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Abstract. Ozone (O3) trends and variability from a 28-year
(1987–2014) ozonesonde record at Lauder, New Zealand,
have been analysed and interpreted using a statistical model
and a global chemistry–climate model (CCM). Lauder is
a clean rural measurement site often representative of the
Southern Hemisphere (SH) mid-latitude background atmo-
sphere. O3 trends over this period at this location are char-
acterised by a significant positive trend below 6 km, a signif-
icant negative trend in the tropopause region and the lower
stratosphere between 9 and 15 km, and no significant trend
in the free troposphere (6–9 km) and the stratosphere above
15 km. We find that significant positive trends in lower tropo-
spheric ozone are correlated with increasing temperature and
decreasing relative humidity at the surface over this period,
whereas significant negative trends in the upper troposphere
and the lower stratosphere appear to be strongly linked to an
upward trend of the tropopause height. Relative humidity and
the tropopause height also dominate O3 variability at Lauder
in the lower troposphere and the tropopause region, respec-
tively. We perform an attribution of these trends to anthro-
pogenic forcings including O3 precursors, greenhouse gases
(GHGs), and O3-depleting substances (ODSs), using CCM
simulations. Results indicate that changes in anthropogenic
O3 precursors contribute significantly to stratospheric O3 re-
duction, changes in ODSs contribute significantly to tropo-
spheric O3 reduction, and increased GHGs contribute sig-
nificantly to stratospheric O3 increases at Lauder. Methane
(CH4) likely contributes positively to O3 trends in both the
troposphere and the stratosphere, but the contribution is not

significant at the 95 % confidence level over this period. An
extended analysis of CCM results covering 1960–2010 (i.e.
starting well before the observations) reveals significant con-
tributions from all forcings to O3 trends at Lauder – i.e.
increases in GHGs and the increase in CH4 alone all con-
tribute significantly to O3 increases, net increases in ODSs
lead to O3 reduction, and increases in non-methane O3 pre-
cursors cause O3 increases in the troposphere and reduc-
tions in the stratosphere. This study suggests that a long-term
ozonesonde record obtained at a SH mid-latitude background
site (corroborated by a surface O3 record at a nearby SH mid-
latitude site, Baring Head, which also shows a significant
positive trend) is a useful indicator for detecting atmospheric
composition and climate change associated with human ac-
tivities.

1 Introduction

Ozone (O3) is an important trace gas in the Earth’s atmo-
sphere, playing a central role in atmospheric chemistry and
the radiation budget. Stratospheric O3 prevents harmful UV
light from reaching the Earth’s surface and is also a source
of tropospheric ozone via cross-tropopause exchange. Tro-
pospheric O3 is formed by photochemical production in
the presence of nitrogen oxides and volatile organic com-
pounds (VOCs). It controls the atmospheric oxidising capac-
ity through photolysis and subsequent reaction with water
vapour to produce the hydroxyl radical (OH). Tropospheric
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O3 is inhomogeneously distributed and highly dependent on
the distributions of its precursors and on transport. High lev-
els of surface O3 have adverse effects on human health and
vegetation. Since the industrial era, surface O3 in the North-
ern Hemisphere (NH) has increased substantially (e.g. Volz
and Kley, 1988; Thompson, 1992) due to human activities.
By contrast, surface O3 in the Southern Hemisphere (SH) is
more stable due to limited land and a general lack of precur-
sor emissions. Here, surface O3 is the result of stratosphere–
troposphere exchange (STE) and methane (CH4) oxidation.

In the SH, stratospheric O3 changes, which are domi-
nated by Antarctic ozone depletion, show significant neg-
ative trends especially at mid- to high latitudes from the
1980s to the end of the 1990s (WMO, 2011). Reductions in
stratospheric halogen due to the implementation of the Mon-
treal Protocol would increase both tropospheric and strato-
spheric O3; indeed, observations show that stratospheric O3
between 35 and 45 km has shown no trend since the late
1990s (Figs. 2–5 in WMO, 2014). However, ozone recov-
ery is modulated by climate change. Model simulations show
that recovery will occur between 2030 and 2070 (depending
on region), but there may be no sustained recovery in the
tropical lower stratosphere, where climate change increases
tropical upwelling, leading to less time for O3 production and
hence reducing O3 in this region (Eyring et al., 2010). As
a consequence, future changes of stratospheric O3 will sig-
nificantly impact tropospheric O3 and potentially air quality
(e.g. Zeng et al., 2010).

Understanding past O3 changes and projecting the future
O3 evolution are of great importance to assessing future en-
vironmental changes. To cover its spatial and temporal vari-
ability, an extensive global ozone monitoring network exists
measuring total column ozone, vertical profiles, and surface
ozone. These measurements cover years to decades. Oltmans
et al. (2013) analyse tropospheric O3 trends from a large suite
of surface O3 and ozonesonde measurements for the past 20–
40 years and find that there is no significant overall change in
tropospheric O3 in the NH and tropics; they attribute this lack
of growth to controls on O3 precursor emissions after earlier
increases in tropospheric O3. However, in the SH subtropics
and mid-latitudes, near-surface O3 exhibits a significant pos-
itive trend since the 1980s but there have been no trends in
the free and upper troposphere; reasons for this behaviour are
not understood.

In this paper, we present the updated ozonesonde record
covering 1987–2014 from Lauder, New Zealand (45◦ S,
170◦ E; 370 ma.s.l.), a clean rural site that is representative
of the SH mid-latitude background atmosphere. Parts of the
time series have been shown previously by Oltmans et al.
(2006, 2013). Here, we focus on analysing and interpret-
ing the tropospheric and lower stratospheric O3 changes us-
ing a simple statistical model and global chemistry–climate
model (CCM) simulations, and identify the underlying dy-
namical and chemical changes that could contribute to the
observed O3 trends at this location, which also represent the

evolution of background O3 in the SH mid-latitudes in gen-
eral. Although we mainly analyse the ozonesonde record at
Lauder, the surface O3 record at another SH mid-latitude site,
Baring Head, New Zealand, will also be presented for com-
parison. We describe the ozonesonde time series, the sta-
tistical model used, and the chemistry–climate model sim-
ulations in the following section. Results are presented in
Sect. 3, and conclusions are drawn in Sect. 4.

2 Ozone records, statistical method, and
chemistry–climate model simulations

2.1 Ozone record

Weekly electrochemical cell (ECC) ozonesondes, launched
at Lauder since August 1986, measure profiles of O3, temper-
ature, pressure and winds from the surface to about 35 km.
The ozonesondes used are ECC EN-SCI IZ series operat-
ing with a 0.5 % buffered potassium iodide (KI) cathode so-
lution (Boyd et al., 1998). Corrections are applied to the
ozonesonde values above 200 hPa to account for pump ef-
ficiency degradation at low pressures (Bodeker et al., 1998).
The integrated O3 profile is compared to the total column of
ozone measured by the Dobson spectrophotometer at Lauder;
the relative difference is typically less than 5 % (Bodeker
et al., 1998). For this analysis, following Oltmans et al.
(2013), we calculate vertically averaged O3 mixing ratios for
eight layers, namely 0–1.5, 1.5–3, 3–6, 6–9, 9–12, 12–15,
15–20, and 20–25 km. Separate linear trends are then cal-
culated for O3 anomalies at each layer and over the whole
period.

2.2 Statistical method

We construct a regression model to identify the dominant fac-
tors that are associated with O3 variations and trends. The re-
gression model includes nine time-varying forcings, i.e. the
solar index (SI), which captures solar variability and is de-
fined by the solar radio flux at F10.7 cm (data source: https://
www.esrl.noaa.gov/psd/data/correlation/solar.data), the mul-
tivariate El Niño–Southern Oscillation index (MEI) (https:
//www.esrl.noaa.gov/psd/enso/mei/), the Quasi-Biennial Os-
cillation at 30 and 10 hPa, respectively (QBO30 and QBO10)
(http://www.esrl.noaa.gov/psd/data/climateindices/list/), rel-
ative humidity at the surface (RHsurf), surface temperature
(Tsurf), stratospheric temperature averaged over 20–25 km
(Tstrat), tropopause height (HTTrop), and the total chlorine
loading (Cly). RHsurf, Tsurf and Tstrat are measured together
with O3 by the ozonesondes. We define the tropopause as the
minimum altitude where the vertical gradient of the ozone
volume mixing ratio (VMR) is greater than 60 ppbvkm−1,
remains so for a further 200 m, and the O3 mixing ratio is
greater than 80 ppbv, exceeding 110 ppbv immediately above
the tropopause (ozone tropopause; Bethan et al., 1996). The
ozone tropopause definition is consistent with the definition
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of the dynamical tropopause based on potential vorticity (e.g.
Beekmann et al., 1994). The total chlorine loading at 20 km
over Lauder is taken from a transient CCM simulation as-
suming the WMO A1 scenario (WMO, 2011). The regressed
O3 anomaly is expressed as

Ozone(t)= A× t + a1×SI(t)+ a2×MEI(t)
+ a3×QBO10(t)+ a4×QBO30(t)+ a5×RHsurf(t)

+ a6× Tsurf(t)+ a7× Tstrat(t)+ a8×HTTrop(t)

+ a9×Cly(t), (1)

where A× t is the linear component, and a1−9 are the re-
gression coefficients for the corresponding regressors. All
forcings are standardised but not de-trended. Observations
as well as basis functions are monthly mean data.

2.3 Chemistry–climate model simulations

We perform and analyse a suite of sensitivity simulations
with different model configurations aimed at investigating
the factors that potentially contribute to observed O3 trends
at Lauder, e.g. CH4 and other O3 precursors, greenhouse
gases (GHGs), and ozone-depleting substances (ODSs) over
the period of the time series (1987–2014). The model sim-
ulations we analyse here are from the National Institute of
Water and Atmospheric Research-United Kingdom Chem-
istry and Aerosols (NIWA-UKCA) model, which comprises
a detailed representation of stratospheric and tropospheric
chemistry and is optionally run in atmosphere-only mode
or coupled to a deep-ocean model. Detailed descriptions of
the model are given by Morgenstern et al. (2009, 2017),
O’Connor et al. (2014), and Zeng et al. (2015). We only
give a brief description of the version used here. The back-
ground climate model is an early version of HadGEM3-A
(Hewitt et al., 2011) at a horizontal resolution of 3.75◦×2.5◦,
with 60 levels from the surface to 84 km. Chemistry com-
bines the stratospheric mechanism described by Morgen-
stern et al. (2009) and the tropospheric mechanism used by
Zeng et al. (2008). Eight primary pollutants are emitted at
the surface, namely nitrogen oxides (NOx), carbon monox-
ide (CO), formaldehyde (CH2O), ethane (C2H6), acetalde-
hyde (CH3CHO), propane (C3H8), acetone (CH3COCH3),
and isoprene (C5H8). We assume uniform, constant lower
boundary conditions for nitrous oxide (N2O), CH4, hydro-
gen (H2), and organic halogen compounds. Chlorine and
bromine source gases are lumped, and we only explicitly
model CFCl3, CF2Cl2, CH3Br, CH2Br2, and CHBr3 here.
Aerosol and aerosol precursor emissions are included. Light-
ning emissions of NOx are parameterised as a function of
cloud top height that is linked to convection in the model
(Price and Rind, 1992, 1994). The model uses the FAST-JX
interactive photolysis scheme (Neu et al., 2007; Telford et al.,
2013) with a correction added above 60 km for photolysis oc-
curring at wavelengths shorter than 177 nm (Lary and Pyle,
1991).

All simulations used in this study are listed in Table 1; they
are part of the Chemistry Climate Model Initiative (CCMI)
model simulations (Eyring et al., 2013; Morgenstern et al.,
2017). The model data can be downloaded from the British
Atmospheric Data Centre (BADC) (http://blogs.reading.ac.
uk/ccmi/badc-data-access). We keep the experiment identifi-
cations as defined by Eyring et al. (2013) and Morgenstern
et al. (2017) for CCMI. REF-C1 is a hindcast experiment
using prescribed observed monthly mean sea surface tem-
peratures (SSTs) and sea ice (HadISST; Rayner et al., 2003)
over the period of 1960–2010. Other forcings, e.g. GHGs,
ODSs, and aerosol and aerosol precursor emissions, follow
state-of-knowledge historical evolutions from 1960 to 2010
(Morgenstern et al., 2017). The anthropogenic emissions of
O3 precursors are inter-annually varying following the MAC-
City scenario from 1960 to 2010 (Granier et al., 2011), and
biogenic emissions are prescribed following the MEGAN2.1
(Guenther et al., 2012) dataset with no inter-annual variation.
CH4 mixing ratios are prescribed at the surface. In this setup,
chemistry is interactive, in that calculated O3 and CH4 are
fed into the radiation scheme. We consider REF-C1 to be the
state-of-knowledge experiment of the evolution of chemical
composition from 1960 to 2010. We also performed a sim-
ulation with non-methane O3 precursor emissions fixed at
the 1960 level (SEN-C1-fEMIS) to assess the impact of in-
creases in these emissions since 1960. Here we analyse the
results between 1987 and 2010 to coincide with the Lauder
ozonesonde measurements. In addition, we specify a strato-
spheric O3 tracer (O3S) to examine the impact of STE on tro-
pospheric O3 in experiment REF-C1. O3S is defined as hav-
ing the same chemical destruction as the “normal” chemical
O3 tracer but no chemical production in the troposphere in
order to account for the O3 that is originated from the strato-
sphere.

The second set of simulations is used to attribute O3
changes to ODSs and GHGs and listed in Table 1. These sim-
ulations are carried out using the coupled atmosphere-ocean
configuration. REF-C2 is the reference simulation covering
the period of 1960–2100 and follows the WMO (2011) A1
scenario for ODSs and Representative Concentration Path-
way (RCP) 6.0 (Meinshausen et al., 2011) for other GHGs,
tropospheric O3 precursors, and aerosol and aerosol precur-
sor emissions. For anthropogenic O3 precursor emissions, we
use MACCity emissions until 2000, followed by RCP 6.0
emission, as recommended for CCMI simulations. Unfortu-
nately, there is a discontinuity in NOx emissions when this
transition occurs (Morgenstern et al., 2017), which will im-
pact the O3 trend calculation. The three sensitivity simula-
tions (SEN-C2-fODS, SEN-C2-fGHG, and SEN-C2-fCH4)
differ from the REF-C2 simulation in that ODSs, GHGs, and
CH4 are fixed at their 1960 levels. The discontinuity in NOx

emissions exists in all three sensitivity simulations; therefore,
we anticipate that its effect will be similar across all simula-
tions. We analyse results from 1987 to 2014, which cover the
Lauder ozonesonde time series. The time evolutions of CH4,
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Table 1. Chemistry-Climate Model Initiative (CCMI) simulations performed by NIWA-UKCA, used in this study.

Simulation Period SSTs/sea ice O3 precursor emissions∗ CH4 GHGs∗ ODSs

REF-C1 1960–2010 HadISST MACCity (1960–2010) RCP 6.0 RCP 6.0 WMO (2014) A1
SEN-C1-fEMIS 1960–2010 HadISST Fixed at 1960 RCP 6.0 RCP 6.0 WMO (2014) A1
REF-C2 1960–2100 Interactive MACCity (1960–2000) and RCP 6.0 RCP 6.0 WMO (2014) A1

RCP 6.0 (2000–2100)
SEN-C2-fGHG 1960–2100 Interactive MACCity (1960–2000) and Fixed at 1960 Fixed at 1960 WMO (2014) A1

RCP 6.0 (2000–2100)
SEN-C2-fCH4 1960–2100 Interactive MACCity (1960–2000) and Fixed at 1960 RCP 6.0 WMO (2014) A1

RCP 6.0 (2000–2100)
SEN-C2-fODS 1960–2100 Interactive MACCity (1960–2000) and RCP 6.0 RCP 6.0 Fixed at 1960

RCP 6.0 (2000–2100)

∗ Excluding CH4.
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Figure 1. Time evolution of anthropogenic forcings used in CCMI simulations: (a) greenhouse gases (GHGs) volume mixing ratios, (b) total
organic chlorine and bromine volume mixing ratios, (c) nitrogen oxide emissions (NOx ), and (d) carbon monoxide emissions (CO). Black
lines denote forcings used in REF-C1, and lime lines for REF-C2. Note the discontinuity in NOx emissions (c) mentioned in the text.

CO2, N2O, Cly , and Bry , and the surface emissions of NOx

and CO are displayed in Fig. 1.

3 Observed ozone variabilities and trends at Southern
Hemisphere mid-latitudes

3.1 Ozone variability

Deseasonalised O3 anomalies, based on observed O3 at
Lauder, at the eight layers from the surface to the lower
stratosphere and the respective regressed O3 anomalies are
shown in Fig. 2. The observed monthly mean data was gener-

ated by performing a linear regression through the observed
O3 sonde data taken during each month (normally three or
four measurements) in order to define a representative point
in the middle of the month. The regressed O3 values are
generated based on the monthly mean observed data via the
multi-linear regression expressed by Eq. (1). O3 anomalies
shown in Fig. 2 and in subsequent figures, where indicated
in respective figure captions, are smoothed with a 13-month
filter for the purpose of display. Figure 2 shows that large
interannual variations exist in the observed O3 anomalies,
and the O3 regression captures much of the variability in
the stratosphere but is less accurate at capturing variations
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Figure 2. Vertically resolved observed ozone anomalies (black curves), linear trends (black lines), and regressed O3 anomalies (red curves)
at Lauder (1987–2014). R2 is the coefficient of determination of multi-variant regression function at each layer. The O3 anomalies shown
are smoothed using a 13-month filter based on monthly mean data. Linear trends are calculated from the monthly mean O3 anomalies.

Table 2. Coefficient of determination, R2, and dominant contributors to the regression, based on coefficients of determination of individual
regression functions (r2), resolved by altitude.

Altitudes R2 Dominant regression functions (measured by r2)

0–1.5 km 0.32 Relative humidity (0.25) Surface temperature (0.13)
1.5–3 km 0.21 Tropopause height (0.10) Surface temperature (0.09) Relative humidity (0.05)
3–6 km 0.28 Surface temperature (0.15) Tropopause height (0.11) Stratospheric temperature (0.08)
6–9 km 0.08 ENSO (0.02) Tropopause height (0.01)
9–12 km 0.55 Tropopause height (0.50) Surface temperature (0.09) Stratospheric temperature (0.07)
12–15 km 0.38 Tropopause height (0.29) Surface temperature (0.14) Stratospheric temperature (0.06)
15–20 km 0.36 Tropopause height (0.14) Surface temperature (0.11) QBO at 30 hPa (0.10)
20–25 km 0.35 Stratospheric temperature (0.18) QBO at 30 hPa (0.09) Surface temperature (0.03)
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Figure 3. Ozone anomalies and contributions of individual regression functions at Lauder. O3 anomalies are monthly mean but are smoothed
using a 13-month filter for display. Colour keys for regressors are shown in the top-left panel.

in tropospheric O3 in general (Fig. 2). The amount of O3
variance explained by the regression is given by the multi-
ple regression coefficient of determination, R2 (Fig. 2 and
Table 2), which shows that in the layer of 9–12 km, the re-
gression achieves the highest R2 value of 0.55, followed by
the lower stratospheric layers (12–20 km) with R2 values of
0.38 and 0.36, respectively. The surface layer has a better fit
(R2
= 0.32) than the layers in the free tropospheric layers

which have lower R2 values of 0.08–0.28.
We show contributions of individual regression functions

to the regressed O3 anomalies (Fig. 3) and identify ma-
jor contributing variables measured by the coefficient de-
termination of individual regression functions, r2 (Table 2).
At the surface, the O3 anomaly is reasonably well cap-
tured by the regression which is dominated by relative hu-
midity (Fig. 3); this may indicate that stratospheric intru-

sions play a significant role in controlling surface O3 vari-
ations at Lauder, as relative humidity is considered an ef-
fective indicator of such intrusions (e.g. Cristofanelli et al.,
2006; Stohl et al., 2000). Around and immediately above the
tropopause (i.e. 9–15 km), the O3 anomalies largely follow
the tropopause height (Fig. 3), which reflects that O3 in this
region is mainly controlled by changes in dynamics. Indeed,
change in tropopause height dominates the regression func-
tion at the layer of 9–12 km (r2

= 0.50), and such dynamical
change also influences O3 variability in the troposphere and
the lower stratosphere (see Table 2). In the free troposphere,
between 1.5 and 9 km, O3 variations are mostly driven by
a number of factors, including tropopause height, relative hu-
midity, surface temperature, and the MEI, with surface tem-
perature and relative humidity playing a dominant role in the
lower troposphere. There is a notable influence of El Niño–

Atmos. Chem. Phys., 17, 10495–10513, 2017 www.atmos-chem-phys.net/17/10495/2017/
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ables, co-measured with O3 at Lauder, with the exception of the
multivariate ENSO index (MEI). Anomalies are monthly mean but
are smoothed using a 13-month filter for display. Linear trends for
all variables are noted in the figure.

Southern Oscillation (ENSO) on ozone variations in the re-
gion between 3 and 9 km (Fig. 3). In the lower stratosphere,
stratospheric temperature and the QBO at 30 hPa show in-
creasing dominance in contributing to O3 variability (Ta-
ble 2).

Time series of some of the meteorological and climate
variables used in the regression are shown in Fig. 4. Ex-
cept for the MEI time series, all other variables are mea-
sured jointly with O3 at Lauder. In order to directly assess
the relationship between these variables and O3 variability,
we calculate correlation coefficients (r) of these variables
with O3 anomalies for each layer (see Table 3). This analysis
shows clearly that RHsurf exhibits a strong anti-correlation
with the O3 anomalies close to the surface (r =−0.50), and

the correlation reduces at higher altitudes, implying a role
for deep stratospheric intrusion in near-surface O3 variability
as mentioned above. Surface temperature anomalies and O3
anomalies in the troposphere are positively correlated, but are
anti-correlated in the stratosphere. Likewise, stratospheric
temperature anomalies and stratospheric O3 anomalies are
correlated. Tropopause height and O3 are anti-correlated
in the stratosphere and are correlated in the troposphere,
and the strongest anti-correlation occurs in the tropopause
region (9–12 km; r =−0.71) and immediately above the
tropopause (12–15 km; r =−0.57). Moderately high corre-
lation coefficients are calculated between tropopause height
and O3 anomalies in the free troposphere and in the lower
stratosphere, indicating the predominant impact of dynami-
cal changes on O3 over Lauder. There are rather weak cor-
relations between ENSO (expressed as MEI) and O3 anoma-
lies, with the largest influence from ENSO in the free tropo-
sphere at this mid-latitude location. QBO at 30 hPa is mostly
anti-correlated with ozone anomalies in the stratosphere.

Significant correlations exist between some regression
functions, e.g. surface temperature and surface relative hu-
midity (r =−0.41), tropopause height and surface tempera-
ture (r = 0.50), tropopause height and stratospheric temper-
ature (r =−0.28), and surface temperature and stratospheric
temperature (r =−0.23); therefore, it is expected that in-
creased uncertainties exist in the combined use of these vari-
ables in regression. In this study, however, variables with
dominant contributions to the regression function (listed in
Table 2) are all significant at the 95 % confidence level.

3.2 Ozone trends

The linear trends in observed deseasonalised O3 anoma-
lies calculated for each layer are listed in Table 4, and
are also shown in Fig. 2. Significant positive linear trends
(0.04 ppbvyear−1) are found from the surface up to 6 km
over the 28-year period (1987 to 2014). No significant trend
is calculated for 6–9 km. Above 9 km, trends become sig-
nificantly negative, but with an insignificant negative trend
obtained for 20–25 km. To examine whether there are any
synergies between the trends in O3 and the dominant mete-
orological and climate variables, the linear trends of the me-
teorological and climate variables over this period are also
calculated and are shown in Fig. 4, which clearly shows
that there are significant linear trends in MEI, RHsurf, sur-
face and stratospheric temperatures, and tropopause height
anomalies over the period of 1987 to 2014, with significant
positive trends in surface temperature (0.02±0.01 Kyear−1),
and the tropopause height (17.9± 5.5 myear−1), and sig-
nificant negative trends in RHsurf (−0.25± 0.06%year−1),
stratospheric temperatures (−0.13±0.01 Kyear−1), and MEI
(−0.03± 0.01year−1) (Fig. 4). Significant trends in these
variables may indicate some shifts in climate variability,
and climate change, which are mainly induced by increas-
ing GHGs (e.g. Mitchell et al., 1995; Santer et al., 1996).
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Table 3. Correlation coefficients between O3 anomalies and climate/meteorological variables at each layer.

Ozone layers RHsurf Tsurf Tstrat MEI QBO30 HTTrop

O3 (0–1.5 km) −0.50 0.38 −0.12 0.16
O3 (1.5–3 km) −0.28 0.35 −0.17 −0.11 0.34
O3 (3–6 km) −0.20 0.42 −0.29 −0.18 0.38
O3 (6–9 km) −0.15 −0.14
O3 (9–12 km) 0.21 −0.44 0.31 −0.71
O3 (12–15 km) 0.23 −0.45 0.27 0.13 −0.57
O3 (15–20 km) −0.36 0.32 0.10 −0.32 −0.41
O3 (20–25 km) −0.18 0.43 −0.31 −0.18

Table 4. Observed and simulated trends in O3 and O3S anomalies (±1 standard error) at Lauder, over the periods of 1987–2010 and 1987–
2014. Units are ppbv year−1.

Altitude (km) Observed O3 Observed O3 REF-C1 O3 REF-C2 O3 REF-C1 O3S
1987–2010 1987–2014 1987–2010 1987–2014 1987–2010

0–1.5 0.06± 0.02 0.04 ± 0.01 0.00± 0.01 −0.05± 0.01 −0.02± 0.00
1.5–3 0.08± 0.02 0.04 ± 0.01 0.01± 0.01 −0.06± 0.01 −0.02± 0.01
3–6 0.06± 0.03 0.05 ± 0.02 0.02± 0.02 −0.07± 0.01 0.00± 0.01
6–9 −0.09± 0.05 −0.01 ± 0.05 −0.01± 0.02 −0.10± 0.02 −0.04± 0.02
9–12 −0.55± 0.27 −0.62 ± 0.21 −0.39± 0.12 −0.26± 0.07 −0.47± 0.13
12–15 −0.53± 0.44 −0.90 ± 0.35 −1.18± 0.32 −0.51± 0.23 −1.19± 0.32
15–20 0.89± 1.12 −1.01 ± 0.88 −4.19± 0.73 −1.00± 0.56 −4.19± 0.73
20–25 1.46± 1.61 −0.50 ± 1.28 −4.46± 0.95 0.20± 0.69 −4.56± 0.96

Indeed, the increase in surface temperature and the large de-
crease in stratospheric temperature are the result of a modi-
fied radiation balance. Temperature changes in turn result in
dynamical changes, such as changes in tropopause height as
shown in Fig. 4, likely due to stratospheric cooling. RHsurf
shows a significantly strong negative trend; this is typically
linked to increased deep stratospheric intrusion. MEI shows
a moderate negative trend which can be explained by a shift
in climate variability. We also calculate O3 trends over the
period of 1987 to 2010 and obtain slightly larger significant
positive O3 trends in the troposphere (Table 4) than those
from the period of 1987 to 2014.

Our trend calculation is in broad agreement with Oltmans
et al. (2013), who calculated a trend of 0.15 ppbvyear−1 in
O3 from the surface to the free troposphere over the period of
1986–2010, and no significant trend above 500 hPa, although
they did not include O3 trends in the stratosphere in their
study. Oltmans et al. (2013) did not elaborate on what ex-
actly drives the significant positive trends in the lower tropo-
sphere at the SH mid-latitude site Lauder. There is no signifi-
cant trend in the upper troposphere. They suggested that such
a pattern in tropospheric O3 trends does not reflect a possible
increase in STE, as increasing STE would lead to an increase
in O3 in the upper and free troposphere. From our analysis
based on regression/correlation, the deep stratospheric intru-
sions may play a role in the lower tropospheric O3 trends,
reflected in the significant negative trend in relative humidity

over the period of 1987 to 2014 (Fig. 4). However, we cannot
derive simple and direct links between changes in relative hu-
midity, deep stratospheric intrusions, and the observed trends
in near-surface O3. In the tropopause region, the change in
tropopause height clearly drives the O3 variation and trend –
i.e. significant upward trends in tropopause height imply sig-
nificant negative O3 trends between 9 and 15 km (Figs. 2 and
4). In the stratosphere above 15 km, negative O3 trends be-
come weaker and are not significant at the 95 % confidence
level. Long-term changes in O3 in this region are influenced
by changes in dynamics (which are reflected in changes in
stratospheric temperatures linked to O3 changes), and O3 de-
pletion/recovery that is governed by changes in O3-depleting
substances; such changes seem to have cancelled out the de-
crease in O3 resulting from the tropopause height increase in
this region. Similarly, the insignificant trend in O3 between 6
and 9 km may be the result of cancellations between the in-
crease in O3 in the lower troposphere and the decrease in O3
in the tropopause region. In Sect. 4, we analyse a set of sen-
sitivity simulations designed to assess the contributions from
some anthropogenic forcings (ODSs, GHGs, and O3 precur-
sors), which are known to have caused substantial changes in
recent decades to O3 trends.

3.3 Baring Head surface O3

In addition to the ozonesonde record at Lauder, we exam-
ine the surface O3 time series from Baring Head (41.4◦ S,
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Figure 5. Observed monthly mean surface O3 anomaly and the cor-
responding linear trend at Baring Head (1994–2015).

174.9◦ E; 85 m), which is also a SH mid-latitude background
station located in central New Zealand. In southerly wind sit-
uations Baring Head, a coastal site, is exposed to clean ma-
rine air. The surface O3 measurements at Baring Head started
in 1991; the record is largely continuous except for some
missing data in 2005. The surface O3 measurements have
been made using ultraviolet (UV) photometric ozone anal-
ysers (Dasibi model 1003-PC from 1991–2004, and Thermo
Electric Corporation TEI49i from 1995), with air drawn from
5 m above the ground through a dedicated Teflon tube with
a 0.5 µm Teflon filter on the inlet to exclude aerosols. Hourly
data from 1992 to 2015 are used to calculated the surface O3
anomaly and the trend. The data are also deseasonalised.

Shown in Fig. 5, a significant positive trend is calculated in
surface O3 (0.057 ppbvyear−1) at Baring Head, which is sim-
ilar to the trend found at Lauder (0.04–0.06 ppbvyear−1), but
the positive trend calculated from near-surface ozonesonde
data at Lauder exhibits a much larger uncertainty range. The
significant positive trend in surface O3 at Baring Head, to-
gether with the significant positive trends in Cape Grim and
Cape Point surface O3 calculated by Oltmans et al. (2013),
confirms that the positive surface O3 trends in the SH mid-
latitudes are robust. The insignificant positive trend in sur-
face O3 at Baring Head calculated by Oltmans et al. (2013)
over the period of 1991–2010 is due to the shorter data record
compared to the record used here.

4 Attribution of ozone trends using chemistry–climate
model simulations

4.1 Modelled ozone trends at Lauder

In order to attribute the observed O3 trends at Lauder in
a more quantitative way, we compare the observations to
model results. Although the model has a relatively coarse
resolution, the measurement site is representative of SH mid-
latitudes, which are characterised by relatively large-scale
variability in O3. Firstly, we show in Fig. 6 monthly mean
O3 volume mixing ratios at all eight layers, for both REF-C1

and REF-C2 simulations (in the case of REF-C1, the run ends
in 2010; therefore, we use the period of 1987–2010). The
model data are interpolated to the vertical resolution of the
ozonesonde, before being grouped into the same eight lay-
ers as defined before. Overall, the model captures the mag-
nitude and variability of O3 well, albeit with the overesti-
mation of some observed peak values, mainly at the surface
and in the stratosphere. The model is capable of reproduc-
ing the observed O3 seasonal cycle in general but underes-
timates the O3 seasonal cycle in the free troposphere at this
location. Comparing the two model experiments, i.e. REF-
C1 and REF-C2, we find that O3 values in the REF-C1 ex-
periment are generally larger than those in REF-C2, with the
largest differences in the free troposphere at 3–6 km. Such
differences might be due to the dynamical differences aris-
ing from differences in sea surface temperatures between the
two experiments. We calculate the linear trends of O3 in both
experiments, as well as in the sensitivity experiments. The
results are discussed in the following sections.

4.2 REF-C1 simulation and the impact from O3
precursor emissions and the stratosphere

Layer-resolved O3 anomalies and their trends from REF-C1
and SEN-C1-fEMIS are displayed in Fig. 7 for the period
of 1987–2010, together with the observed anomalies for the
same period. Modelled O3 anomalies are based on monthly
mean output from the CCMs, smoothed using a 13-month
filter. Trends are calculated based on monthly mean data
without any smoothing. The same applies for all modelled
O3 anomalies shown in respective figures. In addition, the
anomalies in the stratospheric O3 tracer O3S are also dis-
played in the same plot. The modelled trends of O3 and O3S
are summarised in Table 4. Overall, the REF-C1 simulation
captures some basic observed variability but misses some
large anomaly features, for example the very negative O3
anomalies near the surface in the year 2000, and at the be-
ginning of the record (1987–1988). There are large observed
variations in the upper troposphere (6–9 km) that the model
fails to reproduce. The observed variabilities of O3 around
the tropopause and in the lower stratosphere are well cap-
tured by the model. The modelled trends match well with
the observed trend in the tropopause region and in the up-
per troposphere (6–12 km), but the model cannot reproduce
the observed significant positive O3 trends below 6 km. The
model simulation also produces a positive, but smaller than
observed, trend in tropopause height (7.6±3.7 myear−1 over
1987–2010. Above 15 km in the stratosphere, large positive
anomalies from the model at the beginning of the record are
opposite in sign to the observed negative anomalies and lead
to the significant negative trends calculated in the REF-C1
simulation (excluding the first few years of data, e.g. 1987–
1989, the model will produce a weaker insignificant nega-
tive trend at 20–25 km). In contrast, observed O3 trends in
the stratosphere are generally insignificant. For comparing to
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Figure 6. Observed (black) and modelled monthly mean O3 time series, from REF-C1 (red) and REF-C2 (green), respectively, at Lauder
over 1987–2014. The REF-C1 simulation ends in year 2010.

observations at a specific location, we expect that chemical
transport models (CTMs) or CCMs with specified dynam-
ics (CCM-SD) would be more accurate in capturing the O3
variability and other dynamical variables than free-running
CCMs; this has been demonstrated in previous studies (e.g.
Hardiman et al., 2017). This could have implications for pro-
jecting long-term future O3 trends using free-running CCMs.
Therefore, careful evaluations of free-running CCMs are
needed. However, Hardiman et al. (2017) also find that trop-
ical upwelling and the stratospheric meridional circulation
are difficult to constrain and are worse in the nudged simu-
lations than in the free-running simulations. Here, we aim to
attribute observed O3 trends to various chemical and dynam-
ical processes, and we consider that free-running CCMs are
the more suitable models to be used in such study.

We consider the REF-C1 simulation to be a representa-
tion of the realistic O3 evolution, driven by observed SSTs

and well-understood historic anthropogenic forcings such as
GHGs and ODSs, including CH4, which affects O3 both
chemically and as a GHG. However, anthropogenic non-
methane O3 precursors have relatively large uncertainties,
due to their very heterogeneous distributions and poorly un-
derstood emission inventories over some parts of the world.
SEN-C1-fEMIS is designed to assess how such uncertain-
ties in anthropogenic emissions of non-methane O3 precur-
sors might affect the O3 evolution. We take the results of
SEN-C1-fEMIS from 1987 to 2010 and display the anomaly
and trend of O3 in the same manner as O3 from the REF-C1
simulation (Fig. 7). The comparison shows that there is no
apparent difference between O3 trends in the troposphere be-
tween these two simulations, but there are distinct differences
from the tropopause region to 25 km. However, the very high
REF-C1 O3 anomalies at the beginning of the record might
contribute in part to the very negative trends in the strato-
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Figure 7. Observed (black) and modelled O3 anomalies and corresponding linear trends, from REF-C1 (red) and SEN-C1-fEMIS (green),
respectively, at Lauder (1987–2010), and the linear trend in O3S (blue line) from REF-C1. Anomalies shown are smoothed with a 13-monthly
filter for the purpose of display.

Table 5. Attributions of modelled trends (±1 standard deviation) due to changes in non-methane O3 precursors (NMOPs), CH4, GHGs, and
ODSs over the period 1987–2010 and 1987–2014, respectively, calculated as trends in absolute differences between O3 anomalies from the
sensitivity simulations and O3 anomalies from the REF-C1 and REF-C2 simulation, respectively. Units are ppbv year−1.

Altitude (km) Due to NMOPs Due to CH4 Due to GHGs Due to ODSs
1987–2010 1987–2014 1987–2014 1987–2014

0–1.5 −0.00± 0.01 0.02± 0.02 −0.00± 0.01 −0.02± 0.01
1.5–3 −0.00± 0.02 0.02± 0.02 −0.00± 0.01 −0.03± 0.02
3–6 0.02± 0.02 0.02± 0.02 −0.01± 0.02 −0.05± 0.02
6–9 0.00± 0.03 0.00± 0.03 0.00± 0.02 −0.08± 0.03
9–12 −0.42± 0.16 −0.05± 0.11 0.20± 0.11 0.02± 0.12
12–15 −1.05± 0.40 0.23± 0.51 0.69± 0.33 0.14± 0.37
15–20 −2.49± 0.91 0.50± 1.56 1.27± 0.79 −0.11± 0.92
20–25 −3.20± 1.24 1.80± 1.99 3.91± 1.01 0.52± 1.09
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Figure 8. Observed (black) and modelled (REF-C2; red) O3 anomalies and linear trends at Lauder over 1987–2014. Modelled linear
trends from SEN-C2-fGHG (green line), SEN-C2-fCH4 (gold line), and SEN-C2-fODS (blue line) are also depicted. Anomalies shown
are smoothed with a 13-monthly filter for the purpose of display.

sphere. The response of O3 trend to changing non-methane
O3 precursors is quantified and shown in Table 5. Overall,
the non-methane O3 precursor emission changes between the
late 1980s and 2010 have no significant effects on tropo-
spheric O3 trends, whereas in the stratosphere, the simulation
with constant emissions shows flat or slightly negative trends
in O3, which indicates changes in emissions (both NOx and
CO surface emissions show global increases during this pe-
riod; Fig. 1, and Fig. 1 in Morgenstern et al., 2017) contribute
to the negative trends in stratospheric O3.

The stratospheric tracer O3S depicted in Fig. 7 shows
a weak but significant negative trend near the surface (Ta-
ble 4). This decrease is likely the result of a decrease in
stratospheric O3 over this period. O3S is a measure of O3
originating from the stratosphere, and the negative trend in

O3S also implies that the photochemical production of O3 in
the lower troposphere is increasing, most likely as a result of
increasing O3 precursors including methane. We mentioned
before that there seems to be an increase in deep strato-
spheric intrusion at Lauder over the period of 1987–2014,
as indicated by a negative trend in relative humidity. Clearly,
STE plays an important role also in controlling lower tropo-
spheric O3, but a more rigorous attribution of the trend in
near-surface O3 would require a more dedicated set of model
experiments, which might be a worthwhile topic for future
research.
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4.3 REF-C2 simulation and the impact from ODSs,
GHGs, and CH4

In Fig. 8, we compare O3 anomalies and their trends from
the REF-C2 simulations to those from observations for the
period of 1987–2014. The variations of observed O3 anoma-
lies are less accurately matched by the REF-C2 simulations,
which are free-running simulations not constrained by ob-
served sea surface conditions, as opposed to the REF-C1
simulations, which are driven by observed sea surface con-
ditions. Significant negative trends in O3 anomalies are cal-
culated for the tropospheric layers, which are reflected nei-
ther in the observed trends nor in the REF-C1 simulations,
which yield a flat trend in the troposphere (Fig. 7). The sig-
nificant negative tropospheric O3 trends in REF-C2 are most
likely the consequence of a sharp drop in surface NOx emis-
sions after the year 2000 in the REF-C2 simulations, due to
adopting a different emission dataset in 2000 (RCP6.0) that
differs from the MACCity emission inventory used in REF-
C1 (see Fig. 1 and a related discussion in Morgenstern et al.,
2017). This discrepancy in NOx emissions between REF-C1
and REF-C2 simulations results in significant differences in
modelled O3 trends at Lauder, a background SH mid-latitude
site, indicating the important role of surface emissions of
O3 precursors impacting SH O3 trends, most likely through
inter-hemispheric transport. However, around the tropopause
and in the stratosphere, the REF-C2 simulation reproduces
the observed O3 trends, in contrast to the REF-C1 simula-
tions, although the variations in observed O3 are less well
reproduced in REF-C2 than in REF-C1.

The purpose of using REF-C2 and SEN-C2 simulations is
to assess the role of key forcing agents (ODSs, GHGs, and
CH4) in affecting the long term O3 trend. In Fig. 8, we also
display the O3 trends from the sensitivity runs. For the fixed-
ODS run (i.e. SEN-C2-fODS), the negative trends in O3 are
smaller in magnitudes than those from REF-C2 in the tropo-
sphere, which indicates that changes (i.e. increases) in ODSs
between 1987 and 2015 would decrease the tropospheric O3.
However, there is no significant difference in trends between
REF-C2 and SEN-C2-fODS simulations in the stratosphere.
Halogen loading in the atmosphere (Fig. 1) peaked in the
1990s and then dropped gradually approximately to the late
1980s level in 2014. This could explain the relatively small
overall impact from ODSs over the period of 1987–2014 on
O3 at Lauder. The negative impact of ODSs changes during
this period on tropospheric O3 is also reflected in the O3S
tracer, which shows a small but significant negative trend
over this period (Fig. 7). Changes in GHGs over the period
of 1987–2014 produce a negligible impact on simulated tro-
pospheric O3 changes at Lauder, but they have a significant
impact on trends in stratospheric O3 (above 12 km) (Fig. 8).
The significant negative trends of O3 in the fixed-GHGs sim-
ulations in the stratosphere imply increases in GHGs over
1987–2015 would contribute positively to the stratospheric
O3 trends. The effect is due to changes in CO2, CH4, and

N2O collectively. We also performed a sensitivity simula-
tion (SEN-C2-fCH4) with only CH4 fixed at the 1960 level,
to separate the effect of CH4 from other GHGs, e.g. CO2
and N2O. CH4 is an O3 precursor and also a GHG (see
above). This analysis shows that in SEN-C2-fCH4, signifi-
cant negative trends in O3 are calculated throughout the tro-
posphere, as shown in Fig. 8, indicating that the increase in
CH4 over the period of 1987–2015 contributes positively to
tropospheric O3 trends. Very similar O3 trends in the REF-C2
and SEN-C2-fGHG simulations imply that increases in CO2
and N2O would make negligible or slightly negative contri-
butions to the O3 trends over this period, outweighing the
positive contribution of increasing CH4. In the stratosphere,
CH4 through changes in chemistry plays a much less signifi-
cant role in O3 trends.

Note that the period analysed (1987–2014) is relatively
short, and the overall changes in ODSs and GHGs (in-
cluding CH4) are relatively small. Consequently, changes
in O3 trends attributable to these climate/chemical forcings
are usually associated with large uncertainties and there-
fore not significant at 95 % confidence level (Table 5). Over-
all, changes in CH4 contribute positively to tropospheric O3
trends through enhanced photochemical production of O3.
Increases in GHGs alone seem to result in decreasing tropo-
spheric O3 (presumably via enhanced chemical destruction
in a future warmer and wetter climate), although this is coun-
terbalanced by increasing tropospheric O3 through CH4 oxi-
dation. Increasing ODSs lead to significant negative O3 trend
in the troposphere, through downward transport of strato-
spheric O3. In the stratosphere, the effect from ODSs is small
due to the overall small changes in ODS over this period,
whilst increases in GHGs seem to be the major forcing, con-
tributing positively to stratospheric O3 trends through, possi-
bly, decelerated O3 destruction due to cooling. This positive
contribution may have outweighed any reduction of strato-
spheric O3 resulting from negative O3 trends that is trig-
gered by dynamical changes in the tropopause region, as both
observations and REF-C2 simulations show relatively small
and insignificant trends in stratospheric O3 at Lauder. In the
tropopause region, O3 trends are not sensitive to changes
in these forcings, and are largely controlled by dynamical
changes, e.g. the movement of the tropopause. Both REF-
C1 and REF-C2 produce a positive, albeit smaller than ob-
served, trend in tropopause height, which agrees with the sci-
entific finding that anthropogenic forcings, in particular O3
and well-mixed GHG changes, contribute predominantly to
observed tropopause height increase in recent decades (e.g.
Santer et al., 2003).

In the following section, we expand the analysis to include
the whole simulation period of 1960–2010 and assess long-
term simulated changes in O3 at SH mid-latitudes (repre-
sented by Lauder) due to changes in anthropogenic forcings
of ODS, GHGs, and O3 precursor emissions.

www.atmos-chem-phys.net/17/10495/2017/ Atmos. Chem. Phys., 17, 10495–10513, 2017
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Figure 9. Modelled O3 anomalies and linear trends at Lauder over 1960–2010 from REF-C1 (black) and SEN-C1-fEMIS (green), re-
spectively. The anomaly and linear trend of stratospheric O3 tracer (O3S) are also depicted (red). Anomalies shown are smoothed with
a 13-monthly filter for the purpose of display.

4.4 Modelled attribution to long-term O3 changes at
Lauder

Figures 9 and 10 display the O3 evolution and trends over the
1960–2010 period from REF-C1 and REF-C2, respectively,
and the associated sensitivity simulations. The O3 anoma-
lies are all normalised to zero at the starting time point. The
analysis shows that in both simulations, O3 shows insignif-
icant or moderately negative trends in the troposphere, and
more significant negative trends in the stratosphere (Table 6).
It should be noted that larger negative trends in stratospheric
O3 are simulated in REF-C1 than those in REF-fC2; there are
sustained stratospheric O3 losses prior to the 1980s in REF-
C1, which are not present in REF-C2 simulations. Relative
to the period of Lauder O3 sonde observations, both simula-
tions show stratospheric O3 losses from the 1980s to around

2000, and then O3 recovery after the year 2000 (Figs. 9
and 10), although such changes are not obvious in observed
lower stratospheric O3 at Lauder because of large variability
(Figs. 7 and 8).

Examining the sensitivity simulation SEN-C1-fEMIS, fix-
ing emissions at the 1960 level results in negative trends
throughout the domain, but with larger negative trends in
the troposphere and smaller negative trends in the strato-
sphere, compared to REF-C1. This means that increases in
O3 precursor emissions since the 1960s lead to a positive
contribution to tropospheric O3 (shown in Fig. 9), predom-
inantly through increased chemical O3 production. However,
increases in O3 precursor emissions cause a reduction in
stratospheric O3; we can only suspect that this is due to
chemical and/or dynamical changes in the lower stratosphere
as a result of O3 feedback, and this warrants further investi-
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Figure 10. Modelled O3 anomalies and linear trends at Lauder over 1960–2010, from REF-C2 (black), SEN-C2-fGHG (green), SEN-C2-
fCH4 (red), and SEN-C2-fODS (blue). Anomalies shown are smoothed with a 13-monthly filter for the purpose of display.

Table 6. Simulated trends in O3 and O3S anomalies (±1 standard deviation) at Lauder, and attributions of modelled trends due to changes
in non-methane O3 precursors, CH4, GHGs, and ODSs over the period of 1960–2010. Units are ppbv year−1.

Altitude (km) REF-C1 REF-C2 Due to NMOPs Due to CH4 Due to GHGs Due to ODSs O3S (REF-C1)

0–1.5 0.00± 0.00 −0.02± 0.00 0.02± 0.01 0.03± 0.01 0.03± 0.01 −0.07± 0.01 −0.04± 0.00
1.5–3 0.00± 0.00 −0.02± 0.00 0.02± 0.01 0.04± 0.01 0.04± 0.01 −0.09± 0.01 −0.05± 0.00
3–6 0.00± 0.01 −0.03± 0.01 0.03± 0.01 0.05± 0.01 0.05± 0.01 −0.11± 0.01 −0.05± 0.00
6–9 −0.05± 0.01 −0.04± 0.01 0.04± 0.01 0.05± 0.01 0.06± 0.01 −0.16± 0.01 −0.12± 0.01
9–12 −0.51± 0.05 −0.26± 0.04 −0.26± 0.06 0.06± 0.05 0.05± 0.05 −0.49± 0.05 −0.60± 0.05
12–15 −1.33± 0.13 −0.80± 0.11 −0.29± 0.15 0.33± 0.16 0.29± 0.16 −1.24± 0.16 −1.33± 0.13
15–20 −5.12± 0.26 −3.95± 0.26 −1.68± 0.33 0.49± 0.39 0.42± 0.38 −4.05± 0.38 −5.12± 0.26
20–25 −7.88± 0.31 −6.25± 0.34 −2.51± 0.41 0.81± 0.48 0.77± 0.45 −6.93± 0.47 −7.88± 0.31
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gation. In the tropopause region (9–12 km), the impact on O3
trends from fixed emissions is minimal, which may suggest
that changes in O3 at the tropopause are mainly controlled
by the movement of the tropopause rather than changes in
O3 precursors in the troposphere, and indeed, our calcula-
tion shows that there is no significant difference in mod-
elled tropopause heights between SEN-C1-fEMIS and REF-
C1 simulations. In addition, the stratospheric tracer O3S from
REF-C1 is also shown, which shows negative trends, as a re-
sult of the declining stratospheric O3 during this period.

In the fixed-ODS simulations, large differences in O3
trends from the correspondent O3 trends in REF-C2 are
shown (Fig. 10), indicating significant negative contributions
to O3 trends due to changes (i.e. increases) in ODSs between
1960 and 2010. By comparison, changes in GHGs seem to
have less impact on O3 trends than ODS changes. Increases
in GHGs generally contribute positively to O3 trends over
this period, and the largest influence occurs in the tropo-
sphere, whereas the impact on stratospheric O3 trends is neg-
ligible. Interestingly, the impact of changing GHGs on O3
trends is shown mainly through CH4 changes, suggesting that
chemical changes (O3 production through increased CH4)
are likely to dominate the contribution of changing GHGs to
O3 trends, especially given that the contribution mainly oc-
curs in the troposphere (Fig. 10). We can not identify in this
study the role of individual GHGs in moderating O3 trends,
and it is possible that radiative feedbacks are different from
different GHGs, and chemical feedbacks also differ, e.g. CH4
contributes to O3 chemical production and N2O plays a role
in stratospheric O3 destruction. The attribution of modelled
O3 trends to each of the aforementioned forcings is listed in
Table 6.

5 Conclusions

We have analysed a 28-year ozonesonde record from Lauder,
covering 1987 to 2014, and a surface O3 record from Bar-
ing Head covering 1992 to 2015. Both background measure-
ment sites are located in the SH mid-latitudes and are rep-
resentative of background atmospheric conditions. We have
also analysed some meteorological parameters that are co-
measured with O3 at Lauder, and have explored the relation-
ships between O3 changes and changes in these parameters,
i.e. surface relative humidity, surface and stratospheric tem-
peratures, and tropopause height. Through a regression anal-
ysis of ozonesonde data, which involves grouping the profiles
into eight layers extending to the stratosphere (25 km), we
have identified the dominant meteorological parameters that
control the interannual variations of O3 at Lauder. We find
that relative humidity dominates the variability of lower tro-
pospheric O3, possibly through deep stratospheric intrusions,
and that O3 variability around the tropopause region is domi-
nated by the movement of the tropopause. In addition, ENSO

contributes to O3 variations in the free troposphere, and the
QBO and solar cycle impact O3 variations in the stratosphere.

The trends in observed O3 at Lauder have been calcu-
lated for the eight layers. Significant positive trends in the
troposphere below 6 km, and significant negative trends in
the tropopause region are obtained, for both 1987–2010 and
1987–2014. No significant trends are found in the upper tro-
posphere (6–9 km) and in the stratosphere (above 15 km).
A significant negative O3 trend in the 9–12 km region is very
likely the result of an increasing tropopause height at Lauder.
Such a dynamically induced change in O3 also propagates to
below and above the tropopause. Changes in temperatures in
both the troposphere and the stratosphere impact O3 by mod-
ifying the chemical production and destruction rates. Specif-
ically, increased surface temperature would enhance photo-
chemical production of O3 mainly in the lower troposphere,
and decreased stratospheric temperature would slow down
the nitrogen- and halogen-catalysed O3 destruction cycles.
Such effects from temperature changes could be balanced by
the effect from tropopause height changes; the net impact is
small O3 trends in the upper troposphere and the lower strato-
sphere.

We have used NIWA-UKCA chemistry–climate model
simulations to attribute O3 trends observed at Lauder to an-
thropogenic influences, particularly changing GHGs, ODSs,
and O3 precursors over 1987 to 2014. Results from these
CCMI simulations indicate that O3 precursor emissions have
no net impact on tropospheric O3 but lead to significant neg-
ative trends in stratospheric O3; this will be further inves-
tigated. Changes in CH4 generally have a positive impact
on O3, but the effect is not significant at the 95 % confi-
dence level. Changes in GHGs (including CH4) mainly af-
fect the stratosphere, where increased GHGs lead to signifi-
cant positive trends in O3. Increases in ODSs during this pe-
riod mainly result in negative O3 trend in the troposphere,
through STE and/or consequences for tropospheric ozone
photochemistry. But with Bry and Cly peaking in the late
1990s, stratospheric O3 at Lauder is not significantly affected
by overall changes in ODSs from 1987 to 2014. We also ex-
amined O3 transported from the stratosphere using a diag-
nostic stratospheric O3 tracer, which shows a significant neg-
ative trend near the surface, suggesting that changes in STE
of ozone are indeed involved in tropospheric ozone trends.

The observed significant positive trend in tropospheric O3
below 6 km is not reproduced by the base simulations (REF-
C1 and REF-C2), which is very likely because of an under-
estimation of positive trends in surface emissions of O3 pre-
cursors. The large significant negative trend in stratospheric
O3 in the REF-C1 simulation is caused by the very large pos-
itive anomaly at the beginning of O3 record. Both base sim-
ulations reproduce the significant negative O3 trend in the
tropopause region well, associated with dynamical changes.

The Lauder O3 record presented in this study is relatively
short for detecting significant responses of O3 to changes in
GHGs, ODSs, and O3 precursors. The analysis is extended
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to cover the whole period of the simulation, i.e. 1960–2010,
during which period significant changes in GHGs, ODSs, and
O3 precursors occur, allowing for a more robust assessment
of their impacts on the O3 evolution. The results show that all
forcings contribute significantly to simulated O3 trends over
the last five decades at Lauder. Increases in O3 precursors
contribute positively to tropospheric O3 through enhanced
photochemical production of O3, but negatively to strato-
spheric O3. The increase in CH4 leads to positive O3 trends
in both the troposphere and the stratosphere, and is compara-
ble to the O3 response to the net effect of combined GHG
changes, indicating there may be a cancellation of effects
from increases in CO2 and in N2O. The overall increase in
ODSs between 1960 and 2010 results in significant negative
trend in tropospheric and stratospheric O3, which coincides
with the negative trend in the stratospheric O3 tracer.

This study demonstrates that long-term ozone profile ob-
servations provide valuable insight into atmospheric compo-
sition changes associated with anthropogenic forcing over
the recent decades at a background SH mid-latitude location.
More locations can be explored in future studies and multi-
model simulation ensembles can be used to derive global O3
changes and to project the future evolution.
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