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Abstract. Chemical and dynamical drivers of trends in tropical total column ozone (TCO3) for the recent past and future
periods are explored using the UM-UKCA chemistry-climate model. A transient 1960-2100 simulation is analysed which
follows the representative concentration pathway 6.0 (RCP6.0) emissions scenario for the future. Tropical averaged (10°S-
10°N) TCO3 values decrease from the 1970s, reaching a minimum around 2000, and return to their 1980 values around
2040, consistent with the use and emission of ozone depleting substances (ODS), and their later controls under the Montreal
Protocol. However, when the ozone column is subdivided into three partial columns (PCO3) that cover the upper
stratosphere (PCO3ys), lower stratosphere (PCO3s) and troposphere (PCO3y), significant differences to the behaviour of the
total column are seen. Modelled PCO3+ values increase from 1960-2000 before remaining steady under this particular
emissions scenario throughout the 21st century. PCO3, s values decrease rapidly from 1960-2000, remain steady until around
2050, before gradually decreasing further to 2100, never recovering to their 1980s values. PCO3s values decrease from
1960-2000, before rapidly increasing throughout the 21st century, recovering to 1980s values by ~2020, and are significantly
higher than 1980s values by 2100. Using a series of idealised UM-UKCA time-slice simulations with varying
concentrations of well-mixed greenhouse gases (GHG) and ODS set to either year 2000 or 2100 levels, we examine the main
processes that drive the PCO3 responses in the three regions, and assess how these processes change under different
emission scenarios. Finally, we present a simple, linearised model to describe the future evolution of tropical stratospheric

column ozone values based on terms representing time-dependent abundances of GHG and ODS.

1 Introduction

Total column ozone (TCO3) values have a direct effect on human health by preventing harmful ultraviolet (UV) radiation

from reaching the surface. It is therefore important to gain a quantitative understanding of how TCO3 values may evolve
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over the 21% century. While ozone mixing ratios are on average highest in the tropical stratosphere, tropical TCO3 values
are the lowest of any region outside of the Antarctic ozone hole (World Meteorological Organization (WMO), 2014). This
fact, combined with the high population of many tropical countries, means it is important to understand the various factors

that will affect TCO3 values over the course of the 21% century.

The discovery of the ozone hole by Farman et al. (1985) ultimately led to controls on the emissions of CFCs and other
ozone-depleting substances (ODS) through the Montreal Protocol and its subsequent amendments (WMO, 2014). As a
result, stratospheric concentrations of chlorine are expected to decline throughout the 21* century (e.g. Mader et al., 2010),
and stratospheric ozone concentrations in the mid- and high latitudes are projected to recover to their pre-1980s values
(Eyring et al., 2013; WMO, 2014). However, future projections of tropical TCO3 abundances show a large uncertainty (e.g.
Austin et al., 2010; WMO, 2011; 2014), with recent studies indicating that tropical TCO3 values may not recover to pre-
1980s values despite reduction in stratospheric ODS concentrations (e.g. Eyring et al., 2013; Meul et al., 2014).

In the extra-polar stratosphere ozone concentrations are determined by the balance between production and destruction of
ozone through gas phase chemical reactions, plus transport into and out of the region of interest (e.g. Brewer and Wilson,
1968; Garny et al., 2011). O, mixing ratios (where O,, or odd oxygen, is defined as the sum of ozone (O3) and atomic
oxygen (O)) are determined by sets of photochemical reactions first described by Chapman (1930) plus ozone destroying
catalytic cycles involving chlorine, nitrogen, hydrogen and bromine radical species (e.g. Bates and Nicolet, 1950; Crutzen,
1970; Johnston, 1971; Molina and Rowland, 1974; Stolarski and Cicerone, 1974). Unlike in the polar lower stratosphere,
heterogeneous processes play only a minor role in determining tropical TCO3 abundances, although this can change after
large volcanic eruptions (e.g. Solomon et al., 1996; Telford et al., 2009) and could also be affected by proposed

geoengineering schemes (e.g. Weisenstein et al., 2015; Tang et al., 2016).

Changes in anthropogenic emissions over the course of the 21st century perturb stratospheric ozone chemical cycles
involving Oy, CIO, (CI+CIO), NO, (NO+NO,) and HO, (OH+HO,) in two ways. Firstly, the radiative effects of well-mixed
GHGs affect both gas phase kinetics and stratospheric dynamics. Secondly, some GHGs, i.e. CFCs, N,O and CHy, are also

source gases for reactive ClO,, NO, and HO, species.

Cooling of the stratosphere due to increased GHG concentrations, particularly CO,, increases stratospheric ozone
concentrations through both increases to the rate constant for the reaction O+0O,+M, leading to an increase of the ratio of O3
to O, and decreases to the rate constant for the reaction O+0O; (e.g., Barnett et al., 1974; Haigh and Pyle, 1982; Jonsson et al.,
2004). In a similar way, the rate constants for the catalytic loss cycles involving NO,, HO, and CIO, radicals are also
temperature dependent (e.g. Brasseur and Hitchman 1988; Randeniya et al., 2002; Rosenfield et al., 2002; Stolarski et al.,
2015), and so the efficiency of these cycles for destroying stratospheric ozone is also affected by changes in GHG

concentrations.
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The climate response to increases in GHG concentrations is expected to include increasing tropopause height, an
acceleration of the Brewer-Dobson Circulation (BDC), and changes in the width of the region of the tropical upwelling
region (e.g. Butchart et al., 2006, 2010; Garcia et al., 2007; Lorenz and DeWeaver, 2007; Shepherd, 2008; Li and Austin,
2008; Shepherd and McLandress, 2011; Hardiman et al., 2014; Palmeiro et al., 2014). Dynamical changes affect ozone
concentrations by directly transporting ozone out of the lower stratosphere (e.g. Plumb, 1996; Avallone and Prather, 1996),
and by controlling the amount of reactive Cl,, NO, and HO, that determine the chemical processing of ozone (e.g. Revell et
al., 2012, Meul et al., 2014). In addition to the mean advection of airmasses, quasi-horizontal mixing along isentropes is also
important for the transport of stratospheric chemical constituents (Hall and Waugh, 1997). However, in the tropics
horizontal mixing is weak due to the existence of a sub-tropical transport barrier, the tropical pipe, which acts to some extent
to isolate the tropical lower stratosphere from the mid latitudes (Waugh 1996; Neu and Plumb, 1999).

Furthermore, changes to emissions of CFCs, N,O and CH, will alter the concentrations of CIO,, NO,, and HO, radicals,
affecting the catalytic cycles that destroy ozone (e.g., Chipperfield and Feng, 2003; Ravishankara et al., 2009). While future
stratospheric halogen loadings are expected to decrease throughout the 21% century, emissions of CH, and N,O, which are
not regulated in the same way as ODS, are associated with greater uncertainty. The atmospheric concentration of these
species, and by extension future concentrations of HO, and NO, radicals, is therefore highly sensitive to assumptions made

about their future emissions.

Since the photochemical lifetime of ozone is long in the lower stratosphere and short in the upper stratosphere, it is expected
that the relative importance of the chemical and dynamical processes described above will vary with altitude, with dynamical
changes playing an important role in the lower stratosphere and gas phase chemistry controlling 0zone concentrations in the
upper stratosphere. This makes it challenging to understand the sources of uncertainty and inter-model differences in future
tropical total column ozone trends (e.g. WMO, 2014).

To assess the impacts of future anthropogenic emissions on atmospheric chemistry and climate, a number of representative
concentration pathway (RCP) scenarios based on different assumptions about future socio-economic development have been
developed (van Vuuren et al., 2011). While stratospheric chlorine loadings are predicted to decrease in the future in all RCP
emissions scenarios, emissions of CO,, CH4 and N,O are associated with greater uncertainty and hence follow a wider range
of pathways between the different RCP scenarios (WMO, 2011, 2014; IPCC, 2013; Meinhausen et al., 2011). For example,
CH, and N,O emissions are projected to decline during the 21st century in the RCP2.6 scenario, peak around the year
2040/2080 in the RCP4.5/RCP6.0 scenarios respectively, and rise throughout the century in the "business-as-usual" RCP8.5
scenario. The multitude of drivers and processes that affect atmospheric 0zone abundances motivates the use of chemistry-
climate models (CCMs) to explore how column ozone may evolve over the 21st century under a range of RCP emissions
scenarios (e.g. Eyring et al., 2013; Iglesias-Suarez et al., 2016).
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Here we present results of a modelling study that assesses projected trends in tropical column ozone. The aims of this paper
are to: 1) analyse the contributions from different altitude regions to future tropical column ozone trends; 2) determine the
mechanistic drivers of projected tropical column ozone trends using a number of idealised CCM simulations; and 3)
formulate a simple model to estimate future tropical column ozone changes and their dependence on the key drivers
discussed above. Section 2 describes the CCM simulations used for this study. In section 3, the modelled column ozone
trends are discussed and separated into contributions from the upper stratosphere, lower stratosphere and troposphere, before
the key drivers of column ozone trends in these separate altitude regions are discussed in section 4. Section 5 presents a
discussion on the validity of treating the effects of individual key drivers as additive (i.e. without any co-dependence). In
section 6, we produce a simple linear model to describe future tropical stratospheric column ozone changes as a function of

GHG and ODS concentrations. Finally, the results are summarized in section 7.

2 Model setup and experimental design

We use version 7.3 of the Met Office’s Unified Model HadGEM3-A (Hewitt et al., 2011) coupled with the United Kingdom
Chemistry and Aerosol scheme (hereafter referred to as UM-UKCA). The model is run in atmosphere-only mode with a
horizontal resolution of 2.5° latitude by 3.75° longitude, 60 vertical levels up to 84 km, and prescribed sea surface

temperatures and sea ice extents. For this study, two configurations of UM-UKCA were used which are described below.

An ensemble of transient simulations following the experimental design of the WCRP/SPARC CCMI REF-C2 experiment
(Eyring et al., 2013) was performed using the extended Chemistry of the Stratosphere (CheS+) chemistry scheme. The REF-
C2 experiment adopts the RCP6.0 scenario for future GHG and ODS emissions. The CheS+ scheme is an expansion of
Morgenstern et al. (2009) in which halogen source gases are considered explicitly, resulting in an additional 9 species, 17
bimolecular and 9 photolytic reactions. CheS+ contains only a simplified tropospheric chemistry scheme. This model was
used for the recent SPARC Assessment of Lifetimes (SPARC 2013; Chipperfield et al., 2014) and is described in detail in
Bednarz et al. (2016). In total, four ensemble members are used in this study: two simulations run from 1960 to 2099 and
two simulations run from 1980 to 2080. The four ensemble members have identical time-dependent boundary conditions, but
differ in their atmospheric initial conditions, thereby providing an estimate of internal atmospheric variability. The model is
forced at the lower boundary with sea surface temperatures and sea ice fields taken from a parent coupled atmosphere-ocean
HadGEM2-ES integration. All transient simulations used in this study include the effects of the 11-year solar cycle in both

the radiation and photolysis schemes.

The transient simulations described above include the radiative and chemical effects of changing anthropogenic emissions.
In order to separate the relative radiative and chemical contributions to future tropical ozone differences, the transient
simulations were supplemented by time-slice simulations performed using the Chemistry of the Stratosphere and

Troposphere (CheST) scheme. This scheme is a combination of the UM-UKCA tropospheric (O’Connor et al., 2014) and
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stratospheric (Morgenstern et al., 2009) chemical schemes, and is described in detail in Banerjee et al. (2014). Six time-slice
experiments were performed using different prescribed GHG and ODS concentrations. The combinations of forcings used
for each time-slice integration given in Table 1. Each time-slice was run for 20 years, with the first 10 years discarded as
spin-up for the model.

In order to separate the radiative and chemical responses of ozone abundances to changes in anthropogenic emissions, only
the radiative impacts of variations in GHG concentrations and only the chemical effects of changes to ODS concentrations
are considered in these simulations. I.e. while differences in GHG concentrations directly affect temperature and circulation,
they do not affect the concentration of reactive radical species (e.g. Cly, NO, and HO,), while the radiative effects of ODS
changes are not included. In this study we consider the radiative impact of a large number of GHG species (CO,, CH,4, N,O,
CFCs) and assume that the dominant driver of chemical changes is changes to ODS loadings. In this way, the chemical
impact of changing N,O and CH,4 emissions is not considered here. The impact of changing GHG concentrations is

expressed in terms of differences in Carbon Dioxide Equivalent (CDE; IPCC, 2007).

The time-slice experiments include 3 pairs of simulations with a physical climate state (e.g SSTs, sea ice, radiative GHG
concentrations) commensurate with either year 2000 or 2100 conditions, with year 2100 conditions taken from either the
RCP4.5 or RCP8.5 scenarios. Each pair of experiments in turn uses chemical ODS loadings for either the year 2000 or
2100. The time-slice experiments are named accordingly, e.g. TS2000ps includes year 2000 climate conditions and year
2100 ODS loadings, while TS4.5 includes year 2100 climate conditions following the RCP4.5 scenario and year 2000 ODS

loadings (see Table 1). A full description of these simulations is provided in Banerjee et al. (2014).

The use of time-slice simulations with different combinations of near-present day and end of century forcings enables the
processes that drive projected column ozone trends in the transient experiments to be determined. We purposefully use time-
slice experiments with different combinations of forcings to those in the transient simulations (time-slices are run for RCP
4.5 and 8.5 while the transient simulation is run for RCP 6.0), so that we can assess linearities in the ozone response to both
ODS and GHG changes.

3 Modelled column ozone trends

The analysis presented in this study focuses on area weighted averages over 10° S-10° N. While previous studies of tropical
ozone trends have used a broader region to define the tropics, typically from 25° S-25° N (e.g. Austin et al., 2010; Eyring et
al., 2010; Meul et al., 2014), Hardiman et al. (2013) show that, in an ensemble of CMIP5 models following the RCP8.5
scenario, as the magnitude of the tropical upwelling mass flux is projected to increase over the 21% century, the width of the
region of upwelling narrows at altitudes below 20 hPa. In order to avoid the impacts of changes to the width of the region

of tropical upwelling resulting from increases in GHG concentrations, in this study we use a narrower definition of the
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tropics. However, the results presented in this study are not changed significantly when a broader definition of the tropics
(30° S-30° N) is used. In this section, we first describe the changes in tropical total column ozone (defined herein as 0-48

km) and then the partial column trends for the upper and lower stratosphere and the troposphere.

3.1 Total column ozone differences

Figure 1 shows tropical averaged TCO3 anomalies relative to a year 2000+5 averaged value from 1960 to 2100 for each
individual ensemble member (grey lines) and the ensemble mean 11-year running mean (black line). The ensemble mean
11-year running mean TCO3 abundances in the transient simulation are generally anti-correlated with the long-term changes
in stratospheric chlorine levels, consistent with other studies (e.g. Eyring et al., 2013). There is a sharp decrease in TCO3 of
~6 DU from the mid-1970s to 1990, coincident with increases in stratospheric Cl, concentrations resulting from the emission
of ODSs. TCO3 values remain relatively low from 1990 to 2010, before more gradually recovering to 1980s values by
~2040 and to 1960s values by ~2050, after which they remain relatively constant from 2050-2090. Beyond 2090 there is
evidence for further decreases, bringing column values once again below their 1980s values. This behaviour is broadly
consistent with previous studies (e.g. Oman et al., 2010; Eyring et al., 2013; Meul et al., 2014). Superimposed on the TCO3
11-year running mean is the signal of the 11-year solar cycle, which leads to variations of <5 DU between solar maximum
and minimum. The large degree of natural variability simulated in the model highlights the difficulties in assessing ozone

trends and return dates from relatively short observational records (as discussed in Harris et al., 2015).

The time-slice experiments, plotted in Figure 1 as discrete points (circles and triangles), show the dependence on the RCP
scenario of modelled year 2100 tropical TCO3 values. Tropical TCO3 increases by around 12 DU when stratospheric Cl,
loadings are decreased from their year 2000 values to year 2100 values under fixed year 2000 GHG conditions (TS2000 -
TS20000ps, shown by the difference in the green symbols in Figure 1). However, the same decrease in stratospheric Cl,
abundances leads to slightly smaller increases in tropical TCO3 when future changes in climate are also included according
to the RCP4.5 or RCP8.5 scenario (11 DU for TS4.5 — TS4.50ps and 10 DU for TS8.5 — TS8.50ps, shown by the blue and
red symbols in Fig. 1, respectively). The climate dependence of the effect of a reduction in ODS results from the
temperature dependence of CIO, radical chemistry on ozone destruction (e.g. Haigh and Pyle, 1982). The effect of future
radiative changes resulting from increases in GHGs, and the associated changes in climate state, on TCO3 is explored by
comparing the TS4.5 and TS8.5 time-slice simulations with TS2000. Under a more moderate increase in GHG
concentrations (TS4.5 - TS2000, green to blue circles Figure 1), tropical TCO3 increases by 4.0 DU between year 2000 and
2100, while under a much larger GHG concentration change (TS8.5 - TS2000, green to red circles Figure 1), tropical TCO3

values show no change, indicating a non-linear response to the magnitude of GHG forcing (Banerjee et al., 2016).
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3.2 Partial column differences

Projected trends in tropical ozone concentrations show a complex vertical structure. In this section we assess modelled
changes in ozone partial columns (PCO3) for the upper stratosphere (30-48 km; PCO3ys), lower stratosphere (tropopause to
30 km; PCO3ys) and troposphere (PCO37). Note that we employ a scenario-consistent tropopause height to calculate the
partial columns, as defined by the lapse rate (WMO, 1957) within each experiment, rather than a fixed height definition.
Thus, any changes in tropopause height will affect the lower stratosphere and tropospheric partial columns even if the

vertical distribution of ozone concentrations is unchanged.

PCO3ys values decrease by around 4 DU from 1960 to the late 1990s (Figure 2a), consistent with the increasing
stratospheric Cl, concentrations over this period. From around 2000 onwards, PCO3s values increase rapidly, returning to
1980 values by ~2020, and 1960 values by ~2040. From 2040, PCO3ys values continue to increase to around 3-4 DU above
their 1960s values by 2100 — the well-known ozone “super recovery” effect (Chipperfield and Feng, 2003).

The time-slice experiments show that an increase in PCO3ys values of 5 DU can be attributed to Cl, changes over the 21%
century (calculated as the difference between the green symbols in Figure 2a). As well as responding to changes in
stratospheric Cl,, PCO3ys values in the late 21% century is dependent on the RCP scenario followed, which determines the
magnitude of stratospheric cooling (Maycock, 2016). PCO3s for TS4.5 and TS8.5, which consider only the radiative
effects of changes in GHGs, both show higher values than TS2000 (+5 DU for TS4.5 and +12 DU for TS8.5). These results

can be used to calculate an approximate change in tropical PCO3ys abundance per unit change in CDE and EESC

APCO3ys
ACDE

APCO3ys

concentration, which gives values of —rsc. —1.72 DU ppbv~1. These results indicate

~ 0.02 DU ppmv~! and

that over the recent past upper stratospheric ozone depletion resulting from increased Cl, concentrations has in part been
offset by radiative cooling resulting from increased GHG concentrations, and that in the future both increased GHG
concentrations and reduced stratospheric Cl, will result in increases in upper stratospheric ozone concentrations. However,
as discussed for TCO3, the impact of ODS changes on upper stratospheric partial column abundance is dependent on GHG

concentrations (Figure 2a).

As was found in the upper stratosphere, the modelled historical trend in PCO3 s is strongly negative, with a decrease of ~6
DU from 1960 to the late 1990s (Figure 2b). However, the projected future trends in PCO3, s differ greatly from those in the
upper stratosphere. From 2000 to ~2050, modelled PCO3, s abundances remain steady, before again decreasing during the
latter half of the 21 century.

The time slice experiments demonstrate the competing effects of decreasing stratospheric Cl, and the radiative changes
following increasing GHG concentrations on ozone in the tropical lower stratosphere over the course of the 21% century. As

in the upper stratosphere, projected decreases in stratospheric Cly result in increases to PCO3.s values (compare green
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triangle and circle in Figure 2b). However, radiative changes following increases in GHG concentrations lead to decreases
in PCO35 values (compare blue/red circles with green circle in Figure 2b).  For changes in GHGs alone, the magnitude of
the lower stratospheric partial column ozone response increases with the magnitude of the CDE perturbation (-4 DU for
TS4.5-TS2000, -16 DU for TS8.5-TS2000). As for upper stratospheric partial column values, changes to tropical PCO3 5

values per unit change in CDE and EESC concentrations can be calculated, giving % ~ —0.03 DU ppmv~? and
Ajggsés ~ —1.92 DU ppbv~1. In comparison to the upper stratosphere, while past increases in stratospheric Cly and GHG

concentrations have led to decreased lower stratospheric ozone concentrations, in the future ozone recovery resulting from
decreased stratospheric Cl, will compete with ozone decreases resulting from increased GHG concentrations. As was seen
for the upper stratosphere, the PCO3,_s response to a given decrease in ODS is dependent on the GHG concentration, (+7 DU
for TS20000ps - TS2000, +6 DU for TS4.50ps- TS4.5 and +4 DU for TS8.5¢ps - TS8.5).

From 1960 to 2000, the tropical tropospheric partial ozone column increases by approximately 5 DU (Figure 2c), then
remains constant until 2040, before increasing again by ~2 DU by 2060. There is some evidence from the transient
simulations that tropical tropospheric partial 0ozone column values decrease to year 2000 values during the final decade of the
21% century. The time-slice experiments indicate that tropical tropospheric column ozone is relatively insensitive to
differences in GHGs for the two RCP scenarios considered here, with values in TS4.5 and TS8.5 both increasing by ~5 DU.
As expected, tropical tropospheric column ozone shows no significant response to changes in ODS concentrations
irrespective of the GHG loading. Note that the time-slice simulations do not explore the role of tropospheric CH4, NO, and
volatile organic compounds (VOCSs), which are likely to be important drivers of tropospheric ozone changes in the transient

simulations; their likely roles are discussed in Section 4.3.

4 Drivers of column ozone changes

As discussed above, both ODS and GHG concentrations drive ozone changes in the upper stratosphere, lower stratosphere
and troposphere. However, while decreases in ODS result in increases in ozone throughout the stratosphere, increases in
GHGs drive increases in upper stratospheric partial column ozone, but decreases in lower stratospheric partial column ozone.
The contrasting impacts of these forcings as a function of altitude reflect the various chemical and transport processes that
control ozone abundances in different regions. In the following sections the major mechanisms operating in each of the three

partial column regimes are explored.

4.1 Upper Stratosphere

As discussed in Section 3.2, PCO3s values are projected to recover quickly to pre-1980 values over the next few decades
and to continue to increase throughout the 21% century, leading to super-recovery of the partial column by 2100 (Figure 2a).
The upper rows in Table 2 give values for the TS2000, TS20000ps, TS4.5 and TS8.5 simulations of PCO3s abundances,
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chemical loss of O, through reactions with each of the key chemical families (halogens, HO,, NO,, and Ox), chemical
production and Oy lifetime. The simulated upper stratospheric partial ozone column under near present day conditions
(TS2000) is 62 DU. Net chemical loss is 48 DU day™, with the major loss being due to catalytic cycles involving NOy
(39%), with smaller contributions from HO, (22%), halogens (20%) and O, (19%). The average chemical lifetime of ozone
in the tropical upper stratosphere (calculated as the burden divided by net chemical loss) is 1.3 days. These results are
consistent with previous studies (e.g. WMO, 1998; GrooB et al., 1999; Meul et al., 2014).

PCO3ys, as a function of stratospheric EESC at 45km, for both the time-slice and transient simulations is shown in Figure 3.
Annual mean values for the transient simulations covering 1960-2100 are shown as crosses, with different colours denoting
different 20 year sections of the simulations. From 1960 to 2000, as EESC concentrations rapidly increase by ~3 ppbv,
PCO3ys abundances decrease by ~3 DU. From 2000-2100, as EESC concentrations decrease, PCO3ys abundances are
projected to increase, although the trend from 2000 to 2100 does not retrace the trend from 1960 to 2000, as highlighted by
the shaded points for the transient simulations. Instead, the transient simulations indicate a larger change in PCO3s per unit
change in ODS in the future compared to the past owing to the increasing GHG concentrations (i.e. the "super-recovery" of

ozone).

The time-slice experiments can be used to quantify the radiative effects of GHG increases and the chemical effects of ODS
on PCO3ys changes. Comparison of TS2000ops With TS2000 isolates the effects of future changes in ODSs on PCO3js; as
discussed in Section 3.2, we find that reductions in EESC increase PCO3s abundances by 5 DU (8%). Table 2 shows that
net chemical Oy loss in TS2000¢ps is reduced by 5% compared to TS2000, driven predominantly by large decreases in Oy
loss through catalytic cycles involving halogens, which are reduced by 63%. Oy loss through reactions with HO,, NO, and
Oy all increase, predominantly due to the increase in 0zone concentrations, but also due to temperature changes, which are
themselves a response to increases in ozone (e.g. Shine et al., 2003). The upper stratosphere warms by ~2 K (Figure 4) when
GHGs are held constant, consistent with the multi-model results presented by Maycock (2016). The reaction O+0O; has a
strong temperature dependence and becomes faster at higher temperatures, thereby further increasing Oy loss in TS20000ps

relative to TS2000. Reactions involving HO, and NO, have weaker temperature dependencies, and show smaller increases.

In addition to the reductions in EESC, the cooling of the stratosphere induced by increased GHG concentrations (mainly
CO,) will be a major driver of future PCO3ys changes. Comparison of TS8.5 with TS2000 quantifies the impact of GHG
changes alone on PCO3s. As the chemical lifetime of O, is short in the upper stratosphere, transport changes are expected
to have a relatively minimal effect on projected trends. Instead, PCO3s changes are driven by the response of reaction rates
to the simulated temperature changes. The tropical upper stratosphere in TS8.5 is ~11 K cooler than in TS2000 (see
Banerjee et al., 2016). This leads to a PCO3ys increase of 12 DU (21%), which is driven predominantly by a decrease in the
reaction O+QOg, but also by a change in partitioning of O due to the acceleration of the reaction O+0,+M—0O3+M (Jonsson
et al., 2004; Banerjee et al., 2016).
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The relationship between PCO35 and temperature for the transient and time-slice experiments is shown in Figure 4. From
1960 to 2000, temperatures and PCO3s both decrease. The ozone decreases are driven predominantly by increasing ODSs,
which deplete ozone chemically. Decreased ozone concentrations in turn reduce upper stratospheric heating, thereby
reducing temperatures (e.g. Forster and Shine, 1997; Shine et al., 2003). From 2000 to 2100, as temperatures decrease
further, mainly due to cooling from increased GHG abundances, ozone concentrations increase, driven predominantly, as
discussed above, by a reduced rate for the reaction of O+O3; and decreased ODS concentrations. These increases in 0zone
offset part of the stratospheric cooling due to rising GHG concentrations (Maycock, 2016). The impact of temperature on
PCO3ys can be isolated by fitting lines through the sets of time-slice experiments with the same ODS loadings (i.e. TS2000,
TS4.5 and TS8.5). We find that the upper stratospheric ozone column increases by ~1 DU K™, which, when combined with

decreasing ODS, drives the super recovery of PCO3s.

4.2 Lower Stratosphere

In comparison to the upper stratosphere, the chemical lifetime of O, in the tropical lower stratosphere is long (>1 month, see
lower rows in Table 2), so dynamical processes play a much more important role in determining ozone abundances there. A
strengthening of the BDC, which is projected to occur in the future in response to increasing in GHGs (e.g. Shepherd and
McLandress, 2011; Hardiman et al., 2014; Palmeiro et al., 2014), would therefore have a significant effect on tropical lower
stratospheric ozone. We use the Transformed Eulerian Mean residual vertical velocity (w*; Andrews et al., 1987) at 70 hPa
as a measure of the strength of the advective part of the BDC. In the transient REF-C2 simulations, the annual and tropical
(10°S-10°N) mean w* at 70 hPa increases by around 20% from ~0.20 mm s in 1960 to ~0.24 mm s in 2100.

Consistent with the important role of the BDC in determining tropical lower stratospheric ozone abundances, there is a

strong negative correlation (r=-0.76) between PCO3, s and w* at 70hPa (Figure 5a). By plotting w* vs. CDE concentration as
a function of time (Figure 5b) and comparing time-slice runs with constant ODS loadings (i.e. TS2000, TS4.5 and TS8.5) an
approximate value for the acceleration of the BDC per unit increase in CDE can be calculated. From these experiments, a
value of 2x10* mm s ppmv'!is calculated. By comparison, the chemical effects of changes in ODS concentrations also
impact on the modelled strength of the BDC by 5.4x10° mm s ppbv. This indicates that, per molecule, ODS increases
have a greater effect on the BDC than GHGs. Previous work using the UM-UKCA model has indicated that an acceleration
in stratospheric circulation, particularly the lowermost branch of the BDC, is to be expected from increased polar lower
stratospheric ozone depletion and the resulting increase in meridional temperature gradients (Keeble et al., 2014; Braesicke
et al., 2014). Our results also corroborate the findings of Polvani and Wang (2017) who highlight the dominant impact of
ODS on tropical lower stratospheric temperature and ozone through changes in tropical upwelling between 1960-2000.
Results from this study suggest future recovery of polar lower stratospheric ozone will act to slow the BDC, partly offsetting

the acceleration expected due to increased GHG concentrations.
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The combined influence of GHGs and ODS on the strength of tropical upwelling can largely explain the three distinct
periods of behaviour in tropical PCO3, 5 seen in Figure 2b. Firstly, between 1960-2000, the partial column shows the largest
rate of change as the effect of GHGs and ODS on tropical upwelling reinforce one another, both strengthening the tropical
upwelling and reducing PCO3s. Secondly, between 2000-2040, ODS reductions (and the associated polar ozone recovery)
and increasing GHGs compete in their effects on tropical upwelling and the partial column, which remains relatively
constant during this time. Finally, between 2040-2100, by which time the ODS influence on ozone has already been reduced

significantly, the effect of GHGs on tropical upwelling dominates and PCO3_s values again show a decreasing trend.

Finally, we note that in addition to changing to the strength of the BDC, increasing GHG concentrations also affect PCO3, s
values by decreasing chemical production as a result of increased overhead column ozone (see Section 4.1). Table 2 shows
how O, production in the lower stratosphere responds to changes in ODS and CDE concentrations. Compared to TS2000,
lower stratospheric O, production in TS2000ops and TS8.5 has decreased, consistent with the increased partial column
abundances in the upper stratosphere in these simulations. Using this information we can calculate the response of lower
stratospheric O, production to changes in upper stratospheric partial column abundance; we estimate that tropical lower

stratospheric O, production will decrease by 0.1 DU day™ for each additional DU of ozone in the upper stratosphere.

4.3 Troposphere

The primary factors affecting future tropospheric ozone are likely to be changes in the emission of ozone precursors (CHy,
NO, and VOCs) and changes in climate. Changes in climate can affect tropospheric ozone abundances in several ways,
including changes in water vapour amounts, lightning NOx emissions (LNO,) and stratosphere-troposphere exchange of
ozone (STE) (e.g. Thompson et al., 1989; Young et al., 2013; Banerjee et al., 2016). Future ODS-driven stratospheric ozone
recovery is also projected to increase tropospheric ozone abundances through STE (e.g. Zeng and Pyle, 2003; Banerjee et al.,
2016). Here, we first use the time-slice simulations to deduce the role of climate change and ozone recovery on future
tropospheric column ozone changes. Then, we discuss the likely drivers of the partial column evolution between 1960-2000

in the transient simulations, where changes in 0zone precursors must also be considered.

Climate change resulting from changing concentrations of CO, in the TS4.5 and TS8.5 experiments enhances tropical
tropospheric column ozone by around 4 DU relative to TS2000. The increases are driven primarily by LNO,, which
increases by 2 and 4.7 Tg(N) yr™ under the RCP4.5 and RCP8.5 scenarios, respectively (Banerjee et al., 2014). In fact, a
further sensitivity experiment in which climate is allowed to change according to the RCP8.5 forcings, but LNO, is kept
fixed at TS2000 values (not otherwise discussed; see Banerjee et al., 2014) shows a 3 DU decrease in tropospheric column
ozone. The reduction arises from increases in tropospheric humidity under a warming climate (e.g. Thompson et al., 1989).

Thus, the increase in LNO, at RCP8.5 contributes 7 DU to the increase in tropospheric column ozone.
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A further increase in the tropospheric partial column arises from the increase in the height of the tropopause under a warmer
climate. In the ensemble mean of the transient simulations (which follow the RCP6 scenario), the tropopause height
increases by 800m from ~16.1 km in the year 2000 to ~16.9 km in the year 2100. The impacts of increasing tropopause
height on tropospheric column ozone are calculated as the difference between the full tropospheric column from the column
values calculated using the year 2000 tropopause height of 16.1 km. This analysis indicates that tropopause height increase

between 2000-2100 accounts for ~1.5 DU of the increase in the total tropospheric column.

In contrast to the effects of climate change, reductions in ODS primarily affect tropospheric ozone in the extratropics
through STE (Banerjee et al., 2016). Conversely, in the tropics, ODS have little impact on tropospheric ozone, with the
partial column increasing by <1 DU in the TS2000,ps experiment compared to TS2000.

The time-slice sensitivity experiments suggest that climate change acts to increase tropospheric column ozone in the
transient simulations. As discussed above, an additional consideration in the transient simulations (that are run under all-
forcings at RCP6.0) are changes in ozone precursors, which here include CH,4, CO and NO,. The largest rate of change for
tropospheric column ozone occurs over the recent past (1960-2000) (Figure 2c), when increases in anthropogenic NO,
emissions (Lamarque et al., 2010) drive increases in ozone production. After 2000, all RCP scenarios project reductions in
anthropogenic NO, and NMVOC emissions (Meinhausen et al., 2011), which would drive tropospheric ozone reductions.
However, tropospheric column ozone remains steady up to ~2040, partly due to the compensating effects of climate change,
as suggested by the time-slice simulations, but also due to increasing tropospheric CH, concentrations (Revell et al., 2015).
The rise in tropospheric column ozone until 2060-2080 and its subsequent decline is consistent with the evolution of CHy,,
which maximises around 2080 at RCP6.0.

5 Developing a simple model for predicting stratospheric column ozone change in the tropics

Future projections of total column ozone are strongly dependent on the assumed pathway for anthropogenic emissions, for
which there is a great deal of uncertainty, particularly in relation to emissions of CO,, CH, and N,O. CCMs are commonly
used to assess possible future changes in ozone under a small number of well-defined scenarios, e.g. the Representative
Concentration Pathways (RCP; van Vuuren et al., 2011) used in the IPCC Fifth Assessment Report. These emissions
scenarios are neither forecasts nor policy recommendations, but instead are chosen to represent a range of possible global
socio-economic and technological pathways for the future. In order to comprehensively quantify the response of the
chemistry-climate system to such emissions scenarios, long, computationally expensive model simulations are required.
However, simpler models can also be used to identify which processes dominate future trends and to explore the

composition response to a wider range of emissions scenarios.
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In Section 4 we showed that future changes in tropical stratospheric column ozone are driven primarily by changes in: (i) the
halogen-catalysed loss; (ii) the strength of tropical upwelling; and (iii) the upper stratospheric cooling induced by GHGs
(mainly CO,). Furthermore, the partial column ozone trends were found to be, to first order, linearly dependent on ODS and
CDE concentrations. This conclusion was derived from transient runs based on a single emissions scenario and multiple
time-slice runs based on 3 additional scenarios, and so is valid for a range of possible CDE and ODS concentrations. In this
section, we describe a simple, computationally inexpensive linearised model that can be used to estimate tropical
stratospheric column ozone changes under a much wider range of future emission scenarios than are typically explored by
comprehensive CCMs (e.g. Morgenstern et al., 2017).

The simplest version of such a model has a linear dependence of stratospheric column ozone (SCO3) on GHG concentrations
(expressed in CDE) and ODS. We justify this simple approach based on the approximately linear dependencies of ozone

found in UM-UKCA and shown in Figure 3 and Figure 5. Such a model has the form:

ASCO3
ACDE *

ASCO3
AODS *

SC03, = SCO3,, + ( (CDE, — CDEtO)) + ( (ops, — ODStO)) , (1)

where the subscripts t, and t signify the reference year and the year the model is solving for, respectively. The constants

ASCO3 ASCO3

DE and ~ons” which represent the SCO3 change due to CDE and ODS perturbations, respectively, can be calculated using

the time-slice simulations, as these simulations perturb ODS and GHGs separately. %Was calculated by averaging the

values obtained from the three pairs of simulations with different ODS loadings, but the same CO, mixing ratios. The term

AAS;CDOEB was calculated by averaging the linear fits through the two sets of three simulations with the same ODS loading, but
different GHG mixing ratios. Using this method, values of AASCCDOEB = -0.005 DU ppmv* and AASOC;; = -3.64 DU ppbv™* were

obtained. The simple model is therefore trained using the time-slice simulations and can then be compared against the
transient simulations in order to determine its ability to reproduce output from the same comprehensive CCM under a
different scenario. These comparisons are shown in Figure 7 for the RCP4.5, 6.0 and 8.5 scenarios alongside annual mean

stratospheric ozone column values from the transient UM-UKCA RCP6.0 simulations.

Projections of SCO3 made using the simple model following the RCP6.0 scenario for GHG and ODS (purple line, Figure 7)
can be compared with the fully-coupled RCP6.0 transient simulations (grey lines, Figure 7). Overall the agreement between
the simple model and the fully-coupled CCM is reasonable and confirms that the major drivers of future tropical SCO3
change are the emissions of GHGs and ODS. However, it is also surprising as the atmospheric processes involved are
complex and, in many cases, non-linear. For example, the changes in HO, and NO, chemistry resulting from future changes
in CH, and N,O emissions would appear to be of second order on the timescales considered. Similarly, the dynamic

feedbacks resulting from increasing vertical velocities on radical production from N,O, CFCs and CH, are limited in

13



10

15

20

25

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-324, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 April 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

magnitude. One of the reasons for this is most likely the limited latitude range of the region studied. The effects of increasing
N,O and CH, concentrations on ozone destruction are expected to increase with latitude (e.g. Revell et al., 2012), while the
effects of dynamical feedbacks are more likely to appear at the edge of the tropical pipe or at low altitudes due to branching
in the BDC (e.g. Garny et al., 2011).

As well as using the simple model to calculate SCO3 projections under the RCP6.0 scenario, additional emissions scenarios
have also been investigated. These scenarios include RCP4.5, RCP8.5, RCP6.0 using ODS fixed at 1960 values and RCP6.0
using CDE fixed at 1960 values. Projected SCO3 values for each of these scenarios are shown in Figure 7. It should be
noted that the SCO3 projections calculated are sensitive to the point at which they are initialised. Figure 7 shows a number

of scenarios initialised from 1960s SCO3 values taken from the transient simulations.

T likely vary with latitude, and so

Caveats exist for developing and using such simple models. The constants
ACDE AODS

those calculated for this study could not be used for projections of exratropical stratospheric column values. Furthermore,
they are likely to vary between different CCMs. Indeed, differences between these values in different CCMs would indicate
varying sensitivities to CO, and ODS changes and may help in the identification of which processes have high uncertainty
and should be explored in more detail.

The aim of such a model is not to replace fully-coupled CCMs, but to provide a simple and computationally inexpensive way
of exploring possible future SCO3 changes in the tropics. In this capacity, it appears to offer considerable promise and could
act as a valuable complementary approach to the 2D model studies which are currently used to investigate multiple scenarios
(Fleming et al., 2011; WMO, 2014).

6 Conclusions

We have investigated the drivers of past and future changes in tropical averaged total column ozone using a number of
model runs performed with two versions of the UM-UKCA model. Four transient simulations following an RCP6.0 future
emissions scenario were performed, with the longest of these simulations spanning the period 1960-2100. These runs were
supplemented with 6 time-slice experiments run under a range of prescribed GHG and ODS loadings commensurate with
either year 2000 or 2100 levels. Note that in the time-slice experiments only the chemical impacts of changes to ODS
loadings and only the radiative impacts of GHG perturbations are considered, and so we are able to separate the chemical
and radiative drivers of future tropical ozone column changes. Changes in tropical total column ozone were split into three
partial columns based on altitude: the troposphere, the lower stratosphere (tropopause to 30km) and the upper stratosphere
(30-48km). Future stratospheric ozone projections for each of these regions are governed by different processes and thus
show distinct behaviours.
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Future tropospheric ozone changes are driven by a number of processes, including changes to surface emissions of ozone
precursors such as CH, and NO,, increased NO, emissions from lightning associated with increasing GHG concentrations,
and changes to troposphere height. There is a high level of uncertainty associated with future emissions of ozone precursors,
linked to uncertainties in anthropogenic emissions, biomass burning and land use changes. While the various RCP scenarios
follow a range of future emissions scenarios for many key tropospheric ozone precursors, particularly CH,, further work is
required to explore the impact of changes to tropospheric ozone on TCO3 trends during the 21st century in order to

understand to what extent changes in tropospheric ozone column offset decreases in the lower stratosphere.

In the simulations described in this study, it has been shown that projected changes to stratospheric ozone throughout the 21%
century are predominantly driven by chemical changes resulting from differences in ODS loadings and radiative changes
resulting from differences in GHG mixing ratios. The transient UM-UKCA simulations run under the RCP6.0 emissions
scenario show that by the year 2100 stratospheric column ozone values are increased by 5 DU from the minimum values
around the year 2000. However, modelled stratospheric column values in the simulations never recover to 1960s values
despite declining stratospheric ODS loadings, due to the competing effects of changes in partial column ozone values in the
lower and upper stratosphere.

Chemical and radiative perturbations drive changes to stratospheric ozone abundances in both the upper and lower
stratospheric partial columns. However, while in the upper stratosphere both reducing ODS concentrations and increasing
GHG concentrations lead to increased ozone abundances, in the lower stratosphere decreasing ODS concentrations, which
lead to increased ozone abundances, are counteracted by the effects of increased GHG concentrations, which lead to
decreased ozone abundances. Furthermore, while in the upper stratosphere GHG and ODS increases lead to chemical
changes (by changing gas phase kinetics and the concentration of EESC respectively) which dominate the projection of
ozone abundances, in the lower stratosphere ozone differences are the result of changes to the strength of the BDC, which

accelerates in response to future GHG increases and decelerates in response to future ODS decreases.

Changes to lower stratospheric ozone, where the chemical lifetime of ozone is typically >1 month, are controlled
predominantly by changes to transport. Projected increases in GHGs lead to an acceleration of the BDC, which is associated
with increased transport of relatively ozone poor air masses into the tropical lower stratosphere, thereby decreasing ozone
mixing ratios and the partial lower stratospheric column ozone. The magnitude of acceleration of the BDC is highly
correlated with increasing GHG mixing ratios, and so the total effect of transport changes on tropical lower stratospheric
ozone depends strongly on the future GHG emissions scenario. Future reductions in lower stratospheric ozone partial
column values also result from decreased production of O, from photolysis of O, in the lower stratosphere due to increased
overhead ozone concentrations in the upper stratosphere. Analysis of the simulations presented here suggests lower

stratospheric O, production will decrease by 0.1 DU day™ for each additional DU of ozone in the upper stratosphere.
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Future concentrations of ozone in the upper stratosphere are driven by changes in both ODS loading and temperature. In
contrast to the lower stratosphere, both CO, increases and ODS decreases lead to increased ozone concentrations. ODS
concentrations are expected to decrease throughout the 21 century due to the restrictions on ODS emissions imposed by the
Montreal Protocol and its amendments. At the same time, stratospheric GHG concentrations, particularly CO,, are projected
to increase, leading to stronger radiative cooling of the stratosphere and slowing of the temperature dependent ozone loss
cycles, particularly those of the Chapman cycle. The combination of these two effects is expected to lead to super-recovery

of upper stratospheric partial column values above their 1960s values.

Projections of stratospheric column ozone values in the tropics are therefore the result of a complex interplay between ozone
trends in the lower and upper stratosphere. Understanding the extent to which dynamically induced decreases in lower
stratospheric partial column values counteract upper stratospheric super-recovery is key to making accurate projections of
stratospheric column ozone, and requires detailed modelling of both photochemical and dynamical processes under a range
of future emissions scenarios. However, output produced by complex, fully-coupled CCMs can be used to create simple
linear models which can be used to explore the stratospheric ozone column response to changing surface GHG and ODS
concentrations. Simple linear models are computationally inexpensive and can be used to investigate a wide range of
emission scenarios much more quickly than ensembles of fully-coupled CCMs. In this work we present a simple linearised
model which has been developed to help investigate projections of stratospheric column ozone following different future
emissions scenarios. The model includes terms for the dependence of stratospheric column ozone on ODS and CDE mixing
ratios. The simple model was trained using data from the single and combined forcing time-slice UM-UKCA experiments
and then its performance compared against the transient model simulations. Good agreement was found between the simple
model and the long-term behaviour in the fully-coupled CCM simulations, confirming emissions of GHG and ODS to be the
major drivers of long-term future tropical stratospheric column ozone changes. Results from the simple model indicate
stratospheric column ozone changes resulting from future CH, and N,O emissions are of second order on the timescales

considered here.

While fully-coupled CCM simulations are required to quantify changes in, and identify the processes responsible for, future
atmospheric composition changes, simple models can provide a complementary approach for investigating a broad range of
potential emissions scenarios. Furthermore, it is hoped that the model presented here can be further developed to include
more parameters (e.g. N,O, CH,) by performing more simulations, and also to more accurately constrain the terms of the
simple model by using simulations from more CCMs. This would also allow for a better assessment of the uncertainty of

each of the terms used in the simple model.
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Simulation name Climate (SST, sea ice, ODS (Cly, Bry)

GHG)

TS2000 2000 2000

TS20000ps 2000 2100 (RCPA4.5)

TS4.5 2100 (RCP4.5) 2000

TS4.50ps 2100 (RCP8.5) 2100 (RCP4.5)

TS8.5 2100 (RCP4.5) 2000

TS8.50ps 2100 (RCP8.5) 2100 (RCP4.5)

Table 1. Simulation names and corresponding climate (including radiative impacts of GHGs, SSTs and sea ice) and ODS

loadings. RCP scenario used for future GHG and ODS concentrations given in parentheses.
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Integration PCO3 Lifetime Production Loss Halogens HO, NO, Oy
TS2000 63 DU l1day  48DUday! 48DUday’ 9DUday! 11DUday' 19DUday® 9 DU day®
3 TS20000ps +8% +13% -5% -5% -63% +9% +4.5% +19%
(@)
g
TS4.5 +5% +8% -3% -3% +2% +2% -5% 1%
TS8.5 +19% +27% -6% -6% +4% +11% -13% -21%
TS2000 179DU  34days 7DUday' 5DUday’ 1DUday’ 2DUday® 2DUday® 1DU day*
2 TS20000ps +4% +21% -10% -14% -65% -6% +3% +7%
S
TS4.5 -3% +8% -8% -10% -5% -8% -10% -8%
TS8.5 1% +23% -16% -25% -17% -15% -33% -37%

Table 2. Partial column ozone values (DU), average ozone lifetime (days), net chemical production and loss and absolute
contribution of halogen, HO,, NO, and O, ozone destroying cycles (DU day™) in the upper and lower stratospheric for the
TS2000 integration. Percentage differences are given for the TS2000ops, TS4.5 and TS8.5 simulations relative the to

TS2000 integration.
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Figure 1. Total column ozone anomalies (in DU) relative to the year 200015 mean, averaged over 10°S-10°N for the four
transient UM-UKCA experiments following the RCP6.0 future emissions scenario (grey lines), and the ensemble mean 11-
year running mean (black line). Coloured circles and triangles represent tropical total column ozone in the time-slice

experiments, as given in the figure legend.
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Figure 2. As for Figure 1, but for partial columns for (a) the upper stratosphere (30-48 km), (b) lower stratosphere

(tropopause-30 km) and (c) troposphere.
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Figure 3. Scatterplot of annual mean upper stratospheric partial column ozone anomalies relative to the year 2000£5 mean
(in DU) vs. 45km EESC (in ppb) for the transient simulation (crosses) and time slice experiments (circles and triangles).

Results from the transient simulations have been coloured in 20 year sections.
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Figure 4. Scatterplot of annual mean upper stratospheric partial column ozone anomalies relative to the year 20005 mean
(in DU) vs. 45km temperature (in K) for the transient simulation (crosses) and time slice experiments (circles and triangles).

Results from the transient simulations have been coloured in 20 year sections.
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Figure 5. Scatterplot of (a) lower stratospheric partial column ozone anomalies relative to the year 2000+5 mean (in DU) vs

70hPa w* (in mm/s), (b) 70hPa w* vs CDE mixing ratio (in ppmv) and (c) lower stratospheric partial column ozone
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anomalies vs CDE mixing ratio for the transient simulations (crosses) and time slice experiments (circles and triangles).
Results from the transient simulations have been coloured in 20 year sections.
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Figure 6. Scatterplot of stratospheric column ozone anomalies relative to the year 2000+5 mean (in DU) vs CO, mixing ratio
(in ppmv) for the transient simulation (crosses) and time slice experiments (circles and triangles). Results from the transient

simulations have been coloured in 20 year sections.
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Figure 7. Annual mean stratospheric column ozone anomalies relative to the year 2000+5 mean (in DU) as
modelled by the transient simulations (grey lines), with the ensemble mean 11-year running mean also plotted
(black line). Results obtained using the simple model are shown for a range of emissions scenarios, initialised to

1960 values taken from the transient run.
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