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Abstract. 13 

We examine the relative contribution of processes controlling the interannual variability 14 

(IAV) of tropospheric ozone over four sub-regions of the southern hemispheric 15 

tropospheric ozone maximum (SHTOM) over a twenty-year period. Our study is based 16 

on hindcast simulations from the National Aeronautics and Space Administration Global 17 

Modeling Initiative – Chemistry transport model (NASA GMI-CTM) of tropospheric and 18 

stratospheric chemistry, driven by assimilated Modern Era Retrospective-Analysis for 19 

Research and Applications (MERRA) meteorological fields. Our analysis shows that over 20 

SHTOM region, the IAV of the stratospheric contribution is the most important factor 21 

driving the IAV of upper tropospheric ozone (270 hPa), where ozone has a strong 22 

radiative effect. Over the south Atlantic region, the contribution from surface emissions 23 

to the IAV of ozone exceeds that from stratospheric input at and below 430 hPa. Over the 24 

south Indian Ocean, the IAV of stratospheric ozone makes the largest contribution to the 25 

IAV of ozone with little or no influence from surface emissions at 270 hPa and 430 hPa 26 

in austral winter. Over the tropical south Atlantic region, the contribution from IAV of 27 

stratospheric input dominates in austral winter at 270 hPa and drops to less than half but 28 

is still significant at 430 hPa. Emission contributions are not significant at these two 29 

levels, even during September. The IAV of lightning over this region also contributes to 30 

the IAV of ozone in September and December. Over the tropical southeastern Pacific, the 31 

contribution of the IAV of stratospheric input is significant at 270 hPa and 430 hPa in 32 

austral winter, and emissions have little influence.  33 

1 Introduction  34 

Tropospheric ozone plays a critical role in controlling the oxidative capacity of the 35 

troposphere through its photolysis in the presence of water vapor, generating hydroxyl 36 

radical (OH), the main atmospheric oxidant (e.g., Logan et al., 1981). It contributes to 37 

smog and is harmful to human and ecosystem health near the surface. It acts as a 38 

greenhouse gas in the upper troposphere (Lacis et al., 1990) and affects the radiative 39 

forcing of the climate system. Tropospheric ozone is produced by photochemical 40 

oxidation of CO and volatile organic compounds (VOCs) in the presence of nitrogen 41 
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oxides (NOX) (e.g., Logan et al., 1981). Downward transport of ozone from the 42 

stratosphere is also an important source of tropospheric ozone (e.g., Danielsen, 1968; 43 

Stohl et al., 2003).  Deep convection and long-range transport of ozone and its precursors 44 

also modulate the tropospheric O3 distributions (e.g., Chandra et al., 2009; Oman et al., 45 

2011).  46 

Our study is motivated by the existence of tropospheric ozone maximum over tropical 47 

and subtropical southern hemisphere as seen both in model simulations and GMAO 48 

assimilated ozone product derived from OMI/MLS satellite measurements (Figure 1). 49 

Although in the southern hemisphere tropospheric air is relatively “clean” and less 50 

polluted compared with the Northern Hemisphere, this tropospheric ozone column 51 

maximum reaches as high as 35DU and is comparable to the typical northern mid-latitude 52 

values of 30DU. The elevated tropospheric ozone column is centered over the south 53 

Atlantic from the equator to 30°S, and is part of the well-known tropical wave-one 54 

pattern first noted in observations made by the Nimbus 7 Total Ozone Mapping 55 

Spectrometer (TOMS) (e.g., Fishman et al., 1990; Ziemke et al., 1996). This ozone 56 

maximum extends westward to South America and the tropical southeastern Pacific, 57 

southeastward to southern Africa, south Indian Ocean along the latitude band of 30°S-58 

45°S, and is a dominant global feature (Thompson et al., 2003; Sauvage et al., 2007). 59 

This elevated ozone region exists year-around, with a seasonal maximum in August - 60 

October, and a seasonal minimum in April - May.  61 

This study provides an examination of the relative contributions of the factors that control 62 

the interannual variations of the southern hemisphere tropospheric ozone maximum over 63 

a twenty-year period. Prior studies have examined the processes that produce the 64 

southern hemisphere tropospheric ozone maximum (SHTOM), but consider only short 65 

periods or are limited in spatial scale. These studies concluded that horizontal and vertical 66 

transport of ozone precursors from regions of biomass burning (e.g., Jacob et al., 1996; 67 

Pickering et al., 1996; Thompson et al., 1996; Jenkins and Ryu, 2004a; Sauvage et al., 68 

2006; Jourdain et al., 2007; Thouret et al., 2009), lightning NOx (Martin et al., 2002;  69 

Jenkins and Ryu, 2004b; Kim et al., 2013; Tocquer et al., 2015) and stratospheric 70 

intrusions (Weller et al., 1996) all contribute to this tropospheric ozone column 71 

maximum. However, changes of the relative contributions of these factors to tropospheric 72 
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ozone on inter-annual time scale over this region have not been examined in detail. 73 

Studies considering tropospheric ozone interannual variability have not focused on the 74 

SHTOM region. Zeng et al. (2005)  used a combined climate/chemistry model to evaluate 75 

the ENSO effects on the interannual variability of tropospheric ozone. Their study 76 

concludes that STE variation induced by ENSO is one important factor driving the IAV 77 

of the global mean of tropospheric ozone. Vouldgarakis et al. (2010) examined the 78 

drivers of interannual variability of the global tropospheric ozone using the p-TOMCAT 79 

tropospheric chemistry transport model (CTM). Their study shows that changing 80 

transport including the STE is important in determining the IAV of tropospheric ozone. 81 

The influence of emissions is confined to areas of intense burning on the interannual 82 

timescale. Murray et al. (2013) examined the effects of lightning on the IAV in the 83 

tropical tropospheric ozone column based on the GEOS-Chem CTM with IAV in tropical 84 

lightning constrained by satellite observations from Lightning Imaging Sensors (LIS). 85 

Their study finds that lightning plays an important role in driving the IAV of tropical 86 

tropospheric ozone column, especially over East Africa, central Brazil, and in continental 87 

outflow in the eastern Pacific and the Atlantic, but their model does not reproduce the 88 

IAV in TCO except in East Africa and central Brazil. Liu et al. (2016) analyzed 89 

simulations from a global chemistry and transport model to show that the IAV in the 90 

stratospheric contribution significantly affects the IAV of upper tropospheric ozone at the 91 

SHADOZ station over Reunion (21°S). In this study, we focus on the SHTOM region 92 

and quantify the relative contributions of several factors to the tropospheric ozone 93 

interannual variability during the past twenty years. We examine the horizontal and 94 

vertical variations of these contributions by separating the SHTOM into four subregions 95 

and comparing their IAVs at two selected levels (270 hPa and 430 hPa). This analysis 96 

distinguishes between anthropogenic and natural sources on the IAV of the tropospheric 97 

ozone and their contributions to the radiative forcing changes.  98 

In this study, we use a global chemistry transport model to identify the processes 99 

impacting observed interannual variability of the tropospheric ozone column maximum in 100 

southern hemisphere. We examine the model sensitivity of tropospheric ozone to 101 

different ozone sources through the use of multiple linear regression. We include 102 

stratospheric input and emissions as two major predictor variables in our regression. In 103 
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our GMI-CTM, the global total of NOX from lightning is fixed at 5.0 TgN/yr. The 104 

regional NOX emission from lightning is coupled to the deep convective transport and 105 

mixing in the model varies from year to year. We include the lightning NOX as the third 106 

factor in our regression model over the tropical south Atlantic region, where ozone is 107 

sensitive to the IAV of lightning NOX as found in Murray et al (2013). In our multiple 108 

linear regression, a regression coefficient that is significantly different from zero at the 109 

95% confidence level implies that the corresponding process contributes significantly to 110 

the variation of simulated ozone. We thereby quantify their relative contributions to the 111 

interannual variability of tropospheric ozone. Our study focuses on austral winter season 112 

when the subtropical jet related stratosphere - troposphere exchange reaches the seasonal 113 

maximum (Karoly et al., 1998; Bals-Elsholz et al., 2001; Nakamura and Shimpo, 2004).  114 

Southern hemisphere biomass burning (e.g., Liu et al., 2010; 2013) also reaches the 115 

maximum during this season.  116 

Section 2 briefly describes the model and simulations, including the standard chemistry 117 

simulation, the stratospheric O3 tracer simulation, and the tagged CO simulation. It also 118 

describes GEOS-5 ozone assimilation, as the assimilated fields are used to evaluate 119 

model performance over the southern hemisphere extra-tropics and tropics as discussed 120 

in the first part of section 3. The second part of section 3 presents a diagnostic study of 121 

controlling factors, including stratosphere input, surface emissions and lightning, on the 122 

tropospheric ozone IAV relying on a series of hindcast simulations from 1992 to 2011. 123 

Section 4 is a summary and conclusion.  124 

2 Model and Data 125 

2.1 Model 126 

We used the Global Modeling Initiative chemical transport model (GMI-CTM) (Duncan 127 

et al., 2007; Strahan et al., 2007), driven by MERRA reanalysis meteorology (Rienecker 128 

et al., 2011, http:// gmao.gsfc.nasa.gov/research/merra/). The native resolution of the 129 

MERRA field is 0.67°  ×  0.5° with 72 vertical levels; we regrid it to 2°x2.5° for input to 130 

the GMI-CTM simulations in this study.  131 
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The chemical mechanism used in GMI-CTM represents stratospheric and tropospheric 132 

chemistry with offline aerosols input from GOCART model simulations (Chin et al., 133 

2002). The GMI-CTM hindcast simulation has been used and compared to observations 134 

in many recent studies. Strahan et al. (2013) showed excellent agreement between 135 

simulated and MLS ozone profiles in the Arctic lower stratosphere and. Liu et al. (2016) 136 

shows the GMI-CTM hindcast and ozonesonde agree very well on the annual cycles and 137 

IAV over Reunion from lower troposphere to the upper troposphere. Strode et al. (2015) 138 

shows that the GMI-CTM hindcast reproduces the seasonal cycle and IAV of observed 139 

surface ozone over United States from Environmental Protection Agency (EPA)’s Clean 140 

Air Status and Trends Network (CASTNET).   141 

The sources of emissions in the GMI-CTM standard simulation are summarized in the 142 

recent study of Strode et al. (2015). Besides the standard simulation, we also carry out a 143 

control run with constant emissions fixed at the year 2000 levels to quantify effects of 144 

emission IAV on ozone IAV.    145 

The lightning parameterization in the model follows the scheme described by Allen et al 146 

(2010) and the emissions of lightning NOx are calculated online. The global total of NOx 147 

from lightning is fixed every year but varies spatially.   148 

Methane mixing ratios are specified in the two lowest model levels, using time dependent 149 

zonal means from National Oceanic and Atmospheric Administration / Global 150 

Monitoring Division (NOAA/GMD). Other long-lived source gases important in the 151 

stratosphere, such as N2O, CFCs, halocarbons are prescribed at the two lowest model 152 

levels following the A2 scenario by (WMO, 2014). Stratospheric aerosol 153 

distributions/trends are from International Global Atmospheric Chemistry/Stratospheric 154 

Processes And their Role in Climate (IGAC/SPARC) and have IAV (Eyring et al., 2013).  155 

The model includes a stratospheric O3 tracer (StratO3). The StratO3 is defined relative to a 156 

dynamically varying tropopause tracer (e90) (Prather et al., 2011). This artificial tracer is 157 

set to a uniform mixing ratio (100 ppb) at the surface with 90 days e-folding lifetime. In 158 

our simulation, the e90 tropopause value is 90 ppb. The StratO3 tracer is set equal to O3 in 159 

the stratosphere and is removed in the troposphere with the same loss frequency 160 

(chemistry and deposition) archived from daily output of the standard chemistry model 161 

simulation with yearly-varied emission in this study. Using the StratO3 tracer allows 162 
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quantification of O3 of stratospheric origin in the troposphere at a given location and 163 

time. This approach has also been adopted in the high resolution GFDL AM3 model (Lin 164 

et al., 2012).  165 

In this study, we also conducted a tagged CO simulation to examine the emission sources 166 

during the same period as the full chemistry simulation. The tagged CO simulation has 167 

horizontal resolution of 1°x1.25°. The primary chemical loss of CO is through reactions 168 

with OH radicals, which are archived from the respective standard chemistry simulation 169 

with yearly-varied emissions. The chemical production and loss rates of CO in the 170 

stratosphere were archived from the respective standard chemistry simulations.  171 

2.2 GMAO GEOS-5 Ozone Assimilation  172 

We used assimilated tropospheric ozone to evaluate model performance. This assimilated 173 

dataset is produced by ingesting OMI v8.5 total column ozone and MLS v3.3 ozone 174 

profiles into a version of the Goddard Earth Observing System, Version 5 (GEOS-5) data 175 

assimilation system (Rienecker et al., 2011). No ozonesonde data are used in the 176 

assimilation. Wargan et al. (2015) provides details of the GEOS-5.7.2 assimilation 177 

system, which for this application is produced with 2° x 2.5° horizontal resolution and 178 

with 72 vertical layers between the surface and 0.01  hPa. For the troposphere, the 179 

assimilation only applies a dry deposition mechanism at the surface without any chemical 180 

production or loss. This algorithm works since the ozone lifetime is much longer than the 181 

six-hour analysis time on which the background field is corrected by observations. 182 

Ziemke et al. (2014) evaluated the tropospheric ozone profiles derived from three 183 

strategies based on OMI and MLS measurements, including this GEOS-5 assimilation, 184 

trajectory mapping and direct profile retrieval using residual method, with ozonesonde 185 

observations and GMI model simulations. They show that the ozone product (500 hPa to 186 

tropopause) from the GEOS-5 assimilation is the most realistic. Wargan et al. (2015) also 187 

demonstrate that the ozone between 500 hPa and the tropopause from GEOS-5 188 

assimilation is in good agreement with independent observations from ozonesondes. The 189 

assimilation applies the OMI averaging kernels in the troposphere, but the weight of OMI 190 

kernels decreases sharply below 500 hPa (Personal communication with K. Wargan). 191 

Considering that in the lower troposphere there is no direct observational constraint in 192 
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the analysis, we use ozone mixing ratio at 270 hPa and 430 hPa as well as partial column 193 

ozone integrated from 500 hPa to the tropopause from GEOS-5 assimilation as a 194 

reference value to evaluate our GMI model simulation. To compare the GEOS-5 195 

assimilated tropospheric partial column above 500 hPa with GMI-CTM ozone 196 

simulation, we use the same tropopause as defined by the lower of the 3.5 potential 197 

vorticity units (PVU) isosurface and the 380 K isentropic surface.  198 

3 Results  199 

3.1 Temporal and spatial distribution of SHTOM in GMI-CTM and GMAO GEOS-200 

5 assimilated ozone product 201 

Figure 1 shows the spatial pattern of southern hemispheric partial column ozone (from 202 

500 hPa to the tropopause) in four seasons averaged over 2005 to 2011 from the GMAO 203 

GEOS-5 assimilated dataset and the GMI-CTM hindcast simulations. To account for a 204 

low bias in the GEOS-5 ozone product (Wargan et al., 2015), we added 2.5 DU to the 205 

assimilated column in the tropics (0-30°S). The GMI-CTM simulation reproduces the 206 

seasonality and spatial distribution of southern hemispheric ozone maximum as shown in 207 

GEOS-5 assimilated product with a) the elevated ozone centered over the Atlantic Ocean 208 

from the equator to 40°S; b) the ozone maximum extending southeastward to southern 209 

Africa and the Indian Ocean in the latitude band of 30°S-45°S; c) the relatively weaker 210 

enhancement extending westward to South America and the tropical southeastern Pacific. 211 

The elevated ozone maximum is strongest in austral winter-spring and weakest in austral 212 

fall. Both GMI-CTM and GEOS-5 assimilation show the very low tropospheric ozone 213 

over the western Pacific and the tropical eastern Indian Ocean, where the ozone - poor 214 

marine boundary layer air is lifted into the upper troposphere (Folkins et al., 2002; 215 

Solomon et al., 2005).  216 

3.2 Subregions of SHTOM  217 

The tropospheric ozone distribution depends on the advection and mixing, their proximity 218 

to the polluted area, and descent of ozone-rich air from the stratosphere. We show in 219 

Figure 2 the maps of simulated O3 and StratO3/O3 at 430 hPa averaged over 1992 to 2011 220 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-692, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 10 October 2016
c© Author(s) 2016. CC-BY 3.0 License.



9 of 46 

in September, when the southern hemisphere biomass burning peaks. The StratO3/O3 ratio 221 

represents fraction of tropospheric ozone from stratosphere and is used to identify the 222 

regions with distinct stratospheric input. Differences in the spatial patterns of the 223 

maximum/minimum in ozone mixing ratio and StratO3/O3 ratio identifies regions where 224 

ozone is affected by factors other than the stratospheric input.  225 

The region with minimum stratospheric ozone contribution occurs along the equator. It 226 

extends southward to approximately 10°S over South America and further south to 227 

approximately 15°S over the Indian Ocean and the Maritime Continents. In the tropics, 228 

the southward extension of regions with minimum stratospheric ozone contribution 229 

shows strong meridional variation that is closely related to the Walker Circulation. In this 230 

tropical meridional circulation air rises over the Maritime Continents (together with deep 231 

convection) and descends over the eastern Pacific (Bjerknes, 1969). Similar meridional 232 

circulation is found over the Atlantic with rising due to radiative heating over tropical 233 

Africa and South America and sinking due to radiative cooling over the tropical Atlantic 234 

(Julian and Chervin, 1978). The longitudinal variation of ozone at 430 hPa in the tropics 235 

is in agreement with the changes of StratO3/O3, showing ozone minimum over South 236 

America, tropical Africa and Maritime Continents. Within the Atlantic, despite of the 237 

smaller stratospheric contribution, the tropics have higher ozone mixing ratio (>80 ppb) 238 

than the subtropics at 430 hPa, and other sources must also contribute to the ozone 239 

maximum over tropical south Atlantic. Ozone over the tropical southeastern Pacific is 240 

also slightly elevated. The maximum stratospheric influence is found over the Southern 241 

Ocean centered on 30°S, co-located with the tropospheric O3 maximum over these 242 

regions. Both ozone and StratO3/O3 over the subtropics show strong longitudinal 243 

variations, with the co-located maxima over the south Indian Ocean. The ozone minimum 244 

at 430 hPa at 30°S occurs over the eastern Pacific region, while the minimum 245 

contribution of the stratospheric input is over the south Atlantic region. Given the spatial 246 

variations of the maximum/minimum in StratO3/O3 ratio and ozone mixing ratio, we 247 

separate the southern hemispheric ozone maximum into four sub-regions: 1) Tropical 248 

southeastern Pacific (0-20°S, 150°W-60°W); 2) Tropical South Atlantic (0-15°S, 60°W-249 

40°E); 3) Subtropical South Atlantic (15°S-45°S, 60°W-40°E); 4) Subtropical South 250 

Indian Ocean (15°S-45°S, 40°E-150°E). We examine and quantify the relative roles of 251 
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dynamics and chemistry on the IAV of tropospheric ozone variations over these selected 252 

regions during the past twenty years.  253 

Figure 3 compares the anomalies of modeled and assimilated tropospheric ozone mixing 254 

ratio at 270 hPa and 430 hPa as well as the anomalies of corresponding upper 255 

tropospheric ozone columns (UTOC, integrated from 500 hPa to the tropopause) over 256 

two tropical sub-regions (tropical south Atlantic and tropical southeastern Pacific) from 257 

2005 to 2011. The anomalies are calculated by removing the monthly mean averaged 258 

from 2005 to 2011. The short time scale variations in the model simulation tend to be 259 

greater compared to that in the assimilated ozone products, especially over the tropical 260 

south Atlantic region. But in general, the GMI-CTM hindcast simulation captures the 261 

assimilated IAV of the tropospheric ozone at these two levels as well as for the UTOC. 262 

Over the tropical south Atlantic, the modeled IAV agrees with the phase changes of 263 

assimilated ozone IAV but the simulation overestimates the assimilated ozone maximum 264 

in 2010 and underestimates the assimilated minima in 2007 and 2011 at both levels. Over 265 

the tropical southeastern Pacific, the IAV is influenced by ENSO relate changes in 266 

dynamics (e.g., Ziemke et al., 2010; Oman et al., 2013; 2011). The simulation matches 267 

much of the assimilated IAV, showing high ozone anomalies after 2005, 2010 La Nina 268 

year and negative ozone anomalies after strong El Niño year in 2009. However, during 269 

October 2006 to January 2007, the simulation shows a pronounced ozone peak, especially 270 

at 270 hPa, which is not seen in the assimilated ozone. Logan et al. (2008) examined 271 

interannual variations of tropospheric ozone profiles in October-December between 2005 272 

and 2006 based on the satellite observations from Tropospheric Emission Spectrometer 273 

(TES). The TES data agrees with what we found in the GMI-CTM model simulation, 274 

showing ozone enhancement over the tropical southeastern Pacific (150°W-60°W, 0-275 

12°S) region in November 2006 relative to 2005 (~5-10 ppb at 250 hPa and 0-5 ppb at 276 

400 hPa, Figure 3 of Logan et al., 2008). The agreement between TES and GMI-CTM 277 

indicates a possible low bias of GMAO assimilated ozone during late 2006, as a result of 278 

the lack of emissions in the assimilation (Wargan et al., 2015).  279 

Figure 4 shows the similar comparison as Figure 3, but over the two subtropical regions. 280 

Over the South Atlantic region, the assimilated ozone has similar but stronger IAV than 281 

that over the tropical southeastern Pacific region, showing the largest ozone year-by-year 282 
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variation (~20ppb at 270 hPa) from October 2009 to October 2010, and the GMI-CTM 283 

simulation reproduces this variation quite well. Over the South Indian region, the 284 

assimilated ozone has weaker IAV than over other regions. Our model reproduces most 285 

of the variations in magnitude and phase, but shows anti-phase variations in late 286 

2006/early 2007, which substantially affected the calculated correlation coefficients 287 

between model and assimilated ozone. The simulated upper tropospheric ozone column 288 

reproduces well the IAV in the assimilated ozone column except for the late 2006. In 289 

general, agreement between the simulated and assimilated results confirms the suitability 290 

of the model for investigations of the controlling factors on the tropospheric ozone IAV 291 

over these regions. 292 

The left column of Figure 5 presents the monthly profiles of correlation coefficients 293 

between the simulated ozone and StratO3 over the four sub-regions. Strong positive 294 

correlations between StratO3 and O3 are observed in most seasons in the upper 295 

troposphere even over two tropical regions. Stratospheric influence plays a big role 296 

during austral winter-spring and reaches its seasonal maximum in August, when the 297 

subtropical jet system is strongest and moves to its northern-most location. Over the two 298 

subtropical regions, the strong stratospheric influence persists throughout the whole 299 

troposphere  (r > 0.8 at 700 hPa) in August. Over tropical south Atlantic region, the 300 

strong stratospheric influence is limited to the upper troposphere in austral winter-spring 301 

and decreases sharply with decreasing altitude. Over the tropical southeastern Pacific, the 302 

strong stratospheric influence persists year-long at the upper troposphere and reaches as 303 

low as ~400 hPa except for December.  304 

The right column of Figure 5 shows the seasonal profiles of correlation coefficients 305 

between ozone and ozone from emissions (emissO3). The emissO3 is the difference 306 

between the simulations with varied and constant emission. Over the two subtropical 307 

regions, there are two seasonal maxima in the correlations between ozone and emissO3. 308 

The first occurs in September at the lower troposphere and decreases with increasing 309 

altitude, the second is in December/January showing opposite vertical gradient with 310 

stronger correlations in the upper and middle troposphere. Over the tropical southeastern 311 

Pacific region, the influence from emissions shows a similar double-peak pattern, but 312 

with the first maximum localized at the surface and the second peak localized in the 313 
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upper troposphere. Over the tropical south Atlantic, the influence of emissions is very 314 

small. South America and southern Africa are two major nearby burning regions. 315 

Emissions over South America have much larger IAV than those over southern Africa, 316 

although Africa emission is larger in absolute terms (Sauvage et al., 2007; Liu et al., 317 

2010; Voulgarakis et al., 2015). Sauvage et al (2007) argued that emissions over the 318 

eastern regions (India, South-East Asia, Australia) could be transported southward in the 319 

upper troposphere through the Tropical Easterly Jet and affect ozone over Africa, the 320 

Atlantic and Indian Ocean (Hoskins and Rodwell, 1995; Rodwell and Hoskins, 2001). 321 

Meanwhile, emissions over the eastern region also show large IAV (Voulgarakis et al., 322 

2015). Therefore, the interannual emission changes in South America (0-20°S, 72.5°W-323 

37.5°W), southern Africa (5°S-20°S, 12°E-38°E) and the eastern region (70°E-125°E, 324 

10°S-40°N) may all affect the IAV of ozone due to emission changes in the southern 325 

hemisphere. In this study, we rely on tagged CO simulation to quantify the influence of 326 

biomass burning emissions from these three burning regions during months when 327 

emission IAV contributes significantly to the IAV of ozone. 328 

In the next section, we choose August (the seasonal maximum of stratospheric input into 329 

the lower troposphere), September and December (the seasonal maximum of emission 330 

contribution) as three example months to examine the relative roles of different factors on 331 

IAV of tropospheric ozone over these regions.  332 

3.3 Factors controlling IAV in ozone in the middle and upper troposphere  333 

3.3.1 South Atlantic Region  334 

Figure 6 shows the multiple regression results over the South Atlantic region. It compares 335 

the simulated ozone anomalies to that calculated from two regression variables: StratO3 336 

and EmissO3 at 270 hPa and 430 hPa in August, September and December. The fitted 337 

ozone anomalies in generally reproduce the IAV obtained from the GMI-CTM 338 

simulation. The explained proportion of variability in simulated ozone anomalies by 339 

StratO3 and EmissO3 is mostly above 50% and reaches as high as ~ 76% in December, at 340 

270 hPa, which demonstrates that StratO3 and EmissO3 are sufficient to explain the IAV 341 

of tropospheric ozone over the south Atlantic region. In August at 430 hPa, the fitted 342 
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ozone anomalies have a slightly weaker correlation with the simulated ozone and show 343 

less IAV compared to the ozone anomalies in GMI-CTM.  344 

Figure 7 exhibits regression results in a way that highlights the relative contributions of 345 

the IAV of stratospheric input and emission on the IAV of ozone over South Atlantic. 346 

The three panels represent results from August, September and December from 1992 to 347 

2011. Each panel has two columns, which illustrate the respective contribution from 348 

changes in StratO3 and EmissO3 on the IAV of ozone mixing ratio. The left column of 349 

each panel compares the anomalies of StratO3 (blue) and simulated ozone mixing ratio 350 

(black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the 351 

simulated O3 residual after removing the regression from StratO3 (black line) and 352 

EmissO3 (green line) at these two levels. The regression coefficient (β) and its 95% 353 

confidence level are labeled in each panel and help us to determine whether the 354 

corresponding contribution is significant to explain the variation of simulated ozone. As 355 

discussed before, EmissO3 reflects the effects from surface emission changes on ozone 356 

variations at interannual time scale. The stratospheric input reaches its seasonal 357 

maximum in August, during which the stratospheric contribution is significant 358 

throughout the troposphere, explaining about 70% of the simulated ozone variance at 270 359 

hPa and 41% at 430 hPa. The contributions from emission changes are very small and 360 

insignificant at these two levels in August. In September, the IAV of stratospheric input 361 

explains about 53% of the IAV in ozone at 270 hPa. The contribution decreases but is 362 

still significant at 430 hPa. The IAV of surface emissions contributes substantially to the 363 

IAV of ozone in September. The influence of emissions exceeds that of the stratosphere 364 

and explains about 50% of IAV in ozone at 430hPa. In December, the contributions from 365 

stratospheric input on the IAV of ozone are dominant (~60%) at 270 hPa but insignificant 366 

at 430 hPa. Emission influence is significant at both levels. However, unlike that of 367 

September, the influence of emissions on IAV of tropospheric ozone is great at 270 hPa 368 

(~40%) than at 430 hPa (~36%). We quantify emission contributions from three burning 369 

regions using a tagged CO simulation. Figure 8 shows standardized anomalies of the 370 

tagged CO tracers over South Atlantic from three burning source regions, including 371 

southern Africa (red), South America (blue) and eastern region (green) and their 372 

comparison with the EmissO3 at 270 and 430 hPa in September and December from 1992 373 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-692, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 10 October 2016
c© Author(s) 2016. CC-BY 3.0 License.



14 of 46 

to 2011. The direct downwind transport of emissions from South America contributes 374 

most to the ozone variability from emissions over this region in September at both levels 375 

and the effects are most significant in the lower level (~58% at 430 hPa). In the upper 376 

troposphere, besides the contribution from S. America, the uplift and cross-equator 377 

transport of pollutants from eastern region also contributes (>10%) to the ozone variation 378 

over South Atlantic region. The contribution from southern Africa is small and less than 379 

10% at both levels. We also note that both StratO3 and emissO3 show a minimum in 2009 380 

and a maximum in 2010. There was a strong El Niño event in the year 2009/2010. Neu et 381 

al. (2014) identified the increased stratospheric circulation in 2010 driven by El 382 

Niño/easterly QBO based on TES data. A few other studies (e.g., Chen et al., 2011; 383 

Lewis et al., 2011) found that combined effects of 2009/2010 El Niño and warmer than 384 

normal Atlantic SST produced a severe drought over S. America and caused extensive 385 

biomass burning emission in 2010 dry season. Therefore, the agreements between 386 

changes in the StratO3 and emissO3 over 2009/2010 are at least partly driven by ENSO. 387 

Similar tropospheric ozone anomalies are observed after 1997 and 2006 El Niño event. 388 

Olsen et al. (2016) examined the magnitude and spatial distribution of ENSO effects on 389 

tropospheric column ozone using the assimilated fields and found a statistically 390 

significant negative response of tropospheric column ozone to ENSO over South Atlantic 391 

Ocean. 392 

In December, emissions from South America and southern Africa do not contribute 393 

substantially to the IAV of emissO3. Emissions from eastern region dominate, explaining 394 

83% and 77% variance of emissO3 IAV at 270 hPa and 430 hPa. The eastern pollutants 395 

have the strongest influence at the upper troposphere because of their transport pathway 396 

as discussed in Sauvage et al. (2007). Therefore, the emission contribution of 397 

tropospheric ozone IAV in December shows an opposite vertical structure to that seen in 398 

September.  399 

In summary, over the South Atlantic region, the stratospheric input plays a dominant role 400 

in the upper troposphere with a seasonal maximum in August. At 430 hPa the 401 

contribution from emission changes to the IAV of ozone exceeds that of stratospheric 402 

input in September and December. A tagged CO simulation from 1992 to 2011 shows the 403 

direct downwind transport of pollutants from South America is the largest contributor to 404 
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emissO3 in September, and it is strongest near the surface.  In December, cross-equator 405 

transport of eastern region pollutants is the most important source of IAV due to 406 

emissions, and the effects are strongest in the upper troposphere.   407 

3.3.2 South Indian Ocean  408 

Over the south Indian Ocean, the fitted and simulated ozone anomalies are in excellent 409 

agreement (Figure 9). The explained proportion of variability in simulated ozone 410 

anomalies by StratO3 and EmissO3 is as high as ~ 88% in August at 270 hPa. We show 411 

relative contribution to the IAV in ozone due to stratospheric input and emission as 412 

obtained from multiple linear regression in Figure 10. In August and September, 413 

stratospheric input contributes more than 85% to ozone IAV at 270 hPa. The 414 

stratospheric contribution decreases slightly but is still dominant and significant at 430 415 

hPa (~50% in August and 64% in September). The emission contribution, which is 416 

mainly from downwind transport of pollutants from S. America and southern Africa 417 

(Figure 11), is most important at 430 hPa in September but accounts for only 27% of 418 

ozone IAV. The emission contribution is smaller in August. In December, both 419 

stratospheric input and surface emission influence the IAV of ozone. The contribution 420 

from stratospheric input slightly exceeds that from emissions at 270 hPa and becomes 421 

slightly weaker at 430 hPa. Examining the tagged sources simulation shows that emission 422 

from eastern regions is the largest sources of ozone IAV at 270 hPa and 430 hPa in 423 

December with a stronger influence at the upper troposphere (Figure 11).  424 

These results show that stratospheric ozone makes a significant contribution to the 425 

tropospheric ozone variability over the South Indian Ocean, with the largest influence in 426 

the upper troposphere in austral winter. Emission influence from nearby pollution in the 427 

boundary layer is relatively weak and only significant in September, one month after the 428 

southern hemisphere peak-burning season.  In the upper troposphere, the cross-equator 429 

transport of pollutants from the eastern region is the major emission source affecting the 430 

ozone variability. The influence peaks in December at the upper troposphere and extends 431 

to the middle troposphere. 432 

3.3.3 Tropical South Atlantic  433 
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In the upper troposphere, lightning produces nitrogen oxides (NOX) and promotes the 434 

photochemical ozone production (e.g., Pickering et al., 1993). Murray et al. (2013) shows 435 

that the IAV of tropical tropospheric ozone column is sensitive to the IAV of lightning 436 

over the tropical south Atlantic region. We therefore add the lightning NOX as the third 437 

variable besides StratO3 and EmissO3. We test whether the addition of lightning NOX 438 

improves the regression model significantly. Figure 12 shows the comparison between 439 

simulated and fitted ozone anomalies without and with lightning NOX. During the “dry 440 

season” months of August and September, when the subtropical jet related STE (Karoly 441 

et al., 1998; Bals-Elsholz et al., 2001; Nakamura and Shimpo, 2004) reaches a seasonal 442 

maximum, the lightning activities reach a seasonal minimum over the southern 443 

hemisphere. The fitted ozone anomalies based solely on StratO3 and EmissO3 (red) show 444 

high correlations (r = 0.8 in August, r = 0.74 in September) with that simulated from 445 

GMI-CTM at 270 hPa. Agreement between simulated and fitted ozone does not change in 446 

August and improves slightly in September by adding lightning NOX in regression. In 447 

September, the simulated ozone anomaly shows a minimum (~ -6 ppb) in 2007 and a 448 

peak (~ 5ppb) in 2010 at 430 hPa, but the IAV from 2007 to 2010 is almost missing in 449 

the fitted ozone anomaly, which indicates that other factors drive the IAV of ozone over 450 

tropical south Atlantic during this period. During the “wet season” month of December, 451 

the lightning activity reaches its seasonal maximum. Our regression based on StratO3 and 452 

EmissO3 does not capture well the IAV of GMI-CTM simulated ozone at either level. 453 

The fitted ozone reproduces many of the IAV of simulated ozone after including 454 

lightning NOX in the regression, indicating a strong influence from the lightning NOX in 455 

December. 456 

Figure 13 shows the regression results of relative contributions of stratospheric input and 457 

surface emission on the IAV of ozone. As discussed above, the tropical south Atlantic is 458 

in the descending branch of the Walker Circulation. Therefore, even though this region is 459 

located in the tropics, the IAV of stratospheric input still plays a dominant role and 460 

explains 64% in August and 50% in September of ozone variance in the upper 461 

troposphere. The stratospheric contribution, associated with radiative descent over this 462 

region, drops to less than 30% at 430 hPa but is still significant during these two months. 463 

Emission influences are not significant at either level in September. Examination of the 464 
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simulation shows that emission contribution is limited even at lower levels; the emission 465 

contribution becomes significant and explains ~30% variance of ozone at ~700 hPa (not 466 

shown). In December, neither stratospheric input nor emission contributes much to the 467 

IAV of ozone.  468 

In the model, the lightning emissions take place in connection with deep convective 469 

events (Allen et al., 2010). Increase in deep convection produces more upper tropospheric 470 

NOX from lightning, which results in more ozone production. On the other hand, deep 471 

convection affects the upper tropospheric ozone budget through its direct transport of 472 

surface air.  In December, biomass burning in the Southern Hemisphere is at its seasonal 473 

minimum. Air over tropical south Atlantic is relatively clean with low CO (Liu et al., 474 

2010). Deep convection over a clean region reduces upper tropospheric ozone due to 475 

mixing. This effect could be positive if deep convection happens over a polluted region 476 

with relatively high ozone and its precursors (Lawrence et al., 2003). Use of the 477 

correlation to identify influence from the lightning NOX does not separate the two 478 

outcomes of IAV in convection, thus the sign of the correlation between variations in 479 

lightning NOX and upper tropospheric ozone can be positive or negative.  The correlation 480 

is positive if the contribution from lightning NOX exceeds the contribution from 481 

convective transport or if transport of polluted air increases ozone.  The correlation is 482 

negative if transport of clean air overwhelms ozone production from lightning NOX. 483 

Figure 14 compares the model residual after removing the contributions from StratO3 and 484 

EmissO3 with the lightning NOX at 270 hPa in September and December. In September 485 

the IAV of lightning plays a minor but significant role in the IAV of ozone in the upper 486 

troposphere. In December, the changes in lightning NOX have a significant impact on the 487 

ozone IAV, but show a negative correlation, which indicates that the transport and 488 

mixing of clean surface air exceeds ozone production from lightning NOX emissions with 489 

a net negative impact of IAV in convection.  490 

3.3.4 Tropical southeastern Pacific 491 

Figure 15, 16 and 17 show the similar comparisons but over the tropical southeastern 492 

Pacific region. The fitted ozone anomalies show moderate but still significant correlations 493 

with that simulated from GMI-CTM in August and September. In December, the fitted 494 
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ozone IAV agrees very well with the GMI-CTM simulated ozone IAV at 270 hPa. At 430 495 

hPa the agreement collapses and the fitted ozone does not show strong IAV as seen in the 496 

GMI-CTM simulated ozone (Figure 15). Figure 16 shows that IAV in stratospheric input 497 

significantly affects the ozone IAV during these three months, explaining 25-38% of the 498 

variance of simulated ozone at 270 hPa. Emissions contribution is quite small in August 499 

and September, but is significant and explains 28% of simulated ozone IAV in December 500 

at 270 hPa. The tagged CO simulations show that the tropical southeastern Pacific region 501 

is influenced by nearby pollutants from South America, and also by the cross-equator 502 

transport of pollutants from the eastern region (Figure 17). Previous studies (e.g., 503 

Chandra et al., 1998; 2002; 2009; Sudo and Takahashi, 2001; Ziemke and Chandra, 2003; 504 

Doherty et al., 2006; Oman et al., 2011) show that ENSO has its strongest impact in the 505 

tropical Pacific basin. In August, the ITCZ is located at its northernmost location north of 506 

the Equator. Radiative sinking motion still dominates over the tropical southeastern 507 

Pacific in the middle - upper troposphere (Liu et al., 2010). Therefore, the emissions 508 

contribution from South America is quite small at 430 hPa and 270 hPa as shown in 509 

Figure 16. During an El Niño year, warmer SST with increase convection and large-scale 510 

upwelling start occurring in August, inhibiting the radiative sinking motion and resulting 511 

in ozone decrease in the middle-upper troposphere over this region. Our comparison 512 

shows strong negative correlation in August between IAV of middle-upper tropospheric 513 

ozone anomalies over this region and Niño 3.4 index during the past twenty years (Figure 514 

18). 515 

4 Summary and Discussion   516 

Both model simulations and GEOS-5 assimilated ozone product derived from OMI/MLS 517 

show a tropospheric ozone column maximum centered over the south Atlantic from the 518 

equator to 30S. This ozone maximum extends westward to South America and the eastern 519 

equatorial Pacific; it extends southeastward to southern Africa and the south Indian 520 

Ocean. In this study, we use hindcast simulations from the GMI model of tropospheric 521 

and stratospheric chemistry, driven by assimilated MERRA meteorological fields, to 522 

interpret and quantify the relative importance of the stratospheric input and surface 523 
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emission to the interannual variations of tropospheric ozone over four sub-regions of the 524 

SHTOM from 1992 to 2011. Over the SHTOM region, IAV in the stratospheric 525 

contribution is found to be the most important factor driving the IAV of ozone, especially 526 

over the upper troposphere, where O3 changes have strong radiative effects (Lacis et al., 527 

1990). The IAV of the stratospheric contribution explains a large portion of variance in 528 

the tropospheric ozone especially during the austral winter season, even over two selected 529 

tropical regions. The strong influence of emission on ozone IAV is largely confined to 530 

the South Atlantic region in September.  531 

Although the SHTOM looks like a continuous feature in the southern hemisphere, our 532 

study shows that the relative importance between stratospheric input and surface 533 

emissions changes over different subregions at different altitude. Over the two extra-534 

tropics regions, the IAV of stratospheric contribution explains at least 50% of variance of 535 

the tropospheric ozone during its winter season. The IAV of ozone over the south Indian 536 

Ocean is dominantly driven by the IAV of stratospheric ozone contribution (>64%) with 537 

little or no influence from surface emissions at 270 hPa and 430 hPa. Over the south 538 

Atlantic region, besides the stratospheric ozone input, the IAV of surface emissions from 539 

South America and southern Africa also play a big role on the IAV of ozone, especially 540 

in the lower levels. The influence from emission exceeds that from the stratospheric 541 

contribution on the ozone variability in September at 430 hPa. In December, the emission 542 

influence mainly from remote transport of pollutants from eastern region is relatively 543 

high in the upper troposphere and decreases with the decreasing altitude.  544 

Compared to the extra-tropics regions, the two tropical regions have a smaller influence 545 

from stratospheric input but the influence is still significant at both 270 hPa and 430 hPa 546 

in August and September. Over tropical south Atlantic region, the IAV of stratospheric 547 

input plays a dominant role and explains 64% in August and 52% in September of the 548 

ozone IAV at 270 hPa. The stratospheric contribution drops to less than half of that at 549 

270 hPa but is still significant at 430 hPa. Emission contributions are not significant at 550 

these two levels, even during September. Our model shows that the IAV of ozone is 551 

partially driven by the IAV of lightning in September. In December, the changes in 552 

lightning NOX have a significant impact on the ozone IAV, but show a negative 553 

correlation, which indicates that the transport and mixing of clean surface air exceeds 554 
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ozone production from lightning NOX emissions with a net negative impact of IAV in 555 

convection. Over the tropical southeastern Pacific, IAV in stratospheric input 556 

significantly affects the ozone IAV during these three months, explaining 25-38% of the 557 

variance of simulated ozone at 270 hPa. Emissions have little or no influence in August, 558 

September at 270 hPa and 430 hPa, but are significant in December at 270 hPa, 559 

explaining 28% of simulated ozone IAV. A further comparison of ozone and ENSO 560 

index shows that ENSO, which affects the tropical convection and large-scale upwelling, 561 

shows a strong negative correlation with the IAV of tropospheric ozone over this region. 562 

Therefore, the model simulations/predictions with different convective parameterizations 563 

exhibit large uncertainties over this region as observed in Stevenson et al. (2006).  564 

In this study, our regional analysis based on the GMI-CTM model provides valuable 565 

conclusions on drivers of interannual variability over different subregions of the SHTOM 566 

and how they vary with the altitude. The quantification of their relative contributions on 567 

interannual time scales enhances our understanding of the IAV and, potentially, long-568 

term trends in the tropospheric ozone and furthermore their effects to the radiative 569 

forcing change in climate.  570 
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Figures:  823 

 824 
Figure 1: Seasonal climatology of upper tropospheric column ozone (UTOC) (in Dobson Units) for (a) 825 
December-January-February (DJF), (b) March-April-May (MAM), (c) June-July-August (JJA), and (d) 826 
September-October-November (SON) averaged from 2005 to 2012 for GMAO assimilated ozone (left) and GMI-827 
CTM Hindcast-VE ozone (middle) and their absolute difference (right). The GMAO assimilated ozone has been 828 
adjusted by adding 2.5 DU in 0-30° S based on Wargan et al. (2015).  829 
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 830 
Figure 2: The simulated ozone (top) and the StratO3/O3 (bottom) at 430 hPa averaged over 1991-2011 in 831 
September. Stronger stratospheric influence happens over southern hemisphere centered on 30° S, co-locating 832 
with subtropical jet stream regions with descending stratospheric air. The black boxes show four regions 833 
discussed in this study. From left to right: (1) Tropical southeastern Pacific (0-20° S, 150° W-60° W); (2) 834 
Tropical South Atlantic region (0-15° S, 60° W-40° E); (3) Subtropical South Atlantic region (15° S-45° S, 60° W-835 
40° E); (4) Subtropical South Indian Ocean (15° S-45° S, 40° E-150° E).  836 
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 837 
Figure 3: Time series plots of tropospheric ozone anomalies (unit: ppb) from GMAO assimilated data (black) 838 
and GMI-CTM (red) at 270 hPa and 430 hPa and upper tropospheric ozone column (UTOC, integrated from 839 
500 hPa to the tropopause) anomalies over (left) Tropical South Atlantic region (0-15° S, 60° W-40° E); (right) 840 
Tropical southeastern Pacific (0-20° S, 150° W-60° W) from 2005 to 2011.  841 
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 842 
Figure 4: Time series plots of tropospheric ozone anomalies (unit: ppb) from GMAO assimilated data (black) 843 
and GMI-CTM (red) at 270 hPa and 430 hPa and upper tropospheric ozone column (UTOC, integrated from 844 
500 hPa to the tropopause) anomalies over (left) South Atlantic (15° S-45° S, 60° W-40° E); (right) South Indian 845 
Ocean (15° S-45° S, 40° E-150° E) from 2005 to 2011.  846 
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 847 
Figure 5:  Monthly profile maps of correlations coefficients between ozone and left) StratO3, right) EmissO3 848 
from 1992 to 2011 over (a) South Atlantic (15° S-45° S, 60° W-40° E); (b) South Indian Ocean (15° S-45° S, 40° 849 
E-150° E); c) Tropical South Atlantic region (0-15° S, 60° W-40° E); d) Tropical southeastern Pacific (0-20° S, 850 
150° W-60° W). Y-axis is pressure in unit hPa.  851 
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 852 
Figure 6: Comparison of the simulated ozone anomalies and the calculated ozone anomalies relying on two 853 
predictor variables: StratO3, EmissO3 at 270 hPa and 430 hPa over South Atlantic region. Three panels show 854 
results from August (left), September (middle) and December (right) from 1992 to 2011. Unit for y-axis is ppb.   855 
 856 
 857 
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 858 
Figure 7: The multi-regression results of simulated ozone anomalies over South Atlantic region relying on two 859 
predictor variables: StratO3 (blue), EmissO3 (green) at 270 hPa and 430 hPa. Three panels show results from 860 
August (left), September (middle) and December (right) from 1992 to 2011. Each panel contains two columns. 861 
The left column of each panel compares the anomalies of StratO3 (blue) and simulated ozone mixing ratio 862 
(black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the simulated O3 residual 863 
after removing the regression from StratO3 (black line) and EmissO3 (green line) at these two levels. EmissO3 is 864 
calculated from the difference of simulated ozone between the run with yearly-varied emission and the run with 865 
constant emission. Unit for y-axis is ppb. The correlation (r), regression coefficient (β) and its 95% confidence 866 
level are labeled in each panel.  867 
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 868 

 869 
Figure 8: The standardized anomalies of the tagged CO tracers over South Atlantic from three burning source 870 
regions, including southern Africa (red), South America (blue) and eastern region (green) and their comparison 871 
with the EmissO3 (black) at 270 and 430 hPa in September and December from 1992 to 2011.  872 
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 873 
Figure 9: Comparison of the simulated ozone anomalies and the reconstructed ozone anomalies relying on two 874 
predictor variables: StratO3, EmissO3 at 270 hPa and 430 hPa over South Indian Ocean region. Three panels 875 
show results from August (left), September (middle) and December (right) from 1992 to 2011. Unit for y-axis is 876 
ppb.   877 
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 878 
Figure 10: The multi-regression results of simulated ozone anomalies over South Indian Ocean region relying on 879 
two predictor variables: StratO3 (blue), EmissO3 (green) at 270 hPa and 430 hPa. Three panels show results 880 
from August (left), September (middle) and December (right) from 1992 to 2011. Each panel contains two 881 
columns. The left column of each panel compares the anomalies of StratO3 (blue) and simulated ozone mixing 882 
ratio (black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the simulated O3 883 
residual after removing the regression from StratO3 (black line) and EmissO3 (green line) at these two levels. 884 
EmissO3 is calculated from the difference of simulated ozone between the run with yearly-varied emission and 885 
the run with constant emission. Unit for y-axis is ppb. The correlation (r), regression coefficient (β) and its 95% 886 
confidence level are labeled in each panel.  887 
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 888 

 889 
Figure 11: The standardized anomalies of the tagged CO tracers over South Indian Ocean region from three 890 
burning source regions, including southern Africa (red), South America (blue) and Eastern region (green) and 891 
their comparison with the EmissO3 (black) at 270 and 430 hPa in September and December from 1992 to 2011.  892 
 893 
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 894 
Figure 12: Comparison of the simulated ozone anomalies and the reconstructed ozone anomalies relying on two 895 
predictor variables: StratO3, EmissO3 (red) over Tropical South Atlantic region at 270 hPa and 430 hPa. At 270 896 
hPa, the reconstructed ozone anomalies from three predictor variables including lightning NOX (blue) are 897 
added. Three panels show results from August (left), September (middle) and December (right) from 1992 to 898 
2011. Unit for y-axis is ppb.   899 
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 900 
Figure 13: The multi-regression results of simulated ozone anomalies over tropical South Atlantic region relying 901 
on StratO3 (blue), EmissO3 (green) at 270 hPa and 430 hPa. Three panels show results from August (left), 902 
September (middle) and December (right) from 1992 to 2011. Each panel contains two columns. The left column 903 
of each panel compares the anomalies of StratO3 (blue) and simulated ozone mixing ratio (black) from the GMI-904 
CTM model at 270 and 430 hPa. The right column compares the simulated O3 residual after removing the 905 
regression from StratO3 (black line) and EmissO3 (green line) at these two levels. EmissO3 is calculated from the 906 
difference of simulated ozone between the run with yearly-varied emission and the run with constant emission. 907 
Unit for y-axis is ppb.  The correlation (r), regression coefficient (β) and its 95% confidence level are labeled in 908 
each panel 909 
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 910 

 911 
Figure 14: The comparison between regression of lightning NOX (magenta) and the ozone residual after 912 
removing the regression of StratO3 and EmissO3 (black) at 270 hPa in September (left) and December (right) 913 
over tropical South Atlantic region. The correlation (r), regression coefficient (β) and its 95% confidence level 914 
are labeled in each panel. 915 
 916 
 917 
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 918 
Figure 15: Comparison of the simulated ozone anomalies and the reconstructed ozone anomalies relying on two 919 
predictor variables: StratO3, EmissO3 at 270 hPa and 430 hPa over Tropical southeastern Pacific. Three panels 920 
show results from August (left), September (middle) and December (right) from 1992 to 2011. Unit for y-axis is 921 
ppb.  922 
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 923 
Figure 16: The multi-regression results of simulated ozone anomalies over tropical southeastern Pacific region 924 
relying on two predictor variables: StratO3 (blue), EmissO3 (green) at 270 hPa and 430 hPa. Three panels show 925 
results from August (left), September (middle) and December (right) from 1992 to 2011. Each panel contains 926 
two columns. The left column of each panel compares the anomalies of StratO3 (blue) and simulated ozone 927 
mixing ratio (black) from the GMI-CTM model at 270 and 430 hPa. The right column compares the simulated 928 
O3 residual after removing the regression from StratO3 (black line) and EmissO3 (green line) at these two levels. 929 
EmissO3 is calculated from the difference of simulated ozone between the run with yearly-varied emission and 930 
the run with constant emission. Unit for y-axis is ppb.  The correlation (r), regression coefficient (β) and its 95% 931 
confidence level are labeled in each panel. 932 
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 933 
Figure 17: The standardized anomalies of the tagged CO tracers over tropical southeastern Pacific region from 934 
three burning regions, including southern Africa (red), South America (blue) and Eastern region (green) and 935 
their comparison with the EmissO3 (black) at 270 and 430 hPa in September from 1992 to 2011.  936 
 937 
 938 
 939 
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 940 
Figure 18: Comparison of IAV of ozone anomalies over tropical southeastern Pacific region at 270 hPa (blue) 941 
and 430 hPa (red) with Niño 3.4 index in August from 1992 to 2011. The 2nd y-axis for the ENSO anomaly is 942 
reversed.  943 

 944 
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