 (green) at 270 and 430 hPa. Three panels show results from August (left), September (middle), and December (right) from 1992
to 2011. Each panel contains two columns. The left column of each panel compares the anomalies of StratO3 (blue) and simulated ozone
mixing ratio (black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the simulated O3 residual after removing
the regression from StratO3 (black line) and EmissO3 (green line) at these two levels. EmissO3 is calculated from the difference of simulated
ozone between the run with yearly-varied emission and the run with constant emission. Unit for y axis is parts per billion (ppb). The variance
explained by each predictor (var), regression coefficient (β), and its 95 % confidence level are labeled in each panel.
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cant at either level in September. Examination of the simula-
tion shows that emission contribution is limited even at lower
levels; the emission contribution becomes significant and ex-
plains ∼ 30 % variance of ozone at ∼ 700 hPa (not shown).
In December, neither stratospheric input nor emission con-
tributes much to the IAV of ozone.

In the model, the lightning emissions take place in connec-
tion with deep convective events (Allen et al., 2010). An in-
crease in deep convection produces more upper tropospheric
NOx from lightning, which results in more ozone production.
On the other hand, deep convection affects the upper tropo-
spheric ozone budget through its direct transport of surface
air. In December, biomass burning in the Southern Hemi-
sphere is at its seasonal minimum. Air over the tropical South
Atlantic is relatively clean with low CO (Liu et al., 2010).
Deep convection over a clean region reduces upper tropo-
spheric ozone by mixing up ozone-poor air from near the
surface. This effect could be opposite if deep convection hap-
pens over a polluted region with relatively high ozone and
its precursors (Lawrence et al., 2003; Ziemke et al., 2015).
Use of the correlation to identify influence from the light-
ning NOx does not separate the two outcomes of IAV in con-
vection; thus the sign of the correlation between variations
in lightning NOx and upper tropospheric ozone can be posi-
tive or negative. The correlation is positive if the contribution
from lightning NOx exceeds the contribution from convec-
tive transport or if transport of polluted air increases ozone.
The correlation is negative if transport of clean air over-
whelms ozone production from lightning NOx . Figure 15
compares the model residual after removing the contributions
from StratO3 and EmissO3 with the lightning NOx at 270 hPa
in September and December. In September the IAV of light-
ning plays a minor but significant role in the IAV of ozone in
the upper troposphere. In December, the changes in lightning
NOx have a significant impact on the ozone IAV, but show a
negative regression (β3 =−1.29), which indicates that the
transport and mixing of clean surface air exceeds ozone pro-
duction from lightning NOx emissions with a net negative
impact of IAV in convection.

3.3.4 Tropical southeastern Pacific

Figures 16, 17, and 18 show the similar comparisons but
over the tropical southeastern Pacific region. The fitted ozone
anomalies show moderate but still significant correlations
with those simulated from GMI-CTM in August and Septem-
ber. In December, the fitted ozone IAV agrees very well
with the GMI-CTM simulated ozone IAV at 270 hPa. At
430 hPa the agreement collapses and the fitted ozone does not
show strong IAV as seen in the GMI-CTM-simulated ozone
(Fig. 16). Figure 17 shows that IAV in stratospheric input
significantly affects the ozone IAV during these 3 months,
explaining 28–40 % of the variance of simulated ozone at
270 hPa. Emission contribution is quite small in August and
September, but is significant and explains 17 % of simulated

Figure 15. The comparison between regression of lightning NOx
(magenta) and the ozone residual after removing the regression of
StratO3 and EmissO3 (black) at 270 hPa in September (left) and
December (right) over the tropical South Atlantic region. The in-
creased variance explained by the regression by adding lightning
NOx (var), regression coefficient (β), and its 95 % confidence level
are labeled in each panel.

ozone IAV in December at 270 hPa. The tagged CO simu-
lations show that the tropical southeastern Pacific region is
influenced by nearby pollutants from South America, and
also by the cross-Equator transport of pollutants from South
and Southeast Asia (Fig. 18). Previous studies (e.g., Chan-
dra et al., 1998, 2002, 2009; Sudo and Takahashi, 2001;
Ziemke and Chandra, 2003; Doherty et al., 2006; Oman et
al., 2011) show that ENSO has its strongest impact in the
tropical Pacific basin. In August, the inter-tropical conver-
gence zone is located at its northernmost location north of
the Equator. A radiative sinking motion still dominates over
the tropical southeastern Pacific in the middle–upper tropo-
sphere (Liu et al., 2010). Therefore, the emission contribu-
tion from South America is quite small at 430 and 270 hPa,
as shown in Fig. 17. During an El Niño year, warmer SST
with increased convection and large-scale upwelling begin in
August, inhibiting the radiative sinking motion and resulting
in an ozone decrease in the middle-upper troposphere over
this region. Our comparison shows strong negative correla-
tion in August between IAV of middle–upper tropospheric
ozone anomalies over this region and Niño 3.4 index during
the past 20 years (Fig. 19).

4 Summary and discussion

Both model simulations and GEOS-5 assimilated ozone
product derived from OMI/MLS show a tropospheric ozone
column maximum centered over the South Atlantic from the
Equator to 30◦ S. This ozone maximum extends westward
to South America and the eastern equatorial Pacific; it ex-
tends southeastward to southern Africa and the South Indian
Ocean. In this study, we use hindcast simulations from the
GMI-CTM, driven by assimilated MERRA meteorological
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Figure 16. Comparison of the simulated ozone anomalies and the reconstructed ozone anomalies relying on two predictor variables: StratO3
and EmissO3 at 270 and 430 hPa over the tropical southeastern Pacific. Three panels show results from August (left), September (middle),
and December (right) from 1992 to 2011. Unit for y axis is parts per billion (ppb).

Figure 17. The multi-regression results of simulated ozone anomalies over the tropical southeastern Pacific region relying on two predictor
variables: StratO3 (blue) and EmissO3 (green) at 270 and 430 hPa. Three panels show results from August (left), September (middle), and
December (right) from 1992 to 2011. Each panel contains two columns. The left column of each panel compares the anomalies of StratO3
(blue) and simulated ozone mixing ratio (black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the simulated
O3 residual after removing the regression from StratO3 (black line) and EmissO3 (green line) at these two levels. EmissO3 is calculated from
the difference of simulated ozone between the run with yearly-varied emission and the run with constant emission. Unit for y axis is parts
per billion (ppb). The variance explained by each predictor (var), regression coefficient (β), and its 95 % confidence level are labeled in each
panel.
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Figure 18. The standardized anomalies of the tagged CO tracers over the tropical southeastern Pacific region from three burning regions,
including southern Africa (red), South America (blue), and South and Southeast Asia (green), and their comparison with the EmissO3 (black)
at 270 and 430 hPa in September and December from 1992 to 2011.

Figure 19. Comparison of IAV of ozone anomalies over the tropical
southeastern Pacific region at 270 hPa (blue) and 430 hPa (red) with
Niño 3.4 index in August from 1992 to 2011. The 2nd y axis for the
ENSO anomaly is reversed.

fields, to interpret and quantify the relative importance of
the stratospheric input and surface emission to the interan-
nual variations of tropospheric ozone over four sub-regions
of the SHTOM from 1992 to 2011. Over the SHTOM region,
IAV in the stratospheric contribution is found to be the most
important factor driving the IAV of ozone, especially over
the upper troposphere, where O3 changes have strong radia-
tive effects (Lacis et al., 1990). The IAV of the stratospheric
contribution explains a large portion of variance in the tro-
pospheric ozone, especially during the austral winter season,
even over two selected tropical regions. The strong influence

of emission on ozone IAV is largely confined to the South
Atlantic region in September.

Although the SHTOM looks like a continuous feature in
the Southern Hemisphere, our study shows that the relative
importance between stratospheric input and surface emis-
sions changes over different sub-regions at different alti-
tudes. Over the two extra-tropical regions, the IAV of strato-
spheric contribution explains at least 50 % of variance of
the tropospheric ozone during its winter season. The IAV of
ozone over the South Indian Ocean is dominantly driven by
the IAV of stratospheric ozone contribution with little or no
influence from surface emissions at 270 and 430 hPa. Over
the South Atlantic region, besides the stratospheric ozone in-
put, the IAV of surface emissions from South America and
southern Africa also play a big role in the IAV of ozone,
especially in the lower levels. The influence from emission
exceeds that from the stratospheric contribution on the ozone
variability in September at 430 hPa. In December, the emis-
sion influence, mainly from remote transport of pollutants
from South and Southeast Asia, is significant and stays high
in the upper troposphere.

Compared to the extra-tropical regions, the influence from
stratospheric input is smaller but still significant in two tropi-
cal regions at both 270 and 430 hPa in August and September.
Over the tropical South Atlantic region, the IAV of strato-
spheric input plays a dominant role and explains the ozone
IAV of 60 % in August and 51 % in September at 270 hPa.
The stratospheric contribution is still significant at 430 hPa,
but drops to less than half of that at 270 hPa. Emission con-
tributions are not significant at these two levels, even dur-
ing September. Our model shows that the IAV of ozone is
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partially driven by the IAV of lightning in September. In
December, the changes in lightning NOx have a significant
impact on the ozone IAV, but show a negative correlation,
which indicates that the transport and mixing of clean sur-
face air exceeds ozone production from lightning NOx emis-
sions with a net negative impact of IAV in convection. Over
the tropical southeastern Pacific, IAV in stratospheric input
significantly affects the ozone IAV during these 3 months,
explaining 28–40 % of the variance of simulated ozone at
270 hPa. Emissions have little or no influence in August and
September at 270 and 430 hPa, but are significant in Decem-
ber at 270 hPa, explaining 17 % of simulated ozone IAV. A
further comparison of ozone and the ENSO index shows that
ENSO, which affects the tropical convection and large-scale
upwelling, shows a strong negative correlation with the IAV
of tropospheric ozone over this region. Therefore, the model
simulations and/or predictions with different convective pa-
rameterizations exhibit large uncertainties over this region, as
observed in Stevenson et al. (2006) and Young et al. (2013).

In this study, our regional analysis based on the GMI-CTM
model provides valuable conclusions on drivers of interan-
nual variability over different sub-regions of the SHTOM and
how they vary with the altitude. The quantification of their
relative contributions on interannual timescales enhances our
understanding of the IAV and, potentially, long-term trends
in the tropospheric ozone, as well as their effects on the ra-
diative forcing of climate.
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