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Abstract 22 

Increases in free tropospheric ozone over the past two decades are mainly in the Northern 23 

Hemisphere that have been widely documented, while ozone trends in the Southern Hemisphere 24 

(SH) remain largely unexplained. Here we first show that in-situ and satellite observations 25 

document increases of tropospheric ozone in the SH over 1990-2015. We then use a global 26 

chemical transport model to diagnose drivers of these trends. We find that increases of 27 

anthropogenic emissions (including methane) are not the most significant contributors. Instead, we 28 

explain the trend as due to changes in meteorology, and particularly in transport patterns. We 29 

propose a possible linkage of the ozone increases to meridional transport pattern shifts driven by 30 

poleward expansion of the SH Hadley circulation (SHHC). The SHHC poleward expansion allows 31 

more downward transport of ozone from the stratosphere to the troposphere at higher latitudes, 32 

and also enhances tropospheric ozone production through stronger lifting of tropical ozone 33 

precursors to the upper troposphere. These together may lead to increasing tropospheric ozone in 34 

the extratropical SH, particularly in the middle/upper troposphere and in austral autumn. Poleward 35 

expansion of the Hadley circulation is partly driven by greenhouse warming, and the associated 36 

increase in tropospheric ozone potentially provides a positive climate feedback amplifying the 37 

warming that merits further quantification. 38 

 39 
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Tropospheric ozone, ozone trend, Southern Hemisphere, Hadley Circulation poleward expansion, 41 

widening of the tropics 42 

  43 



3 

 

1. Introduction 44 

Tropospheric ozone is a major air pollutant and also an important short-lived greenhouse gas [1]. 45 

It is produced by photochemical oxidation of carbon monoxide (CO) and hydrocarbons in the 46 

presence of nitrogen oxides (NOx), and is also transported downward from the stratosphere. It has 47 

a lifetime of a few weeks against chemical loss in the troposphere, sufficiently short that ozone 48 

budgets in the two hemispheres are largely independent. Free tropospheric ozone observations in 49 

the Northern Hemisphere (NH) since the 1980s show increasing trends that can be explained by 50 

anthropogenic emissions [2, 3] and modulation by climate variability [4, 5]. The Southern 51 

Hemisphere (SH) has much lower anthropogenic influence, yet most published studies using 52 

observations from surface sites, ozonesondes, and satellite instruments have recorded increasing 53 

tropospheric ozone since the 1990s [2, 6-8] (see also section 3). Previous analyses of individual 54 

ground and ozonesonde observations suggested that interannual variability of tropospheric ozone 55 

in the tropical and subtropical SH might be impacted by changes in anthropogenic emissions [3, 9], 56 

stratospheric intrusions [10-12], and the El Niño–Southern Oscillation (ENSO) [13]. However, 57 

causes of the large-scale increasing trends in the SH, remain largely unexplored. Current 58 

chemistry–climate models do not reproduce the observed trends in tropospheric ozone over the SH 59 

[2, 7, 14]. 60 

 61 

In this study, we first present observational evidence of increasing tropospheric ozone in the SH 62 

since 1990 derived from available surface, ozonesonde, and satellite observations. Factors 63 

contributing to the tropospheric ozone increases are then quantified using a set of simulations by a 64 

state-of-art global chemical transport model (GEOS-Chem) driven by assimilated meteorological 65 

data. We will show that climate change, particularly the shift of meridional transport, rather than 66 

increases in ozone precursor emissions, is the dominant factor controlling the trend of SH 67 

tropospheric ozone. We propose a previously unrecognized linkage of the SH tropospheric ozone 68 

increases with poleward expansion of the Hadley circulation through modulating the 69 

stratosphere-to-troposphere ozone transport and ozone chemical production in the upper 70 

troposphere. We will also discuss other possible drivers (e.g. regional warming, ENSO, 71 

stratospheric ozone recovery and circulation changes) in modulating the regional ozone trend in 72 

SH. Conclusions and implications are presented in Section 4. 73 
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2. Materials and methods 74 

2.1 Ground and ozonesonde observations 75 

We summarize here available in situ measurements of tropospheric ozone at locations that have 76 

more than 15-year valid records over the period of 1990–2015 in the SH. Hourly surface ozone 77 

measurements are assessed from the World Data Center of Greenhouse Gas (WDCGG; 78 

https://gaw.kishou.go.jp/, with monthly data available from the Tropospheric Ozone Assessment 79 

Report (TOAR) at https://doi.org/10.1594/PANGAEA.876108) and contributed by 80 

McClure-Begley et al. [15]. In order to derive a statistically robust trend, we apply the following 81 

criteria to select the sites: (1) have at least 18 hourly observations per day for calculating the daily 82 

mean. (2) have at least 18 daily observations per month for calculating the monthly mean. (3) have 83 

at least 2 monthly observations for calculating the seasonal mean, and at least 8 months for the 84 

annual mean. (4) have at least 16 annual mean observations for the period of 1990–2015. Nine 85 

surface sites in the SH meet these criteria and are used for our trend analyses as listed in Table S1 86 

(online). 87 

 88 

We also obtain ozonesonde measurements from the World Ozone and Ultraviolet Radiation Data 89 

Centre (WOUDC; http://woudc.org/data.php). WOUDC is operated by the Meteorological Service 90 

of Canada and includes 150 sites globally with 42 of them located in the SH. It includes sites from 91 

the Southern Hemisphere Additional Ozonesondes (SHADOZ) network, established in 1998 [16]. 92 

A recent work found that a sampling frequency of four sondes per month is needed to capture the 93 

interannual variability of ozone in the upper troposphere [10]. Here similar to the surface sites, we 94 

apply the following criteria for selecting the ozonesonde sites that have: (1) at least 4 observations 95 

per month for calculating the monthly mean; (2) at least 2 monthly observations for the seasonal 96 

mean, and at least 8 months for the annual mean; (3) at least 16 annual mean observations for the 97 

1990–2015 trend estimation. 98 

Two ozonesonde sites are then selected in this study (Table S1 online). The SHADOZ sites are not 99 

used here due to the late establishment. 100 

 101 

2.2. Satellite observations 102 

We also analyze two satellite products of tropospheric column ozone (TCO): the GOME-OMI 103 
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observations and OMI/MLS observations. GOME-OMI TCO is derived from the Global Ozone 104 

Monitoring Experiment (GOME, from July 1995–June 2003) and the NASA Earth Observing 105 

System (EOS) Aura satellite’s Ozone Monitoring Instrument (OMI, October 2004–December 106 

2015). Here we use the GOME (data available at 107 

https://www.cfa.harvard.edu/~xliu/res/gmtrop.htm) and OMI PROFOZ ozone profiles with 24 108 

layers extending from surface to 60 km retrieved based on optimal estimation techniques [17]. 109 

TCO is derived using the NCEP daily tropopause height (defined by the 2 K km−1 lapse-rate 110 

metric). We combine the monthly gridded data at global 2°×2.5° horizontal resolution from 111 

GOME and OMI to obtain an approximately 20-year time-series covering 1996–2015 with a 112 

15-month gap in 2003–2004, following the Tropospheric Ozone Assessment Report (TOAR) [8]. 113 

We do not include GOME data prior to March 1996 as it shows a high bias due to the use of a 114 

shorter integration time.  115 

 116 

The OMI-MLS TCO product is derived from the combination of total column ozone observations 117 

from OMI and stratospheric column ozone observations from Aura Microwave Limb Sounder 118 

(MLS) [18]. We use the monthly mean data at the 1°×1.25° horizontal resolution from October 119 

2004 to December 2015 (data available at 120 

https://acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/new_data.html). Both the GOME-OMI 121 

and OMI-MLS datasets have been comprehensively validated by ozonesonde observations [18, 19] 122 

and are used for tropospheric ozone trend analyses in the TOAR [8]. 123 

 124 

2.3. GEOS-Chem simulations 125 

We investigate the tropospheric ozone trends in the SH using GEOS-Chem global 126 

three-dimensional chemical transport model (v10-01; http://www.geos-chem.org; [20]) driven by 127 

assimilated meteorology from the Modern Era Retrospective–analysis for Research and 128 

Applications (MERRA). The MERRA reanalysis has a spatial resolution of 0.667° longitude × 0.5° 129 

latitude with 72 vertical layers extending from surface to 0.01 hPa. We downgrade it to 5° 130 

longitude × 4° latitude and 47 layers in the vertical for input to GEOS-Chem. The model includes 131 

a detailed NOx–Ox–hydrocarbon–aerosol–bromine tropospheric chemical mechanism [21]. 132 

Stratospheric chemistry is simulated using the linearized ozone parameterization (LINOZ) [22] 133 
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and using monthly mean production rates and loss frequencies from the Global Modeling 134 

Initiative (GMI) model for other stratospheric species [23].  135 

 136 

We conduct a standard simulation (BASE) using year-specific meteorology and emissions from 137 

1990 to 2010 as constrained by the availability of anthropogenic emissions and MERRA 138 

reanalysis data. Anthropogenic emissions are from the Emissions Database for Global Atmospheric 139 

Research (EDGAR v4.2 (http://edgar.jrc.ec.europa.eu/) for 1990–2008; the 2008 emissions are 140 

used for years afterwards), and overwritten with regional emission inventories in the Northern 141 

Hemisphere (Fig. S1 online). For global biomass burning emissions, we use the Atmospheric 142 

Chemistry and Climate Model Intercomparison Project (ACCIMP) biomass burning inventory for 143 

years before 1997 and the Global Fire Emission Database version 3 (GFED3) for years 1997–2010. 144 

We reduce the 1990–1996 ACCMIP emissions by 30% to correct the bias between these two 145 

inventories based on their comparison results for the overlapping years of 1997–2000 following 146 

[5]. Climate-sensitive natural emissions of ozone precursors, such as biogenic emissions of 147 

non-methane volatile organic compounds (NMVOCs), soil and lightning emissions of NOx, are 148 

calculated online in the model. Methane concentrations in the model are prescribed as uniform and 149 

fixed mixing ratios over four latitudinal bands (90°–30°S, 30°S–0°, 0°–30°N, and 30°–90°N), with 150 

the year-specific annual mean concentrations constrained by measurements from the NOAA Global 151 

Monitoring Division (GMD).  152 

 153 

We conduct sensitivity simulations to quantify the contributions to SH tropospheric ozone trends 154 

separately from interannual changes in anthropogenic emissions (FEMIS), biomass burning 155 

emissions (FBIOB), methane concentration (FCH4), and meteorology (FMET) by fixing a specific 156 

source or meteorology at the 1990 conditions in the model simulation. Another sensitivity 157 

simulation (FTRANS) is conducted to further separate the influences of dynamics from other 158 

meteorological variables (e.g., temperature). This is examined by only fixing horizontal winds and 159 

surface pressure (therefore vertical winds) to the year 1990 conditions, while using year-specific 160 

conditions for other meteorological variables such as temperature and clouds as the BASE 161 

simulation. The contribution of each factor can then be estimated as the difference of ozone trends 162 

estimated in the BASE simulation and in the sensitivity simulation. Simulation configurations are 163 
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summarized in Table S2 (online). We also conduct model tagged tracer simulations to identify 164 

transport of specific sources for the period of 1990–2010. The tagged ozone simulation labels 165 

stratospheric ozone (ozone produced in the stratosphere from photolysis of molecular oxygen) as a 166 

tagged tracer and simulates its transport in the troposphere [24]. This tagged stratospheric ozone is 167 

subject to tropospheric loss using ozone loss frequencies computed in the BASE simulation and 168 

thus diagnoses simulated stratospheric contributions to tropospheric ozone. 169 

 170 

3. Results 171 

3.1. Observed tropospheric ozone trend in the Southern Hemisphere 172 

Here we summarize ozone concentrations and trends over 1990-2015 derived from available 173 

surface monitoring, ozonesonde, and satellite observations in the SH as described in Section 2.1. 174 

All nine SH surface sites show increasing annual ozone concentrations with an average trend of 175 

0.10 ± 0.06 ppbv a−1 (mean ± standard deviation), and seven of them are statistically significant (P 176 

< 0.10) (Table 1). Slightly stronger ozone trends are shown in austral autumn (March–April–May, 177 

MAM), when all nine surface sites show positive ozone trends and six of them present the largest 178 

increasing rates compared with other seasons (on average 0.14 ppbv a-1 in MAM compared to 179 

0.07-0.12 ppbv a-1 for other seasons, Table 1 and Fig. 1b). Ozonesonde measurements at Lauder 180 

and Neumayer also record increasing MAM ozone extends from the surface to the upper 181 

troposphere (~10 km over these sites) (Table S3 online). Tropospheric column ozone (TCO) levels 182 

show trends of 0.04 (P < 0.10) and 0.02 (P > 0.10) Dobson Unit (DU) per year over MAM 1990–183 

2015 at the two ozonesonde sites, respectively, slightly larger than those in other seasons. TCO 184 

satellite observations from both GOME-OMI and OMI/MLS show increases in TCO over most 185 

areas of the SH despite some regional and seasonal differences, demonstrating that the increasing 186 

trends are likely widespread in the SH (Fig. S2 online). However, interpreting the absolute 187 

magnitudes of satellite observed TCO trends needs cautions [8] because linear trend analyses 188 

using OMI datasets can be affected by the instrument row anomaly and retrieval sensitivity [19]. 189 

 190 

The increases of tropospheric ozone in the SH over 1990-2015 are supported by reported SH 191 

tropospheric ozone trends from individual in-situ observations in previous studies. As summarized 192 

in Fig 1a and Table S4 (online), nearly all reported records suggested increasing 193 
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surface/tropospheric ozone from 1990s, except two located in South Africa that likely influenced 194 

by local industrial emissions. Ozone trends derived in our study are in general consistent with 195 

previous published work (Table S4 online). We also find in Table S3 (online) that the increasing 196 

ozone generally does not extend to the lower stratosphere. This is consistent with recent studies 197 

showing no significant or decreasing ozone in the lower stratosphere during this period based on 198 

merged satellite and ozonesonde observations [7, 25, 26], which can be influenced by climate 199 

variability such as ENSO and the Quasi-Biennial Oscillation (QBO) [27]. The observed ozone 200 

decreases in the lower stratosphere (12–20 km) at SH mid-latitudes have important implication to 201 

quantify the potential large-scale stratospheric ozone impacts as will be discussed in Section 3.7. 202 

 203 

3.2. Model evaluation 204 

A recent global evaluation of the GEOS-Chem tropospheric ozone simulation using ozonesonde, 205 

commercial aircraft, and satellite observation shows no significant model bias in the SH, including 206 

for large-scale spatial and seasonal patterns [28]. This is further supported by our evaluation of the 207 

BASE simulation using ozone measurements over 1990–2010 described above. We show that the 208 

BASE simulation is able to capture spatial and temporal distributions of ozone concentration in the 209 

SH (Figs S3-S6 online). Comparisons of measured and simulated monthly mean surface ozone 210 

concentrations at the WDCGG surface sites show high correlation coefficients (r = 0.84 for all 211 

available monthly data) and small mean biases (−1.2 ppbv). Both measurements and model results 212 

show the highest hemispheric mean surface ozone in austral winter (June-July-August, JJA) and 213 

minimum in austral summer (December-January-February, DJF) with a high correlation coefficient 214 

(r = 0.98, Fig. S4b online). The BASE model reproduces increasing annual ozone concentrations 215 

over 1990–2010 at a rate of 0.07±0.02 ppbv a−1 averaged for the nine SH surface sites, and shows 216 

slightly larger trends in MAM (0.09±0.04 ppbv a−1 compared to 0.04-0.08 ppbv a−1 for other 217 

seasons, Fig. S5 online).  Although the model still underestimates observed ozone trends 218 

particularly at high SH latitudes (Fig. 2a), it is in notably better agreement with the observations 219 

compared with previous climate-chemistry model models that predicted near zero trends at the SH 220 

surface sites [2]. 221 

 222 

We also compare simulated vertical distributions of ozone concentrations and trends over 1990–223 



9 

 

2010 with ozonesonde observations at Neumayer (70.7°S, 8.3°W) and Lauder (45.0°S, 169.7°E) 224 

(Fig. S6 online). The model generally captures the vertical ozone structure except for some high 225 

biases at Lauder in the upper troposphere. It reproduces the positive trends in tropospheric ozone at 226 

Lauder, but fails to capture the negative trends at Neumayer in JJA and DJF. Simulated 227 

tropospheric ozone burden within 60°S–60°N averages 320 teragram (Tg) annually, comparable to 228 

the range of 281–318 Tg estimated from multiple satellite products [8]. 229 

 230 

3.3. SH tropospheric ozone trend drivers in MAM 231 

Figure 2 shows observed and simulated MAM mean tropospheric ozone trends and their drivers at 232 

the surface sites and averaged over three latitudinal bands in the SH for 1990–2010. Figure S7 and 233 

S8 (online) show, respectively, the simulated surface and zonal mean ozone trends for all four 234 

seasons. Here we focus on austral autumn (MAM) when the biomass burning influence is lowest 235 

and the tropospheric ozone trend is more robust in both observations and simulations (observed 236 

trend of 0.15 in MAM compared to 0.11-0.12 ppbv a−1 in other seasons, Fig. S5 online), and will 237 

discuss other seasons in Section 3.6. Observed surface ozone trends over MAM 1990–2010 range 238 

from 0.07 to 0.27 ppbv a−1 in the extratropics, with larger trends at high latitudes (90°–60°S, 0.19 239 

± 0.11 ppbv a−1) than mid-latitudes (60°–30°S, 0.11 ± 0.03 ppbv a−1). The GEOS-Chem simulation 240 

shows a widespread distribution of increasing trends in the extratropical SH over MAM 1990–241 

2010. It captures observed increasing SH ozone concentrations with simulated trends of 0.12 ± 242 

0.03 ppbv a−1 over 90°–60°S and 0.06 ± 0.03 ppbv a−1 over 60°–30°S (Fig. 2a). Trends over the 243 

tropics are more variable with decreases found in southern Africa, South America, and 244 

southwestern Pacific and increases over other regions (Fig. 2b). Overall the simulated tropospheric 245 

ozone burden in the SH (90°–0°S) show increases at 0.10 Tg a−1 over MAM 1990–2010. 246 

 247 

Sensitivity simulations as described in Section 2.3 allow us to separate influences from emission 248 

sources and meteorology. We find in Fig. 2a that changes in meteorology better explain the 249 

increasing ozone trends at these SH sites than changes in global emission and CH4 concentration, 250 

and transport is more specifically responsible. For the ensemble of extratropical SH surface sites, 251 

changes in transport contribute to trends of 0.10 ± 0.04 ppbv a−1, compared with 0.01 ± 0.01 ppbv 252 

a−1 from anthropogenic emissions and 0.02 ± 0.00 ppbv a−1 from rising CH4 over MAM 1990–253 
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2010. We find that stratospheric ozone concentration changes due to changes in transport account 254 

for about half of simulated trends as shown in Fig. 2a and will be discussed later. Changes in 255 

meteorology and particularly transport are also an important driver of the horizontal and vertical 256 

distributions of tropospheric ozone trends in the SH for all seasons (Figs S7, S8 online). By 257 

contrast, anthropogenic emission changes and rising methane concentrations drive spatially 258 

uniform trends in the SH. Biomass burning emissions have larger impact on the spatial distribution 259 

of tropical ozone trend over the tropics, yet its contributed ozone presents a slightly negative trend 260 

(about −0.01 ppbv a−1) averaged for the extratropics (Figs S7, S8 online). 261 

 262 

The lifetime of ozone (more than one month in the free troposphere) allows it to be transported at 263 

hemispheric scales. The widespread ozone increases over the extratropical SH contributed by 264 

transport as shown in Fig. 2a suggest changes in the meridional circulations as the most likely 265 

cause. Figure 3 illustrates the linkage. The meridional circulations including the Hadley 266 

circulation can be described by the mean meridional mass stream-function (MMS), a measure of 267 

meridional air motion. MMS at a pressure level (ψ�) is calculated by vertically integrating 268 

monthly meridional winds from top of the atmosphere to the pressure level (Holton and Hakim, 269 

2012) and therefore quantifies the sum of northward mass flux above a pressure level. The 270 

definition is given as 271 

ψ� = 2π� cos

� � 
��d�

�

�
, 

where a is the Earth’s radius, g is gravity, φ is latitude, and [v] represents the zonal mean 272 

meridional wind. Figure 3a presents the climatology and trend of MMS for austral autumns 273 

(MAM) 1990–2010 based on the MERRA assimilated meteorology. Negative MMS values within 274 

30°S–0° representing counter clockwise zonal mean circulation (Fig. 3a) identify the SH Hadley 275 

circulation (SHHC), while positive MMS values within 60°–30°S represent the SH Ferrel 276 

circulation (SHFC). The strongest air subsidence occurs at 35°–20°S, along the subsiding branch 277 

of the SHHC. This is also the location where major stratosphere-to-troposphere transport occurs  278 

[29, 30], as seen from the zonal mean ozone climatology (Fig. 3b).  279 

 280 

A number of observations have shown poleward expansion of the Hadley circulation or widening 281 
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of the tropical belt in recent decades [31-34]. Expansion rates of approximately 0.5°–1.0° latitude 282 

decade−1 since 1979 have been identified from a variety of metrics and datasets [34]. Robust 283 

expansion of the SHHC has been reported and is likely driven by Antarctic stratosphere ozone 284 

depletion and tropospheric greenhouse gas forcing [35-39] but also affected by natural climate 285 

variability [40]. In Fig. 3a, statistically significant negative MMS trends (P<0.05) in MAM are 286 

shown at the edge of the SHHC subsiding branch (40°–25°S), reflecting a broadening of the 287 

subsiding branch and thus poleward expansion of the SHHC. Figure 3c shows the trends in zonal 288 

mean wind and simulated ozone concentration during MAM 1990–2010. Associated with the 289 

SHHC expansion is stronger subsidence of air near the SHHC poleward edge (~40°S) extending 290 

from the tropopause to surface, and enhanced southward winds at these latitudes in the lower 291 

troposphere. Accordingly, the MAM zonal mean ozone concentrations show statistically 292 

significant (P<0.05) increasing trends throughout the troposphere in the extratropical SH. The 293 

modelled ozone decreases in the lower stratosphere (12–18 km) (Fig. 3c) are consistent with 294 

observations (Section 3.1). 295 

 296 

3.4. Mechanism of SH tropospheric ozone increases linked to the SHHC poleward expansion 297 

We explain in Figure 4 that the SHHC poleward expansion, which is also characterized as the 298 

widening of the tropics [31, 33, 34], could have enhanced transport of stratospheric ozone to the 299 

troposphere in the SHHC subsiding branch, and have also increased tropospheric ozone chemical 300 

production by lifting more ozone precursors to the upper troposphere.  301 

 302 

To quantify the changes of SHHC, we define the Hadley circulation poleward edge (HCPE) as the 303 

latitude where the 500 hPa MMS equals 0 kg s−1 that has been widely used in previous studies [32, 304 

37, 41]. We also calculate the 300 hPa downward ozone flux within 50°–30°S as an indicator of 305 

ozone input to the extratropical SH from the upper troposphere, where ozone is aggregated from 306 

both the stratosphere and the tropics via meridional transport. Figure 4a shows the trend of HCPE 307 

over MAM 1990–2010 and its relationships with the seasonal mean downward ozone flux at 300 308 

hPa, total TCO at SH mid-latitudes (60°–30°S), and stratospheric contributed TCO at high 309 

latitudes (90°–60°S). The MERRA HCPE values over MAM 1990–2010 decrease (i.e., moving 310 

poleward) at a rate of −0.09° per year (P-value < 0.01). This is in the middle of the trends in 311 
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HCPE derived from other four reanalysis datasets (−0.07° to −0.14° per year, all with P-value < 312 

0.01) (Fig. S9 online). As shown in Fig. 4, HCPE shows significant correlations with 300 hPa 313 

downward ozone fluxes (r = −0.90) and with both total and stratospheric TCO (r = −0.63 and 314 

−0.51) for MAM 1990–2010. Removing long-term trends in the variables leads to slightly weaker 315 

correlation coefficients, reflecting robust linkages between HCPE and TCO in the extratropical SH. 316 

Those negative correlations between MAM HCPE and tropospheric ozone concentration are seen 317 

throughout the free troposphere of the extratropical SH with the strongest correlations found near 318 

the SHHC subsiding branch (Fig. S10 online).  319 

 320 

Figure 4 also illustrates how changes in meridional transport associated with poleward expansion 321 

of the SHHC affects the ozone distribution in the troposphere. It shows the simulated differences 322 

in zonal mean ozone concentrations driven by changes in transport alone (BASE minus FTRANS) 323 

as the SHHC moves southward. Values averaged over five years with the lowest HCPE (such as 324 

2009 and 2006) represent the SHHC S-phase condition, and are compared to those averaged over 325 

the highest-HCPE years (such as 1992 and 2002; the N-phase condition) during 1990–2010. It can 326 

be seen that transport patterns for the S-phase condition lead to 1–5 ppbv higher ozone throughout 327 

the SH troposphere (up to 10 ppbv in the upper troposphere) and reduced ozone in the lower 328 

stratosphere relative to the N-phase condition. 329 

 330 

Extratropical stratosphere-to-troposphere transport in the SH is typically associated with 331 

tropopause folds that preferentially occur in the vicinity of subtropical jet streams (about 35°S) 
332 

and storm tracks (around 50°-60°S) [29, 42]. There is evidence that poleward expansion of the 333 

SHHC through modulating the meridional energy flux dynamically shifts the position of storm 334 

track poleward [43, 44]. The position of the subtropical jet has also been used to estimate the 335 

tropical expansion [33, 34, 45, 46] although the connection between the subtropical jet and the 336 

Hadley Circulation expansion remain inconclusive [41]. Poleward expansion of the SHHC can 337 

therefore move its subsidence branch and likely the stratosphere-to-troposphere transport 338 

occurring areas to higher latitudes. Since ozone concentrations increase sharply with latitudes near 339 

the edge of the SHHC (Fig. 3b), it then brings air with higher ozone downward from the 340 

stratosphere and at higher latitudes where the lifetime of ozone is longer. As shown in Fig. 4c, 341 
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changes in stratospheric ozone dominate tropospheric ozone increases at high latitudes as the 342 

SHHC moves poleward. 343 

 344 

The SHHC expansion also features a narrowing and strengthening ascending branch as well as a 345 

widening subsiding branch [47, 48]. These dynamical changes do not simply redistribute ozone, 346 

but affect its chemical production by changing distributions of ozone precursors. The widening of 347 

the tropics places more lightning NOx emissions towards the tropics and in the upper troposphere. 348 

It also lifts more CO and peroxyacetylnitrate (PAN; a NOx reservoir species) over the tropics in 349 

the upper troposphere (Fig. S11 online), where high UV radiation and low water vapor conditions 350 

favor more ozone to be produced. These redistributions of ozone precursors increase ozone 351 

chemical production with the largest enhancements in the middle and upper troposphere of the 352 

subtropics (Fig. 4d). We thus propose that both increases in stratospheric ozone influences and 353 

tropospheric production lead to the strong correlation between HCPE and 300 hPa downward 354 

ozone fluxes (50°–30°S) as seen in Fig 4a. 355 

 356 

3.5. Other climate variabilities contributed to ozone trend in the SH tropics  357 

Recent studies have highlighted the influences of climate variability on tropospheric ozone in the 358 

NH associated with atmospheric warming and interannual climate variability such as ENSO. We 359 

find that these climatic influences mainly contribute to the variable ozone trends over the SH 360 

tropics and have smaller impacts at the SH higher latitudes. Changes in temperature alter ozone 361 

concentrations by modulating natural precursors emissions such as lightning [23], biogenic 362 

emissions [49], biomass burning frequency [50], and also by changing ozone chemistry through 363 

photochemical reaction rates, PAN decomposition, and water vapor content in the atmosphere [51, 364 

52], together leading to positive temperature-ozone relationships over continental lands and 365 

negative relationships over oceans and remote regions. We show in Figure S12 (online) that 366 

temperature-driven biogenic isoprene emission changes are important drivers of surface ozone 367 

trends over Africa and South America as seen in Figure 2b. 368 

 369 

Furthermore, tropical ozone distribution is highly influenced by ENSO variability [53, 54]. ENSO 370 

influences the tropospheric ozone distribution via both chemical and dynamic processes. Under 371 
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the El Niño condition, abnormal warming over the central-eastern Pacific drives stronger uplifting, 372 

which brings ozone-poor air from surface to the upper troposphere (dynamic way), and also lifts 373 

moist air leading to faster ozone loss in the free troposphere (chemical way). Opposite influences 374 

occur over the western Pacific. This relationship is illustrated by strong negative (positive) 375 

correlations between detrended TCO and Niño 3.4 Index (assessed from 376 

https://www.esrl.noaa.gov/psd/data/correlation/nina34.data) over the western (eastern) tropical 377 

Pacific (Fig. S13 online). Recent studies have pointed out that the Pacific Decadal Oscillation 378 

(PDO) is shifting from the positive phase to negative phase around 1998–1999 [4, 55]. This 379 

indicates a weakening El Niño impact from early 1990s to 2010, and thus contributes to 380 

tropospheric ozone increases over the central-eastern Pacific and decreases over the western 381 

Pacific (Fig. 2b and S7 online). Although several studies show that ENSO may affect tropospheric 382 

ozone in the extratropical Northern Hemisphere [54], we find weak correlations in the 383 

extratropical SH except in DJF (Fig. S13 online). 384 

 385 

3.6. Ozone trend drivers in other seasons than MAM 386 

The model also reproduces widespread tropospheric ozone increases in other seasons than the 387 

austral autumn (MAM) in the extratropical SH. The trends in other seasons are in less statistically 388 

significance as also seen from the observations (Table 1 and Fig. S5 online) likely due to larger 389 

interannual variability. Changes in transport pattern are also diagnosed as an important driver of 390 

the ozone trends (Figs S7 and S8 online). Long-term changes in anthropogenic emissions and 391 

methane concentrations contribute more to the SH ozone trends at mid-latitudes in JJA and SON 392 

(September-October-November) than MAM and DJF (Figs S7 and S8 online). 393 

 394 

Our results also show some influences of the SHHC poleward expansion on tropospheric ozone 395 

distribution in the extratropical SH in these seasons, but are weaker and less statistically 396 

significant than MAM (Fig. S10 online). This is likely due to the weaker or insignificant 397 

expansion trend of SHHC in these seasons (Fig. S9 online). The MERRA reanalysis indicates the 398 

strongest SHHC poleward expansion in MAM, and also significant expansion in DJF, but no 399 

trends in JJA (Fig. S9 online). MAM is the only season that all five reanalysis datasets compared 400 

in this study present significant HCPE expansions. Although DJF shows significant SHHC 401 
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expansion over 1990-2010 from MERRA reanalysis (−0.06° a−1), this season has low 402 

stratosphere-to-troposphere transport [30] and strong photochemical loss of ozone in the SH, 403 

leading to lower influences of the SHHC poleward expansion than MAM (Fig. S10 online).  404 

 405 

3.7 Discussion on possible influences from stratosphere ozone and circulation change  406 

Additional influences can result from recent stratospheric ozone recovery [56] and accelerated 407 

stratospheric Brewer–Dobson circulation (BDC) [57, 58]; both may lead to enhanced 408 

stratosphere-to-troposphere transport and increase SH tropospheric ozone. Analyses of available 409 

evidence suggest that the two effects cannot be the main drivers of SH tropospheric ozone 410 

increases in MAM 1990–2010, as indicated by the observed and simulated ozone decreases in the 411 

lower stratosphere particularly over 60°S-0° during this period (Section 3.1-3.2). The Antarctic 412 

ozone recovery began in 2000 with the largest total ozone column increases over 90°–63°S in 413 

September, but insignificant changes in MAM [56]. The small changes or decreases of MAM 414 

lower stratospheric ozone in the SH are captured by a climate-chemistry model (CCM) with full 415 

stratospheric chemistry [56], and also simulated in our CTM results with the LINOZ mechanism 416 

(Fig. 3c).  417 

 418 

We thus conclude that stratospheric ozone recovery and strengthening BDC shall not be important 419 

drivers of 1990–2010 SH tropospheric ozone increases especially in MAM. This can be further 420 

supported by several other studies. Zeng et al. [59] estimated approximately 4–8 ppbv SH 421 

tropospheric ozone enhancements (as shown in Fig 1c, b of [59]) if stratospheric ozone would 422 

recover from the year 2000 level (total ozone column of ~150 DU at South Pole, estimated from 423 

Fig. 1 of ref. [56]) to the 1980s level (~300 DU). This suggests that the flattening stratospheric 424 

ozone during 1990–2010 [56] is unlikely to support tropospheric ozone increases of ~0.10 (0.14 in 425 

MAM; Table 1) ppbv a-1 (about 2–3 ppbv from 1990 to 2010) observed in the period. Using a 426 

CCM with full stratospheric chemistry, Hegglin and Shepherd [57] also found no significant 427 

change of STE in the SH from 1990 to 2010 (Figure1 in ref. [57]). Their projection showed that 428 

changes in stratosphere-to-troposphere ozone flux due to the accelerated BDC showed very slow 429 

increase in the SH (0.8% per decade), unlikely to explain the observed trends of 0.15 ppbv a−1 430 

(0.56% a−1) in SH troposphere ozone over MAM 1990–2010. The impacts of strengthening BDC 431 
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on STE are much stronger in the Northern Hemisphere (NH) and in the future [57].  432 

 433 

4. Conclusions and implication 434 

The above analyses all point to a dominant role of changes in meridional circulation driven by 435 

poleward expansion of the SHHC particularly in austral autumn (MAM) over 1990-2010. This 436 

SHHC poleward expansion associated with its broadening subsiding branch and strengthening 437 

ascending branch increases both stratosphere-to-troposphere transport of ozone and tropospheric 438 

ozone chemical production, and therefore lead to tropospheric ozone increases in the extratropical 439 

SH. This finding explains the inability of climate-chemistry models to reproduce SH tropospheric 440 

ozone trends as reported by Cooper et al. [2] and Zeng et al. [7], since the general circulation 441 

models consistently underestimate the magnitude of Hadley Circulation poleward expansion [34]. 442 

Our results using the MERRA reanalysis generally captures more than or about half of the 443 

observed SH ozone trends over this period. The missing part could reflect limitations in the coarse 444 

resolution, uncertainties in emission inventory, or other processes not well represented in the 445 

model.  446 

 447 

Poleward expansion of the Hadley Circulation has also been observed in the NH and partly 448 

captured in climate models with anthropogenic forcings [33-35, 37], although some recent studies 449 

suggest that the expansion is largely modulated by natural climate variability [40]. We expect a 450 

similar impact on NH tropospheric ozone, but to identify it from observations will be difficult due 451 

to strong influences from anthropogenic emissions there [3]. Increasing black carbon aerosol and 452 

tropospheric ozone are suggested to partly drive the recent Hadley circulation expansion in the NH 453 

[37]. Here we find that tropospheric ozone would potentially provide a positive climate feedback. 454 

The projection of future changes of the SHHC expansion is somewhat uncertain due to competing 455 

effects of increasing greenhouse gases and stratospheric ozone recovery [60]; it thus brings 456 

additional uncertainty in our projection of tropospheric ozone changes which deserve more 457 

attention in future research. 458 
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Figure Captions 614 

 615 

Figure 1 | Tropospheric ozone trends from the 1990s to 2015 in the Southern 616 

Hemisphere (SH). a, a summary of observed ozone trends in the SH from recent 617 

publications. Circles denote ground observations and squares denote ozonesonde 618 

observations in the lower or middle troposphere. See Table S1 (online) for references 619 

and details. b, Observed austral autumn mean ozone concentrations at nine surface 620 

sites, tropospheric column ozone (TCO) at two sonde sites, and satellite observed 621 

TCO from GOME-OMI and OMI/MLS over 1990–2015 (Supplementary Information 622 

1) grouped into three SH latitudinal bands (90°–60°S, 60°–30°S, and 30°S–0°). Filled 623 

symbols denote surface concentrations in unit of ppbv (left axes), and open circles 624 

denote TCO values in unit of DU (right axes). Solid and dashed lines represent 625 

statistically significant (at 90% confidence level) and insignificant linear trends, 626 

respectively. c, Ozonesonde trends in austral autumn at Lauder (grey) and 627 

Neumayer-S (green). Horizontal bars are standard deviations. 628 

 629 

Figure 2 | Drivers of the tropospheric ozone trends in March–April–May (MAM) 630 

from the 1990s to 2010 in the SH. Observed trends (black bars) are compared with 631 

the BASE simulated results (red bars) at nine surface sites (circles in the right panel, 632 

A–I) averaged to three latitudinal bands. Also shown are contributions to the 633 

simulated trend from long-term changes in transport patterns (TRANS; blue bars), 634 

stratospheric ozone influences (STRAT; green bars), anthropogenic emissions (EMIS; 635 

orange bars), global methane levels (CH4; purple bars), and biomass burning 636 

emissions (BIOB; grey bars) (Methods). Grey horizontal bars denote standard 637 

deviations over sites. The right panel shows the spatial distribution of surface ozone 638 

trends from the BASE simulation. Black dots denote statistically significant (P < 639 

0.05). Pluses (J–K) denote the two sonde sites. 640 

 641 

Figure 3 | Linkage between changes in meridional circulations and tropospheric 642 

ozone in the SH over MAM 1990–2010. a, 1990–2010 climatological mean (black 643 

contours) and trends (filled contours) of the mean meridional mass stream-function 644 

(MMS). Positive MMS values represent clockwise meridional circulation and vice 645 

versa. b, Simulated zonal mean ozone concentrations averaged over MAM 1990–646 

2010. Also shown are climatological zonal mean winds (vectors). c, Corresponding 647 

trends of zonal mean simulated ozone and meridional wind (vectors). The white line 648 

denotes the climatological MAM tropopause. Stippling in a and c denotes statistically 649 

significant (P < 0.05). 650 

 651 

Figure 4 | Stronger stratosphere-to-troposphere transport and chemical 652 

production of ozone associated with poleward expansion of the SH Hadley 653 

Circulation (SHHC) over MAM 1990–2010. a, The SHHC Poleward Edge (HCPE; 654 

negative bars in blue represent poleward anomalies), downward ozone flux at 300 hPa 655 

averaged over the mid-latitudes (50°–30°S) (red line; downward flux is defined as 656 

positive), TCO averaged within 60°–30°S from the BASE simulation (purple line), 657 
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and stratospheric ozone contribution from the tagged simulation averaged within 90°–658 

60°S (green lines). Values are anomalies relative to MAM 1990–2010. The HCPE 659 

expansion rate, correlation coefficients (r) of HCPE with downward ozone flux, TCO, 660 

and stratospheric ozone contribution (with and without trends) are shown inset. b, 661 

Differences in zonal mean ozone concentration (contours) and wind (vectors) between 662 

the HCPE S-phase and N-phase driven by changes in transport (calculated as 663 

differences between the BASE and FTRANS simulations; see Methods). The white 664 

line denotes the climatological MAM tropopause. c, same as b, but for stratospheric 665 

ozone contributions (see Methods). d, same as b but for ozone production rates (PO3). 666 

 667 

 668 

  669 
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Table 1. Observed annual and seasonal mean surface ozone concentrations and trends 670 

in the SH over 1990–2015a)  671 

 672 

Site   Annual MAM  JJA SON DJF 

Tutuila 

(12.2°S) 

mean 13.70±1.00 10.83±1.53 18.73±1.93 15.17±2.30 9.96±1.15 

trend 
0.07±0.05* 

(0.51%) 

0.04±0.08 

(0.41%) 

0.13±0.08* 

(0.69%) 

0.13±0.11*,b) 

(0.88%) 

0.02±0.06 

(0.47%) 

El Tololo 

(30.2°S) 

mean 32.00±1.26 28.60±1.91 32.81±1.33 37.55±1.80 28.71±1.35 

trend 
0.11±0.09* 

(0.35%) 

0.20±0.13*,b) 

(0.70%)  

0.14±0.08* 

(0.42%) 

0.11±0.13 

(0.30%) 

0.07±0.11 

(0.24%) 

Cape point 

(34.3°S) 

mean 24.30±1.05 23.40±1.23 29.42±1.13 26.97±1.39 17.11±1.21 

trend 
0.11±0.04* 

(0.46%) 

0.12±0.04*,b) 

(0.53%) 

0.10±0.05* 

(0.35%) 

0.10±0.06* 

(0.36%) 

0.10±0.05* 

(0.60%) 

Cape grim 

(40.7°S) 

mean 24.96±0.79 24.18±1.09 30.22±0.85 27.67±1.24 17.73±0.89 

trend 
0.09±0.02* 

(0.36%) 

0.12±0.03*,b) 

(0.48%) 

0.08±0.03* 

(0.26%) 

0.10±0.05* 

(0.38%) 

0.07±0.04* 

(0.38%) 

Baring head 

(41.4°S) 

mean 21.38±1.60 20.27±1.95 26.24±1.81 23.60±2.68 15.18±1.09 

trend 
0.04±0.09 

(0.17%) 

0.09±0.10b) 

(0.42%) 

−0.00±0.10  

(-0.01%) 

0.07±0.15 

(0.30%) 

0.02±0.07 

(0.12%) 

Syowa 

(69.0°S) 

mean 25.19±0.93 25.18±1.17 32.03±1.48 26.31±1.27 17.16±0.79 

trend 
0.08±0.07* 

(0.31%) 

0.11±0.07* 

(0.43%) 

0.16±0.10*,b) 

(0.49%) 

0.10±0.10* 

(0.38%) 

-0.01±0.06  

(-0.04%) 

Neumayer-G 

(70.7°S) 

mean 24.27±1.49 24.61±1.46 31.42±1.89 24.67±1.58 15.62±1.36 

trend 
0.05±0.07 

(0.22%) 

0.08±0.08* 

(0.32%) 

0.12±0.09* 

(0.38%) 

0.13±0.07*,b) 

(0.52%) 

0.05±0.07 

(0.29%) 

Arrival 

heights 

(77.8°S) 

mean 25.92±1.51 25.89±2.09 33.87±1.53 27.29±1.67 16.69±1.68 

trend 
0.21±0.09* 

(0.81%) 

0.26±0.11*,b) 

(0.99%) 

0.21±0.09* 

(0.61%) 

0.20±0.11* 

(0.73%) 

0.18±0.12* 

(1.08%) 

South Pole 

(90°S) 

mean 28.40±1.66 25.23±2.10 33.46±1.64 30.67±1.90 24.34±2.09 

trend 
0.17±0.05* 

(0.61%) 

0.21±0.06*,b) 

(0.81%) 

0.14±0.06* 

(0.43%) 

0.19±0.06* 

(0.62%) 

0.12±0.09* 

(0.51%) 

Averaged trendc) 
0.10±0.06 

(0.42%) 

0.14±0.07b) 

(0.56%) 

0.11±0.06 

(0.40%) 

0.12±0.04 

(0.49%) 

0.07±0.06 

(0.38%) 

a) Mean surface ozone concentrations ± standard deviations are in unit of ppbv, trends 673 

± 90% confidence level are in unit of ppbv a-1, and *denotes statistically significant 674 

trends (P-value < 0.1); b) the largest seasonal trend for each site; c) standard deviation 675 

of ozone trends over the nine surface sites. 676 

 677 

 678 
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(a) Mean MAM meridional mass stream-function (MMS)
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(b) Mean MAM ozone
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(c) MAM ozone trend from the standard simulation
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(b) Ozone difference (HC S-Phase - N-phase) due to changes in transport
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(c) Difference in stratospheric ozone
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(d) Difference in Po3 due to changes in transport
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