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Abstract

Increases in free tropospheric ozone over the pestdecades are mainly in the Northern
Hemisphere that have been widely documented, vazitme trends in the Southern Hemisphere
(SH) remain largely unexplained. Here we first shthat in-situ and satellite observations
document increases of tropospheric ozone in theo8t 1990-2015. We then use a global
chemical transport model to diagnose drivers ofs¢hérends. We find that increases of
anthropogenic emissions (including methane) arehgmost significant contributors. Instead, we
explain the trend as due to changes in meteorolagg, particularly in transport patterns. We
propose a possible linkage of the ozone increasewetidional transport pattern shifts driven by
poleward expansion of the SH Hadley circulation ). The SHHC poleward expansion allows
more downward transport of ozone from the stratesplio the troposphere at higher latitudes,
and also enhances tropospheric ozone productiasughr stronger lifting of tropical ozone
precursors to the upper troposphere. These togethgread to increasing tropospheric ozone in
the extratropical SH, particularly in the middlegeap troposphere and in austral autumn. Poleward
expansion of the Hadley circulation is partly driviey greenhouse warming, and the associated
increase in tropospheric ozone potentially providegositive climate feedback amplifying the

warming that merits further quantification.

Keywords:
Tropospheric ozone, ozone trend, Southern Hemisplitadley Circulation poleward expansion,

widening of the tropics
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1. Introduction

Tropospheric ozone is a major air pollutant and als important short-lived greenhouse gas [1].
It is produced by photochemical oxidation of carboonoxide (CO) and hydrocarbons in the
presence of nitrogen oxides (WQand is also transported downward from the stpdtere. It has

a lifetime of a few weeks against chemical losshia troposphere, sufficiently short that ozone
budgets in the two hemispheres are largely indegr@néFree tropospheric ozone observations in
the Northern Hemisphere (NH) since the 1980s shmneasing trends that can be explained by
anthropogenic emissions [2, 3] and modulation hynatfe variability [4, 5]. The Southern
Hemisphere (SH) has much lower anthropogenic inflee yet most published studies using
observations from surface sites, ozonesondes, aetlite instruments have recorded increasing
tropospheric ozone since the 1990s [2, 6-8] (see sdction 3). Previous analyses of individual
ground and ozonesonde observations suggestechtbednnual variability of tropospheric ozone
in the tropical and subtropical SH might be impédtg changes in anthropogenic emissions [3, 9],
stratospheric intrusions [10-12], and the El NifioutBern Oscillation (ENSO) [13]. However,
causes of the large-scale increasing trends inSHe remain largely unexplored. Current
chemistry—climate models do not reproduce the eleskirends in tropospheric ozone over the SH

[2,7, 14].

In this study, we first present observational enaieof increasing tropospheric ozone in the SH
since 1990 derived from available surface, ozomgsorand satellite observations. Factors
contributing to the tropospheric ozone increasedfan quantified using a set of simulations by a
state-of-art global chemical transport model (GECH&m) driven by assimilated meteorological
data. We will show that climate change, particyldhle shift of meridional transport, rather than
increases in ozone precursor emissions, is the rdomifactor controlling the trend of SH
tropospheric ozone. We propose a previously unrgzed linkage of the SH tropospheric ozone
increases with poleward expansion of the Hadleycutation through modulating the
stratosphere-to-troposphere ozone transport ancheozmhemical production in the upper
troposphere. We will also discuss other possibleveds (e.g. regional warming, ENSO,
stratospheric ozone recovery and circulation changemodulating the regional ozone trend in

SH. Conclusions and implications are presentecktié 4.
3
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2. Materials and methods

2.1 Ground and ozonesonde observations

We summarize here available in situ measurementsopbspheric ozone at locations that have
more than 15-year valid records over the period980—2015 in the SH. Hourly surface ozone
measurements are assessed from the World Data rCeht&reenhouse Gas (WDCGG;
https://gaw.kishou.go.jp/, with monthly data avhi&afrom the Tropospheric Ozone Assessment
Report (TOAR) at https:/doi.org/10.1594/PANGAEAGADE) and contributed by
McClure-Begley et al. [15]. In order to derive atitically robust trend, we apply the following
criteria to select the sites: (1) have at leashid@ly observations per day for calculating thdydai
mean. (2) have at least 18 daily observations mertimfor calculating the monthly mean. (3) have
at least 2 monthly observations for calculating $kasonal mean, and at least 8 months for the
annual mean. (4) have at least 16 annual mean\atieers for the period of 1990-2015. Nine
surface sites in the SH meet these criteria andised for our trend analyses as listed in Table S1

(online).

We also obtain ozonesonde measurements from thiel \®aone and Ultraviolet Radiation Data

Centre (WOUDC;_http://woudc.org/data.php). WOUD@jerated by the Meteorological Service

of Canada and includes 150 sites globally with #them located in the SH. It includes sites from
the Southern Hemisphere Additional Ozonesondes (BBIA) network, established in 1998 [16].

A recent work found that a sampling frequency afrfeondes per month is needed to capture the
interannual variability of ozone in the upper trepbere [10]. Here similar to the surface sites, we
apply the following criteria for selecting the oesonde sites that have: (1) at least 4 observations
per month for calculating the monthly mean; (2)eatst 2 monthly observations for the seasonal
mean, and at least 8 months for the annual mejmat (8ast 16 annual mean observations for the
1990-2015 trend estimation.

Two ozonesonde sites are then selected in thiy $Tiable S1 online). The SHADOZ sites are not

used here due to the late establishment.

2.2. Satellite observations

We also analyze two satellite products of tropogplrelumn ozone (TCO): the GOME-OMI
4



104  observations and OMI/MLS observations. GOME-OMI T{8@erived from the Global Ozone

105  Monitoring Experiment (GOME, from July 1995-Jun@®2pand the NASA Earth Observing

106  System (EOS) Aura satellite’s Ozone Monitoring fastent (OMI, October 2004—-December

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

108  https://www.cfa.harvard.edu/~xliu/res/gmtrop.htm@MI PROFOZ ozone profiles with 24

109 layers extending from surface to 60 km retrieveseliaon optimal estimation techniques [17].

110  TCO is derived using the NCEP daily tropopauselitdigefined by the 2 K kit lapse-rate

111  metric). We combine the monthly gridded data abgl@°x2.5° horizontal resolution from

112 GOME and OMI to obtain an approximately 20-yearetiseries covering 1996—-2015 with a

113 15-month gap in 2003—2004, following the Troposph@&zone Assessment Report (TOAR) [8].
114  We do not include GOME data prior to March 1996 akows a high bias due to the use of a

115  shorter integration time.

116

117  The OMI-MLS TCO product is derived from the combiioa of total column ozone observations
118  from OMI and stratospheric column ozone observatfoom Aura Microwave Limb Sounder

119  (MLS) [18]. We use the monthly mean data at thel1?%° horizontal resolution from October

120 2004 to December 2015 (data available at

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

122 and OMI-MLS datasets have been comprehensivelgatad by ozonesonde observations [18, 19]
123 and are used for tropospheric ozone trend anaiysbs TOAR [8].

124

125  2.3. GEOS-Chem simulations

126 We investigate the tropospheric ozone trends in ®id using GEOS-Chem global
127  three-dimensional chemical transport model (v10#aip://www.geos-chem.org; [20]) driven by
128 assimilated meteorology from the Modern Era Rewospe—analysis for Research and
129  Applications (MERRA). The MERRA reanalysis has at&gd resolution of 0.667° longitude x 0.5°
130 latitude with 72 vertical layers extending from feee to 0.01 hPa. We downgrade it to 5°
131 longitude x 4° latitude and 47 layers in the vaitior input to GEOS-Chem. The model includes
132 a detailed N@-O~hydrocarbon—aerosol-bromine tropospheric chemiwgchanism [21].

133 Stratospheric chemistry is simulated using thealiized ozone parameterization (LINOZ) [22]
5
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and using monthly mean production rates and losgu&ncies from the Global Modeling

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

We conduct a standard simulation (BASE) using wpaeific meteorology and emissions from
1990 to 2010as constrained by the availability of anthropogeainissions and MERRA
reanalysis data. Anthropogenic emissions are fl@Emissions Database for Global Atmospheric

Research (EDGAR v4.2 (http://edgar.jrc.ec.eurogp.far 1990-2008; the 2008 emissions are

used for years afterwards), and overwritten withioeal emission inventories in the Northern
Hemisphere (Fig. S1 online). For global biomassimgr emissions, we use the Atmospheric
Chemistry and Climate Model Intercomparison Pro{@&@CIMP) biomass burning inventory for
years before 1997 and the Global Fire Emissionlizesta version 3 (GFED3) for years 1997-2010.
We reduce the 1990-1996 ACCMIP emissions by 30%otoect the bias between these two
inventories based on their comparison resultsHeraverlapping years of 1997—2000 following
[5]. Climate-sensitive natural emissions of ozonmecprsors, such as biogenic emissions of
non-methane volatile organic compounds (NMVOCs]), and lightning emissions of NQare
calculated online in the model. Methane concemtnatin the model are prescribed as uniform and
fixed mixing ratios over four latitudinal bands {930°S, 30°S—-0°, 0°-30°N, and 30°-90°N), with
the year-specific annual mean concentrations cainstl by measurements from the NOAA Global

Monitoring Division (GMD).

We conduct sensitivity simulations to quantify gentributions to SH tropospheric ozone trends
separately from interannual changes in anthropegeniissions (FEMIS), biomass burning
emissions (FBIOB), methane concentration (FCH4g, meteorology (FMET) by fixing a specific
source or meteorology at the 1990 conditions in ti@del simulation. Another sensitivity
simulation (FTRANS) is conducted to further separtite influences of dynamics from other
meteorological variables (e.g., temperature). Thexamined by only fixing horizontal winds and
surface pressure (therefore vertical winds) toysar 1990 conditions, while using year-specific
conditions for other meteorological variables swh temperature and clouds as the BASE
simulation. The contribution of each factor camthe estimated as the difference of ozone trends

estimated in the BASE simulation and in the sevigitsimulation. Simulation configurations are
6
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summarized in Table S2 (online). We also conductiehdagged tracer simulations to identify
transport of specific sources for the period of @010. The tagged ozone simulation labels
stratospheric ozone (0zone produced in the stragwsfrom photolysis of molecular oxygen) as a
tagged tracer and simulates its transport in thgosphere [24]. This tagged stratospheric ozone is
subject to tropospheric loss using ozone loss &ragies computed in the BASE simulation and

thus diagnoses simulated stratospheric contribsitiotropospheric ozone.

3. Results

3.1. Observed tropospheric ozone trend in the Southn Hemisphere

Here we summarize ozone concentrations and tremds 1090-2015 derived from available
surface monitoring, ozonesonde, and satellite @asiens in the SH as described in Section 2.1.
All nine SH surface sites show increasing annuahezconcentrations with an average trend of
0.10 + 0.06 ppbv @ (mean =+ standard deviation), and seven of thenstatistically significant

< 0.10) (Table 1). Slightly stronger ozone trendsshown in austral autumn (March—April-May,
MAM), when all nine surface sites show positive madrends and six of them present the largest
increasing rates compared with other seasons (erage 0.14 ppbv ain MAM compared to
0.07-0.12 ppbv afor other seasons, Table 1 and Fig. 1b). Ozonesarehsurements at Lauder
and Neumayer also record increasing MAM ozone edefiom the surface to the upper
troposphere (~10 km over these sites) (Table S&@niTropospheric column ozone (TCO) levels
show trends of 0.04°(< 0.10) and 0.02R > 0.10) Dobson Unit (DU) per year over MAM 1990—
2015 at the two ozonesonde sites, respectivebhtdli larger than those in other seasons. TCO
satellite observations from both GOME-OMI and OMU#® show increases in TCO over most
areas of the SH despite some regional and seadifieaénces, demonstrating that the increasing
trends are likely widespread in the SH (Fig. S2ira)l However, interpreting the absolute
magnitudes of satellite observed TCO trends neadsions [8] because linear trend analyses

using OMI datasets can be affected by the instramesmanomaly and retrieval sensitivity [19].

The increases of tropospheric ozone in the SH @980-2015 are supported by reported SH
tropospheric ozone trends from individual in-sibservations in previous studies. As summarized

in Fig la and Table S4 (online), nearly all repdrteecords suggested increasing
7
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surface/tropospheric ozone from 1990s, except bgatéd in South Africa that likely influenced
by local industrial emissions. Ozone trends deriiredur study are in general consistent with
previous published work (Table S4 online). We diad in Table S3 (online) that the increasing
ozone generally does not extend to the lower Spdiere. This is consistent with recent studies
showing no significant or decreasing ozone in tiveelr stratosphere during this period based on
merged satellite and ozonesonde observations [72&5 which can be influenced by climate
variability such as ENSO and the Quasi-Biennialil@sion (QBO) [27]. The observed ozone
decreases in the lower stratosphere (12—-20 kmilahid-latitudes have important implication to

quantify the potential large-scale stratospheranezimpacts as will be discussed in Section 3.7.

3.2. Model evaluation

A recent global evaluation of the GEOS-Chem tropesigc ozone simulation using ozonesonde,
commercial aircraft, and satellite observation show significant model bias in the SH, including
for large-scale spatial and seasonal patterns T28%$.is further supported by our evaluation of the
BASE simulation using ozone measurements over 18®3-described above. We show that the
BASE simulation is able to capture spatial and terapdistributions of 0zone concentration in the
SH (Figs S3-S6 online). Comparisons of measuredsandlated monthly mean surface ozone
concentrations at the WDCGG surface sites show bigtelation coefficientsr(= 0.84 for all
available monthly data) and small mean biases (pfiti®). Both measurements and model results
show the highest hemispheric mean surface ozoaestral winter (June-July-August, JJA) and
minimum in austral summer (December-January-FetarialF) with a high correlation coefficient
(r = 0.98, Fig. S4b online). The BASE model reproduicereasing annual ozone concentrations
over 1990-2010 at a rate of 0.07+0.02 ppbvaaeraged for the nine SH surface sites, and shows
slightly larger trends in MAM (0.09+0.04 ppbv'acompared to 0.04-0.08 ppbv'&or other
seasons, Fig. S5 online). Although the model stilderestimates observed ozone trends
particularly at high SH latitudes (Fig. 2a), itilsnotably better agreement with the observations
compared with previous climate-chemistry model n®tleat predicted near zero trends at the SH

surface sites [2].

We also compare simulated vertical distribution®mfne concentrations and trends over 1990—
8
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2010 with ozonesonde observations at Neumayer B0&.3°W) and Lauder (45.0°S, 169.7°E)
(Fig. S6 online). The model generally capturesurtical ozone structure except for some high
biases at Lauder in the upper troposphere. It depmes the positive trends in tropospheric ozone at
Lauder, but fails to capture the negative trendsNaumayer in JJA and DJF. Simulated
tropospheric ozone burden within 60°S—60°N aver&g@@steragram (Tg) annually, comparable to

the range of 281-318 Tg estimated from multiplelte products [8].

3.3. SH tropospheric ozone trend drivers in MAM

Figure 2 shows observed and simulated MAM mearospperic ozone trends and their drivers at
the surface sites and averaged over three latauilamds in the SH for 1990-2010. Figure S7 and
S8 (online) show, respectively, the simulated segfand zonal mean ozone trends for all four
seasons. Here we focus on austral autumn (MAM) wherbiomass burning influence is lowest
and the tropospheric ozone trend is more robusbth observations and simulations (observed
trend of 0.15 in MAM compared to 0.11-0.12 ppbVia other seasons, Fig. S5 online), and will
discuss other seasons in Section 3.6. Observealcsuwozone trends over MAM 1990-2010 range
from 0.07 to 0.27 ppbv ain the extratropics, with larger trends at higtitigles (90°-60°S, 0.19
+0.11 ppbv &) than mid-latitudes (60°-30°S, 0.11 + 0.03 ppbY.a&he GEOS-Chem simulation
shows a widespread distribution of increasing tseindthe extratropical SH over MAM 1990—
2010. It captures observed increasing SH ozoneertrations with simulated trends of 0.12 +
0.03 ppbv @ over 90°-60°S and 0.06 + 0.03 ppbv @ver 60°-30°S (Fig. 2a). Trends over the
tropics are more variable with decreases found dnthern Africa, South America, and
southwestern Pacific and increases over othermedieig. 2b). Overall the simulated tropospheric

ozone burden in the SH (90°-0°S) show increas@d@tTg a* over MAM 1990—2010.

Sensitivity simulations as described in Section&l8w us to separate influences from emission
sources and meteorology. We find in Fig. 2a thanges in meteorology better explain the
increasing ozone trends at these SH sites thargeban global emission and Gldoncentration,
and transport is more specifically responsible. therensemble of extratropical SH surface sites,
changes in transport contribute to trends of 0.0004 ppbv &, compared with 0.01 + 0.01 ppbv

a* from anthropogenic emissions and 0.02 + 0.00 pg@bfrom rising CH, over MAM 1990—
9
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2010. We find that stratospheric ozone concentratitanges due to changes in transport account
for about half of simulated trends as shown in Rig.and will be discussed later. Changes in
meteorology and particularly transport are alsanaportant driver of the horizontal and vertical
distributions of tropospheric ozone trends in thé r all seasons (Figs S7, S8 online). By
contrast, anthropogenic emission changes and rigiethane concentrations drive spatially
uniform trendsn the SH. Biomass burning emissions have larggathon the spatial distribution

of tropical ozone trend over the tropics, yet @istcibuted ozone presents a slightly negative trend

(about —0.01 ppbv 3 averaged for the extratropics (Figs S7, S8 opline

The lifetime of ozone (more than one month in ttee troposphere) allows it to be transported at
hemispheric scales. The widespread ozone incremgasthe extratropical SH contributed by
transport as shown in Fig. 2a suggest changeseiniéiridional circulations as the most likely
cause. Figure 3 illustrates the linkage. The menidi circulations including the Hadley
circulation can be described by the mean meridiomads stream-function (MMS), a measure of
meridional air motion. MMS at a pressure level,) is calculated by vertically integrating
monthly meridional winds from top of the atmosphtrehe pressure level (Holton and Hakim,
2012) and therefore quantifies the sum of northwaabks flux above a pressure level. The

definition is given as

[v]dp,

2macos @ (P
e

0

where a is the Earth’s radiusy is gravity, ¢ is latitude, and\] represents the zonal mean
meridional wind. Figure 3a presents the climatol@pd trend of MMS for austral autumns
(MAM) 1990-2010 based on the MERRA assimilated m&tiegy. Negative MMS values within
30°S—-0° representing counter clockwise zonal méalation (Fig. 3a) identify the SH Hadley
circulation (SHHC), while positive MMS values withi60°-30°S represent the SH Ferrel
circulation (SHFC). The strongest air subsidencauat 35°-20°S, along the subsiding branch
of the SHHC. This is also the location where majmatosphere-to-troposphere transport occurs

[29, 30], as seen from the zonal mean ozone cliogyqFig. 3b).

A number of observations have shown poleward exparef the Hadley circulation or widening

10
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of the tropical belt in recent decades [31-34]. &gion rates of approximately 0.5°-1.0° latitude
decadé' since 1979 have been identified from a varietymaftrics and datasets [34]. Robust
expansion of the SHHC has been reported and iy likéven by Antarctic stratosphere ozone
depletion and tropospheric greenhouse gas for@deg3P] but also affected by natural climate
variability [40]. In Fig. 3a, statistically signdant negative MMS trend$€0.05) in MAM are
shown at the edge of the SHHC subsiding branch—-@BS), reflecting a broadening of the
subsiding branch and thus poleward expansion oSttidC. Figure 3c shows the trends in zonal
mean wind and simulated ozone concentration dukidgM 1990-2010. Associated with the
SHHC expansion is stronger subsidence of air reaSHHC poleward edge (~40°S) extending
from the tropopause to surface, and enhanced sauthwinds at these latitudes in the lower
troposphere. Accordingly, the MAM zonal mean ozooencentrations show statistically
significant P<0.05) increasing trends throughout the troposplierthe extratropical SH. The
modelled ozone decreases in the lower stratospligrel8 km) (Fig. 3c) are consistent with

observations (Section 3.1).

3.4. Mechanism ofSH tropospheric ozone increases linked to the SHH@Eoleward expansion

We explain in Figure 4 that the SHHC poleward espam which is also characterized as the
widening of the tropics [31, 33, 34], could havéhamnced transport of stratospheric ozone to the
troposphere in the SHHC subsiding branch, and hiseeincreased tropospheric ozone chemical

production by lifting more ozone precursors to tipper troposphere.

To quantify the changes of SHHC, we define the Eyadirculation poleward edge (HCPE) as the
latitude where the 500 hPa MMS equals 0 Kgisat has been widely used in previous studies [32,
37, 41]. We also calculate the 300 hPa downwarch@Zlux within 50°-30°S as an indicator of
ozone input to the extratropical SH from the upipeposphere, where ozone is aggregated from
both the stratosphere and the tropics via meridiwaasport. Figure 4a shows the trend of HCPE
over MAM 1990-2010 and its relationships with tleasonal mean downward ozone flux at 300
hPa, total TCO at SH mid-latitudes (60°-30°S), amchtospheric contributed TCO at high
latitudes (90°-60°S). The MERRA HCPE values over MA990-2010 decrease (i.e., moving

poleward) at a rate of —0.09° per ye&value < 0.01). This is in the middle of the trends
11
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HCPE derived from other four reanalysis datase@s0# to —0.14° per year, all with-value <
0.01) (Fig. S9 online). As shown in Fig. 4, HCPEBwh significant correlations with 300 hPa
downward ozone fluxes = —0.90) and with both total and stratospheric TE& -0.63 and
—-0.51) for MAM 1990-2010. Removing long-term tremadshe variables leads to slightly weaker
correlation coefficients, reflecting robust linkadeetween HCPE and TCO in the extratropical SH.
Those negative correlations between MAM HCPE aogdspheric ozone concentration are seen
throughout the free troposphere of the extratrd®d with the strongest correlations found near

the SHHC subsiding branch (Fig. S10 online).

Figure 4 also illustrates how changes in merididreadsport associated with poleward expansion
of the SHHC affects the ozone distribution in th@pbsphere. It shows the simulated differences
in zonal mean ozone concentrations driven by chang@ansport alone (BASE minus FTRANS)
as the SHHC moves southward. Values averaged oxeyéars with the lowest HCPE (such as
2009 and 2006) represent the SHHC S-phase conditimhare compared to those averaged over
the highest-HCPE years (such as 1992 and 200N-fftease condition) during 1990-2010. It can
be seen that transport patterns for the S-phagditmonlead to 1-5 ppbv higher ozone throughout
the SH troposphere (up to 10 ppbv in the upperosppere) and reduced ozone in the lower

stratosphere relative to the N-phase condition.

Extratropical stratosphere-to-troposphere transportthe SH is typically associated with
tropopause folds that preferentially occur in thenity of subtropical jet streams (about 35°S)
and storm tracks (around 50°-60°S) [29, 42]. Therevidence that poleward expansion of the
SHHC through modulating the meridional energy fllynamically shifts the position of storm
track poleward [43, 44]. The position of the supical jet has also been used to estimate the
tropical expansion [33, 34, 45, 46] although tharextion between the subtropical jet and the
Hadley Circulation expansion remain inconclusivé][4Poleward expansion of the SHHC can
therefore move its subsidence branch and likely stratosphere-to-troposphere transport
occurring areas to higher latitudes. Since ozome@atrations increase sharply with latitudes near
the edge of the SHHC (Fig. 3b), it then brings with higher ozone downward from the

stratosphere and at higher latitudes where théntiéeof ozone is longer. As shown in Fig. 4c,
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changes in stratospheric ozone dominate troposplo@ne increases at high latitudes as the

SHHC moves poleward.

The SHHC expansion also features a narrowing aedgthening ascending branch as well as a
widening subsiding branch [47, 48]. These dynamitenges do not simply redistribute ozone,
but affect its chemical production by changingritisitions of ozone precursors. The widening of
the tropics places more lightning N@missions towards the tropics and in the upp@osphere.

It also lifts more CO and peroxyacetylnitrate (PANNQ, reservoir species) over the tropics in
the upper troposphere (Fig. S11 online), where highradiation and low water vapor conditions
favor more ozone to be produced. These redistdbstiof ozone precursors increase ozone
chemical production with the largest enhancementthé middle and upper troposphere of the
subtropics (Fig. 4d). We thus propose that botheiases in stratospheric ozone influences and
tropospheric production lead to the strong cor@habetween HCPE and 300 hPa downward

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

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

Recent studies have highlighted the influencediofate variability on tropospheric ozone in the
NH associated with atmospheric warming and intanahnolimate variability such as ENSO. We
find that these climatic influences mainly conttiuo the variable ozone trends over the SH
tropics and have smaller impacts at the SH higatiuties. Changes in temperature alter ozone
concentrations by modulating natural precursorsseioms such as lightning [23], biogenic
emissions [49], biomass burning frequency [50], atsb by changing ozone chemistry through
photochemical reaction rates, PAN decompositiod,waater vapor content in the atmosphere [51,
52], together leading to positive temperature-ozoglationships over continental lands and
negative relationships over oceans and remote mggid/e show in Figure S12 (online) that
temperature-driven biogenic isoprene emission cbarage important drivers of surface ozone

trends over Africa and South America as seen inrei@b.

Furthermore, tropical ozone distribution is highiftuenced by ENSO variability [53, 54]. ENSO

influences the tropospheric ozone distribution lvigh chemical and dynamic processes. Under
13
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the El Nifio condition, abnormal warming over thatcal-eastern Pacific drives stronger uplifting,
which brings ozone-poor air from surface to thearppoposphere (dynamic way), and also lifts
moist air leading to faster ozone loss in the freposphere (chemical way). Opposite influences
occur over the western Pacific. This relationshepiliustrated by strong negative (positive)
correlations  between detrended TCO and Nifio 3.4 eXnd(assessed from

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

Pacific (Fig. S13 online). Recent studies have tgdirout that the Pacific Decadal Oscillation
(PDO) is shifting from the positive phase to negatphase around 1998-1999 [4, 55]. This
indicates a weakening El Nifio impact from early 0920 2010, and thus contributes to
tropospheric ozone increases over the centralt@aftacific and decreases over the western
Pacific (Fig. 2b and S7 online). Although sevetatiges show that ENSO may affect tropospheric
ozone in the extratropical Northern Hemisphere ,[5WE find weak correlations in the

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

3.6. Ozone trend drivers in other seasons than MAM

The model also reproduces widespread troposphedoenincreases in other seasons than the
austral autumn (MAM) in the extratropical SH. Thends in other seasons are in less statistically
significance as also seen from the observationsl¢Ta and Fig. S5 online) likely due to larger
interannual variability. Changes in transport pattare also diagnosed as an important driver of
the ozone trends (Figs S7 and S8 online). Long-telnanges in anthropogenic emissions and
methane concentrations contribute more to the Skhetrends at mid-latitudes in JJA and SON

(September-October-November) than MAM and DJF (Bigsand S8 online).

Our results also show some influences of the SHBward expansion on tropospheric ozone
distribution in the extratropical SH in these sessobut are weaker and less statistically
significant than MAM (Fig. S10 online). This is &k due to the weaker or insignificant
expansion trend of SHHC in these seasons (Fig.n88e). The MERRA reanalysis indicates the
strongest SHHC poleward expansion in MAM, and agmificant expansion in DJF, but no
trends in JJA (Fig. S9 online). MAM is the only sea that all five reanalysis datasets compared

in this study present significant HCPE expansiothough DJF shows significant SHHC
14
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expansion over 1990-2010 from MERRA reanalysis (69.a"), this season has low
stratosphere-to-troposphere transport [30] andngtiehotochemical loss of ozone in the SH,

leading to lower influences of the SHHC polewargansion than MAM (Fig. S10 online).

3.7 Discussion on possible influences from stratdsgere ozone and circulation change

Additional influences can result from recent stsatweric ozone recovery [56] and accelerated
stratospheric Brewer—Dobson circulation (BDC) [538]; both may lead to enhanced
stratosphere-to-troposphere transport and incr8akséropospheric ozone. Analyses of available
evidence suggest that the two effects cannot benthim drivers of SH tropospheric ozone
increases in MAM 1990-2010, as indicated by theendesl and simulated ozone decreases in the
lower stratosphere particularly over 60°S-0° durthg period (Section 3.1-3.2). The Antarctic
ozone recovery began in 2000 with the largest totaine column increases over 90°—63°S in
September, but insignificant changes in MAM [56heTsmall changes or decreases of MAM
lower stratospheric ozone in the SH are captured blmate-chemistry model (CCM) with full
stratospheric chemistry [56], and also simulatedun CTM results with the LINOZ mechanism

(Fig. 3c).

We thus conclude that stratospheric 0zone reccamaystrengthening BDC shall not be important
drivers of 1990-2010 SH tropospheric ozone increaspecially in MAM. This can be further
supported by several other studies. Zeng et al] §sfimated approximately 4-8 ppbv SH
tropospheric ozone enhancements (as shown in Fitp dé [59]) if stratospheric ozone would
recover from the year 2000 level (total ozone calwh~150 DU at South Pole, estimated from
Fig. 1 of ref. [56]) to the 1980s level (~300 DUhis suggests that the flattening stratospheric
ozone during 1990-2010 [56] is unlikely to suppospospheric ozone increases of ~0.10 (0.14 in
MAM; Table 1) ppbv & (about 2—3 ppbv from 1990 to 2010) observed ingtaeod. Using a
CCM with full stratospheric chemistry, Hegglin ashepherd [57] also found no significant
change of STE in the SH from 1990 to 2010 (Figurefef. [57]). Their projection showed that
changes in stratosphere-to-troposphere ozone fiextal the accelerated BDC showed very slow
increase in the SH (0.8% per decade), unlikelyxjplagn the observed trends of 0.15 ppbV a

(0.56% a) in SH troposphere ozone over MAM 1990-2010. Thpacts of strengthening BDC
15
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on STE are much stronger in the Northern Hemispgd and in the future [57].

4. Conclusions and implication

The above analyses all point to a dominant rolel@nges in meridional circulation driven by
poleward expansion of the SHHC particularly in salsautumn (MAM) over 1990-2010. This
SHHC poleward expansion associated with its broadesubsiding branch and strengthening
ascending branch increases both stratospheregospbere transport of ozone and tropospheric
ozone chemical production, and therefore leaddpaspheric ozone increases in the extratropical
SH. This finding explains the inability of climatdemistry models to reproduce SH tropospheric
ozone trends as reported by Cooper et al. [2] anbzt al. [7], since the general circulation
models consistently underestimate the magnitudéaaliey Circulation poleward expansion [34].
Our results using the MERRA reanalysis generallptwas more than or about half of the
observed SH ozone trends over this period. Theimgiggart could reflect limitations in the coarse
resolution, uncertainties in emission inventory,ather processes not well represented in the

model.

Poleward expansion of the Hadley Circulation ha® dleen observed in the NH and partly
captured in climate models with anthropogenic fugsi[33-35, 37], although some recent studies
suggest that the expansion is largely modulateddiyral climate variability [40]. We expect a
similar impact on NH tropospheric ozone, but taiifg it from observations will be difficult due
to strong influences from anthropogenic emissidwse [3]. Increasing black carbon aerosol and
tropospheric ozone are suggested to partly drigegg¢bent Hadley circulation expansion in the NH
[37]. Here we find that tropospheric ozone wouldeptially provide a positive climate feedback.
The projection of future changes of the SHHC exjmans somewhat uncertain due to competing
effects of increasing greenhouse gases and stheidspozone recovery [60]; it thus brings
additional uncertainty in our projection of tropbspic ozone changes which deserve more

attention in future research.

Conflict of interest

The authors declare that they have no conflichterest.
16



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486
487
488
489
490
491
492
493

Acknowledgments

The work was supported by the National Natural iSme Foundation of China (41475112,
41375072, 41530423) and the National Key Reseanth Revelopment Program of China
(2017YFC0210102). Xiao Lu is also supported by @ténese Scholarship Council. Daniel J.
Jacob acknowledges support from the NASA Atmosph@temistry Modeling and Analysis
Program. We thank Owen. R. Cooper of NOAA Eartht@&ysResearch Laboratory and Guang
Zeng of National Institute of Water and AtmosphdResearch for suggestions on the ozone
measurements, and Jerry Ziemke of Morgan Statedusity for providing the OMI-MLS dataset.
We also acknowledge the Harvard GEOS-Chem Supp@mTfor the model maintenance and
development, and all contributors to ozone obsEmatavailable at the WMO World Data Center
of Greenhouse Gas (WDCGG) and the World Ozone aéviblet Radiation Data Centre

(WOUDC).

Author contributions

Lin Zhang and Xiao Lu designed the study. Lin Zhanpgervised the project. Xiao Lu performed
model simulations and conducted analyses with #ses@ance of Yongyun Hu, Daniel J. Jacob,
Yuanhong Zhao, Lu Hu, and Meng Gao. Xiong Liu citmtied the satellite ozone products; Irina
Petropavlovskikh and Audra McClure-Begley contrdulitthe surface measurements; R.Q.
contributed the lauder ozonesonde measurementsZhang, Daniel J. Jacob, and Xiao Lu wrote

the paper. All authors contributed to the intergtieh of the results and improvement of the paper.

Reference

[1] Monks PS, Archibald AT, Colette A, et al. Tregpheric ozone and its precursors from the urban to
the global scale from air quality to short-livednthte forcer. Atmos Chem Phys, 2015, 15:
8889-8973

[2] Cooper OR, Parrish DD, Ziemke J, et al. Glotiatribution and trends of tropospheric ozone: an
observation-based review. Elementa-Sci Anthropl42@: 000029

[3] Zhang Y, Cooper OR, Gaudel A, et al. Tropospherzone change from 1980 to 2010 dominated
by equatorward redistribution of emissions. Naf@ewsci, 2016, 9: 875-879

[4] Lin M, Horowitz LW, Oltmans SJ, et al. Troposgit ozone trends at Mauna Loa Observatory

17



494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537

tied to decadal climate variability. Nature Geo2€i14, 7: 136-143

[5] Lu X, Zhang L, Liu X, et al. Lower tropospherazone over India and its linkage to the South
Asian monsoon. Atmos Chem Phys, 2018, 18: 3101-3118

[6] Oltmans SJ, Lefohn AS, Shadwick D, et al. Recenpospheric ozone changes — a pattern
dominated by slow or no growth. Atmos Environ, 2083: 331-351

[71 Zeng G, Morgenstern O, Shiona H, et al. Atttibn of recent ozone changes in the Southern
Hemisphere mid-latitudes using statistical analysisl chemistry-climate model simulations.
Atmos Chem Phys, 2017, 17: 10495-10513

[8] Gaudel A, Cooper OR, Ancellet G, et al. Tropmspc ozone assessment report: present-day
distribution and trends of tropospheric ozone rafg\to climate and global atmospheric chemistry
model evaluation. Elementa-Sci Anthrop, 2018, 6: 39

[9] Thompson AM, Balashov NV, Witte JC, et al. Togpheric ozone increases over the southern
Africa region: bellwether for rapid growth in Soath Hemisphere pollution? Atmos Chem Phys,
2014, 14: 9855-9869

[10] Liu J, Rodriguez JM, Thompson AM, et al. Origiof tropospheric ozone interannual variation
over Réunion: a model investigation. J Geophys R@%6, 121: 521-537

[11] Anet JG, Steinbacher M, Gallardo L, et al.f8oe ozone in the Southern Hemisphere: 20 years of
data from a site with a unique setting in El ToJdbhile. Atmos Chem Phys, 2017, 17: 6477-6492

[12] Greenslade JW, Alexander SP, Schofield R,l.eB&atospheric ozone intrusion events and their
impacts on tropospheric ozone in the Southern Hami®. Atmos Chem Phys, 2017, 17:
10269-10290

[13] Balashov NV, Thompson AM, Piketh SJ, et alrf&ce ozone variability and trends over the South
African Highveld from 1990 to 2007. J Geophys Raxl4, 119: 4323-4342

[14] Young PJ, Naik V, Fiore AM, et al. Troposplei®zone Assessment Report: assessment of
global-scale model performance for global and negi@zone distributions, variability, and trends.
Elem Sci Anth, 2018, 6: 10

[15] McClure-Begley A, Petropavlovskikh I, Oltmai®s NOAA Global Monitoring Surface Ozone
Network 1973-2014. National Oceanic and Atmosph&dministration, Earth Systems Research
Laboratory Global Monitoring Division, Boulder, 201http://dx.doi.org/10.7289/V57P8WBF

[16] Thompson AM. Southern Hemisphere Additionalo®zsondes (SHADOZ) 1998-2000 tropical
ozone climatology 1. Comparison with Total Ozone piiag Spectrometer (TOMS) and
ground-based measurements. J Geophys Res, 2003238

[17] Liu X, Bhartia PK, Chance K, et al. Ozone jofretrievals from the Ozone Monitoring
Instrument. Atmos Chem Phys, 2010, 10: 2521-2537

[18] Ziemke JR, Chandra S, Duncan BN, et al. Trppesic ozone determined from Aura OMI and
MLS: Evaluation of measurements and comparison Wit Global Modeling Initiative's
Chemical Transport Model. J Geophys Res, 2006, 219303

[19] Huang G, Liu X, Chance K, et al. Validation ®0-year SAO OMI Ozone Profile (PROFOZ)
product using ozonesonde observations. Atmos Meels, 2017, 10: 2455-2475

[20] Bey I, Jacob DJ, Yantosca RM, et al. Globaldeling of tropospheric chemistry with assimilated
meteorology: model description and evaluation. dpgbgs Res, 2001, 106: 23073-23095

[21] Mao J, Paulot F, Jacob DJ, et al. Ozone amaroc nitrates over the eastern United States:
sensitivity to isoprene chemistry. J Geophys R8$32118: 11256-211268

[22] McLinden CA, Olsen SC, Hannegan B, et al. 88pheric ozone in 3-D models: a simple

18



538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581

chemistry and the cross-tropopause flux. J GeoRfags 2000, 105: 14653-14665

[23] Murray LT, Logan JA, Jacob DJ. Interannualighility in tropical tropospheric ozone and OH:
the role of lightning. J Geophys Res, 2013, 118681411480

[24] Zzhang L, Jacob DJ, Yue X, et al. Sources dbuting to background surface ozone in the US
Intermountain West. Atmos Chem Phys, 2014, 14:

[25] Steinbrecht W, Froidevaux L, Fuller R, et Ah update on ozone profile trends for the period
2000 to 2016. Atmos Chem Phys, 2017, 17: 106750069

[26] Ball WT, Alsing J, Mortlock DJ, et al. Evideador a continuous decline in lower stratospheric
ozone offsetting ozone layer recovery. Atmos ChérysP2018, 18: 1379-1394

[27] Diallo M, Riese M, Birner T, et al. Respondestratospheric water vapor and ozone to the udusua
timing of El Nifio and the QBO disruption in 2015480 Atmos Chem Phys, 2018, 18:
13055-13073

[28] Hu L, Jacob DJ, Liu X, et al. Global budget tobpospheric ozone: evaluating recent model
advances with satellite (OMI), aircraft (IAGOS),danzonesonde observations. Atmos Environ,
2017, 167: 323-334

[29] Stohl A, Bonasoni P, Cristofanelli P, et alteBosphere-troposphere exchange: a review, antd wha
we have learned from STACCATO. J Geophys Res-Atr2083, 108: 8516

[30] Skerlak B, Sprenger M, Wernli H. A global clidology of stratosphere-troposphere exchange
using the ERA-interim data set from 1979 to 201tlnds Chem Phys, 2014, 14: 913-937

[31] Fu Q, Johanson CM, Wallace JM, et al. Enhanoéttlatitude tropospheric warming in satellite
measurements. Science, 2006, 312: 1179

[32] Hu Y, Fu Q. Observed poleward expansion of itagley Circulation since 1979. Atmos Chem
Phys, 2007, 7: 5229-5236

[33] Seidel DJ, Fu Q, Randel WJ, et al. Wideningtef tropical belt in a changing climate. Nature
Geosci, 2008, 1: 21-24

[34] Lucas C, Timbal B, Nguyen H. The expandingics: a critical assessment of the observational
and modeling studies.Wires Clim Change, 2014, 518D

[35]Lu J, Deser C, Reichler T. Cause of the widgrof the tropical belt since 1958. Geophys Res Let
2009, 36: L03803

[36] Son SW, Gerber EP, Perlwitz J, et al. Impacstatospheric ozone on Southern Hemisphere
circulation change: a multimodel assessment. J BeoRes, 2010, 115: DOOMO7

[37] Allen RJ, Sherwood SC, Norris JR, et al. RecBiorthern Hemisphere tropical expansion
primarily driven by black carbon and troposphetriome. Nature, 2012, 485: 350-354

[38] Nguyen H, Lucas C, Evans A, et al. Expansidnthe Southern Hemisphere Hadley Cell in
response to greenhouse gas forcing. J Clim, 2@3B@67-8077

[39] Hu Y, Huang H, Zhou C. Widening and weakenioigthe Hadley Circulation under global
warming. Sci Bull, 2018, 63: 640-644

[40] Mantsis DF, Sherwood S, Allen R, et al. Naturariations of tropical width and recent trends.
Geophys Res Lett, 2017, 44: 3825-3832

[41] Davis N, Birner T. On the discrepancies impfoal belt expansion between reanalyses and climate
models and among tropical belt width metrics. dCR017, 30: 1211-1231

[42] Shaw TA, Baldwin M, Barnes EA, et al. Stormadk processes and the opposing influences of
climate change. Nature Geosci, 2016, 9: 656-664

[43] Yin JH. A consistent poleward shift of the stotracks in simulations of 21st century climate.

19



582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

Geophys Res Lett, 2005, 32: L18701

[44] Mbengue C, Schneider T. Linking Hadley Cirdida and storm tracks in a conceptual model of
the atmospheric energy balance. J Atmos Sci, 2ZI8:8341-856

[45] Archer CL, Caldeira K. Historical trends iretfet streams. Geophys Res Lett, 2008, 35: L08803

[46] Ivy DJ, Hilgenbrink C, Kinnison D, et al. Obsed changes in the southern hemispheric
circulation in May. J Clim, 2017, 30: 527-536

[47] Lau WK, Kim KM. Robust Hadley Circulation chges and increasing global dryness due tg CO
warming from CMIP5 model projections. Proc Natl Acaci USA, 2015, 112: 3630-3635

[48] Su H, Jiang JH, Neelin JD, et al. Tightenirigropical ascent and high clouds key to precitat
change in a warmer climate. Nat Commun, 2017, 8715

[49] Fu T M, Zheng Y, Paulot F, et al. Positive hatriable sensitivity of August surface ozone to
large-scale warming in the southeast United StatasClim Change, 2015, 5: 454-458

[50] Lu X, Zhang L, Yue X, et al. Wildfire influems on the variability and trend of summer surface
ozone in the mountainous western United StatesoAt@hem Phys, 2016, 16: 14687-14702

[51] Jacob DJ, Winner DA. Effect of climate charmageair quality. Atmos Environ, 2009, 43: 51-63

[52] Doherty RM, Wild O, Shindell DT, et al. Impacbf climate change on surface ozone and
intercontinental ozone pollution: a multi-modeldju] Geophys Res, 2013, 118: 3744-3763

[53] Oman LD, Ziemke JR, Douglass AR, et al. Thepanse of tropical tropospheric ozone to ENSO.
Geophys Res Lett, 2011, 38: L13706

[54] Olsen MA, Wargan K, Pawson S. Troposphericuool ozone response to ENSO in GEOS-5
assimilation of OMI and MLS ozone data. Atmos Chelnys, 2016, 16: 7091-7103

[55] Kosaka Y, Xie SP. Recent global-warming higias to equatorial pacific surface cooling. Nature
2013, 501: 403-407

[56] Solomon S, vy DJ, Kinnison D, et al. Emergeraf healing in the Antarctic ozone layer. Science,
2016, 353: 269-274

[57] Hegglin MI, Shepherd TG. Large climate-inducethanges in ultraviolet index and
stratosphere-to-troposphere ozone flux. Nature Ge2809, 2: 687-691

[58] Butchart N. The Brewer-Dobson circulation. Régophys, 2014, 52: 157-184

[59] Zeng G, Morgenstern O, Braesicke P, et al.dotpf stratospheric ozone recovery on tropospheric
ozone and its budget. Geophys Res Lett, 2010, @3805

[60] Perlwitz J. Atmospheric science: tug of wartba jet stream. Nat Clim Change, 2011, 1: 29-31

20



614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657

Figure Captions

Figure 1 | Tropospheric ozone trends from the 1990® 2015 in the Southern
Hemisphere (SH). a,a summary of observed ozone trends in the SH frecent
publications. Circles denote ground observationd aquares denote ozonesonde
observations in the lower or middle troposphere ®able S1 (online) for references
and detailsb, Observed austral autumn mean ozone concentrationse surface
sites, tropospheric column ozone (TCO) at two sosites, and satellite observed
TCO from GOME-OMI and OMI/MLS over 1990-2015 (Sugplentary Information
1) grouped into three SH latitudinal bands (90°-8%@®0°-30°S, and 30°S-0°). Filled
symbols denote surface concentrations in unit dfvpfeft axes), and open circles
denote TCO values in unit of DU (right axes). Sadidd dashed lines represent
statistically significant (at 90% confidence levelhd insignificant linear trends,
respectively. c, Ozonesonde trends in austral autumn at Laudeey)gand
Neumayer-S (green). Horizontal bars are standariiiens.

Figure 2 | Drivers of the tropospheric ozone trendén March—April-May (MAM)
from the 1990s to 2010 in the SHObserved trends (black bars) are compared with
the BASE simulated results (red bars) at nine serfites (circles in the right panel,
A-l) averaged to three latitudinal bands. Also shoare contributions to the
simulated trend from long-term changes in transpatterns (TRANS; blue bars),
stratospheric ozone influences (STRAT; green bargjyropogenic emissions (EMIS;
orange bars), global methane levels (Cldurple bars), and biomass burning
emissions (BIOB; grey bars) (Methods). Grey hortabrbars denote standard
deviations over sites. The right panel shows tlaiabpdistribution of surface ozone
trends from the BASE simulation. Black dots denstatistically significant R <
0.05). Pluses (J-K) denote the two sonde sites.

Figure 3 | Linkage between changes in meridional rciulations and tropospheric
ozone in the SH over MAM 1990-201(0a, 1990-2010 climatological mean (black
contours) and trends (filled contours) of the meaaridional mass stream-function
(MMS). Positive MMS values represent clockwise mi@mal circulation and vice
versa.b, Simulated zonal mean ozone concentrations avérager MAM 1990
2010. Also shown are climatological zonal mean wiectors).c, Corresponding
trends of zonal mean simulated ozone and meridisirad (vectors). The white line
denotes the climatological MAM tropopause. Stipglin a andc denotes statistically
significant P < 0.05).

Figure 4 | Stronger stratosphere-to-troposphere trasport and chemical
production of ozone associated with poleward expaim of the SH Hadley
Circulation (SHHC) over MAM 1990-2010.a, The SHHC Poleward Edge (HCPE;
negative bars in blue represent poleward anomaliesynward ozone flux at 300 hPa
averaged over the mid-latitudes (50°-30°S) (red; lisownward flux is defined as
positive), TCO averaged within 60°-30°S from the SEAsimulation (purple line),
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and stratospheric ozone contribution from the tdggmulation averaged within 90°—
60°S (green lines). Values are anomalies relatvéAM 1990-2010. The HCPE
expansion rate, correlation coefficienty ¢f HCPE with downward ozone flux, TCO,
and stratospheric ozone contribution (with and euathtrends) are shown insdt,
Differences in zonal mean ozone concentration (@os) and wind (vectors) between
the HCPE S-phase and N-phase driven by changesamsport (calculated as
differences between the BASE and FTRANS simulatiese® Methods). The white
line denotes the climatological MAM tropopausgsame a$, but for stratospheric
ozone contributions (see Methodd)same ab but for ozone production ratesogp
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Table 1. Observed annual and seasonal mean swfane concentrations and trends
in the SH over 1990-20%5

Site Annual MAM JIA SON DJF
Tt mean| 13.70+1.00 | 10.83+1.53 18.73+1.93| 15.17+2.30 | 9.96+1.15
uira 0.07+0.05 0.04+0.08  0.13+0.08 | 0.13+0.11” | 0.02+0.06
(12.2°S) trend
' (0.51%) (0.41%) (0.69%) (0.88%) (0.47%)
£l Tolol mean| 32.00+1.26 | 28.60+1.91 32.81+1.33| 37.55+1.80 | 28.71+1.35
o 0.11+0.09 | 0.20+0.13” 0.14+0.08 | 0.11+0.13 | 0.07+0.11
(30.2°S) trend
' (0.35%) (0.70%) (0.42%) (0.30%) (0.24%)
c . Lmean 24.30+1.05 | 23.40+1.23 29.42+1.13 | 26.97+1.39 | 17.11+1.21
ape poin 0.11+0.04 | 0.12+0.04” 0.10+0.05 | 0.10+0.06 | 0.10+0.05
(34.3°S) trend
' (0.46%) (0.53%) (0.35%) (0.36%) (0.60%)
c _ | mean| 24.96+0.79 | 24.18+1.09 30.22+0.85 | 27.67+1.24 | 17.73+0.89
ape grim "
( 48 7?5) rend 0.09+0.02 | 0.12+0.03”  0.08+0.03 | 0.10+0.05 | 0.07+0.04
' (0.36%) (0.48%) (0.26%) (0.38%) (0.38%)
Baring head e 21.38+1.60 | 20.27+1.95 26.24+1.81 23.60+2.68 @ 15.18+1.09
arin ea
41 io S) | tend 0.04+0.09 | 0.09+0.1¢ -0.00+0.10 | 0.07+0.15 | 0.02+0.07
' (0.17%) (0.42%) (-0.01%) (0.30%) (0.12%)
S mean| 25.19+0.93 | 25.18+1.17 32.03+1.48| 26.31+1.27 | 17.1620.79
owa
(6; »S) | trend 0.08+0.07 0.11+0.07  0.16+0.10” | 0.10+0.10 | -0.01+0.06
' (0.31%) (0.43%) (0.49%) (0.38%) (-0.04%)
N gLmean 24.27+1.49 | 24.61+1.46 31.42+1.89  24.67+1.58 15.62+1.36
eumayer-
(70 72/3) vend | 0:05%0:07 0.08+0.08 = 0.12+0.09 | 0.13+0.07” | 0.05+0.07
' (0.22%) (0.32%) (0.38%) (0.52%) (0.29%)
Arrival mean| 25.92+1.51 | 25.89+2.09 33.87+1.53| 27.29+1.67 | 16.69+1.68
heights rend 0.21+0.09 | 0.2620.11” 0.21+0.09 | 0.20+0.11 | 0.18+0.12
(77.8°S) (0.81%) (0.99%) (0.61%) (0.73%) (1.08%)
South Poje €A 28.40+1.66 | 25.23+2.10 33.46+1.64  30.67+1.90 @ 24.34+2.09
ou ole
©00°S) | trend 0.17#0.05 | 0.21+0.06”  0.14+0.06 | 0.19+0.06 | 0.12+0.09
(0.61%) (0.81%) (0.43%) (0.62%) (0.51%)
Averaged trerfd 0.10+0.06 | 0.14+0.0” = 0.11+0.06 | 0.12+0.04 | 0.07+0.06
g (0.42%) (0.56%) (0.40%) (0.49%) (0.38%)

a)Mean surface ozone concentratiartandard deviations are in unit of ppbv, trends
+ 90% confidence level are in unit of ppbv, and denotestatistically significant
trends P-value < 0.1); b) the largest seasonal trend fohesste; ctandard deviation
of ozone trends over the nine surface sites.
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(b) Ozone difference (HC S-Phase- N-phase) due to changes in transport
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